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About Rusticles
Rusticle definition: Wikipedia, the free on-line encyclopedia, 

(http://en.wikipedia.org/wiki/Main_Page)

A Rusticle is a little similar to an icicle or stalactite in appearance, but occurs un-
der water when wrought iron rusts. They may be familiar from underwater photo-
graphs of shipwrecks.

The rusticle consists of up to 35% iron compounds including iron oxides, iron car-
bonates and iron hydroxides. The remainder of the structure is actually a complex 
community of symbiotic or mutualistic microbes including bacteria and fungi that 
use the rusting metal as a source of food, collectively producing the mineral com-
pounds as waste products and hence forming the rusticle.

Structurally, the rusticle contains channels to allow water to flow through, and 
they seem to be built up in a ring structure similar to the growth rings of a tree. 
They are very delicate, and easily fall apart into fine powder if knocked.

The outer surface of a rusticle is smooth red in appearance from the iron (III) ox-
ide, while the core is bright orange due to the presence of Goethite (a hydrated iron 
oxide) crystals.

Rusticles on the Titanic were the first investigated by Roy Cullimore, based at the 
University of Regina in Canada in 1996.
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Roy Cullimore
Droycon Bioconcepts Inc.
University of Regina

Learning from Tragedies...What is Colonising the Titanic Today?

Abstract

This talk will address visits to the RMS Titanic in 1996, 1998, 2001, 2003 and now 
2004 using the French and the Russian submarines.  These expeditions were not 
solely aimed to learn more of the tragedy but also to begin to scientifically examine 
the deterioration.  As an applied microbiological ecologist, the RMS Titanic rep-
resents a number of challenges ranging from emotional to curiosity to analytical.  
From a background of looking at microbes growing down water wells, I found that 
the RMS Titanic is also being attacked by similar microbes. The most obvious forms 
of these growths are the rusticles that have been growing on many of the deep-ocean 
sunken steel-clad ships.  To understand more of the science involved, experiments 
have been placed on the RMS Titanic including four long-term experiments that are 
still there.  These studies have placed different steels down at the site to determine 
how fast these would be infested with rusticles and how long they would last.  This 
experiment is scheduled to last until 2112, but two were recovered and new ones 
deployed in 2004.  Further experiments have even explored the artistic talents of 
microbes to etch colour slide film and determined whether surface-bound bacteria 
would survive an unprotected dive down to the ship!  Other ships that have also 
been investigated include the DKM Bismarck, DKM U-166, HMHS Britannic, and 
the freighter-liner S.S. Robert E Lee. Differences in the manner with which the rus-
ticles grow will be discussed as future diagnostic and forensic tools.  Participation in 
the development of a ʻTitanic Science  ̓exhibition presently touring the U.S. will be 
described including the growing of rusticles in a travelling aquarium.  Plans for 2004 
expeditions to the S.S. Alcoa Puritan, S.S. Virginia, S.S. Gulf Penn and S.S. Anona 
will be outlined.

Titanic, an icon of a long-gone era, a huge ship that has attracted attention from society; it still does, 
today.  There was the movie in 1995.  In 2001, you  might have seen the Imax three-dimensional Ti-
tanic.  If you get a chance to see it, please do; we were involved in that.  You will see Lori Johnston, 
who does a lot of the fieldwork, and was there and even starred on that particular expedition.

This is the Russian Mir submarine, one of two.  
They get some of their money by taking tourists 
down to various wrecks, including the Titanic.  
Viktor is a very skilled pilot.  It is quite amazing 
how he can move through the fields of rusticles 
around the Titanic, and pull the submarine up 
and down.  Right in the porthole there is this 
beautiful shape.  “No touch rusticle,” he says, 
and he will move around it.  They have a lot 
of passion for the rusticles.  We will be going 
back this summer to look at the rate of deterio-
ration critically, and we are going to be doing a 
series of very close looks at particular panels to 
see how fast rusticles are growing, how fast the 
structures are collapsing.
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Letʼs go back to the Titanic.  What an era of optimism.  “Hey, we can build it bigger!  We have built 
ten thousand tonnes, we have built twenty thousand tonnes.  We can build forty thousand tonnes, and 
damnit,  we will!”  The Olympic was the first of the three sisters.  The Olympic went out to sea and 
she was hit by a British cruiser, the Rodney, and the whole hull was split open because the rivets were 
not strong enough. They had to repair the Olympic and do a lot of retrofitting.  But the Titanic was 
just starting to be built.  They were building it from the front to the stern, and you have a regulatorʼs 
nightmare: “Look what happened to the Olympic, which was 42,000 tonnes, and now we are building 
45,000 tonnes - we have to increase the strength of the ship.”  Number one - there werenʼt enough 
rivets: we have to put more rivets in.  If you look at the front of the ship, there are two lines of rivets.  
They were wrought iron rivets.  It was realised that those rivets were not good enough to hold the steel 
plating together on a ship of that size.  They moved to steel rivets, and three rows of rivets to the back 
of the ship.  Marine architects loved this, because it was a huge change in ship-building.  When I was 
on the expedition in ʻ96 and ʻ98, I couldnʼt understand why they were so obsessed by rivets.  I know 
now, because it was a fundamental change.

The ship is huge, 850 feet long, capable of car-
rying 1500 passengers.  Here she is, leaving.  
Captain Smith was the most senior captain of 
the White Star Line.  He had thought this would 
be his last voyage as a captain; he was planning 
to retire.  Thomas Andrews was in charge of 
the building of the ship, so he knew about these 
problems they were having to retrofit and change 
and adjust, because the ship was just a little bit 
too big.  But the White Star Line wanted to pro-
ceed.  The White Star Line was in competition, 
because immigrants going  from Europe to North 
America were a huge income for the company.  
They were planning to have three ships even-
tually: the Olympic, the Titanic and the Britan-
nic, and they thought this would give them a big 
edge.  But the regulations didnʼt catch up.  The 
regulations just stipulated a number of life boats 
for ships of 10,000 tonnes and above.  Titanic 
was 45,000 tonnes, way above, but it only had to 
meet that minimum number of life boats.  Then 
again, the ship will not sink.

So the ship sails out, not even full, on the first 
voyage across to New York, with the idea being 
that the ʻreal  ̓maiden voyage will be from New 
York back to England.  So they set sail.  The 
pressure was on Captain Smith to go fast.  This 

was in April.  At that time, the sea was very calm, and there was a mist over the sea.  Radio messages 
were coming in of icebergs ahead.  At the same time, the first class passengers wanted to get their 
messages to New York, because they had just come in range to be able to send messages to New York.  
“Who cares about iceberg warnings - this ship is too big, it is invulnerable, it canʼt sink.”  At twenty to 
midnight, the ship did hit an iceberg.  What happened was, the mist on the sea meant that the wash of 
water against the iceberg was hidden.  All you could see was the mist.  It was a new moon, so there was 
no light to reflect off the iceberg.  In those days, it was the practice on a lot of ships to have the men on 
watch as close to the water line as they could get, rather than up in the crowʼs nest.  Look ahead: what 
you are looking for is the shadow of the iceberg as a shadow in the stars, because that tells you there 
is an iceberg.  When the guys in the crowʼs nest saw the iceberg, so did the people on the bridge deck: 



Cullimore  ❖❖❖  Learning from Tragedies...What is Colonising the Titanic Today? 7

Murdoch University  11 - 14 February 2004

mistake number one.   They went to go starboard, at the same time reversing engines.  The two are 
counterproductive, so instead of the Titanic going starboard, missing the iceberg, she slowly, slowly 
turned to port.  She was twisting.  She was coming up to the iceberg and took five blows.  At the time, 
it was thought there was an almighty big gash in the hull and that was why the ship sank - the steel 
had been gashed.  The first five compartments started to flood very quickly.  There was a tunnel con-
necting through to the boiler rooms that had not been locked off and water was pouring back through 
there.  The bulkheads did not go up to the deck level; water was spilling over the tops, and the ship 
went down from the front.  The funnels started to fall over and the ship began to sink.

There are a number of stories about that, and 
these sorts of sketches were drawn at the time, 
showing the back going down secondarily (cen-
tre).  What did appear to have happened was that 
by 2:00 that morning the ship went under the 
water and she broke apart under the water.  The 
ship was going down from the front, and she 
was designed to be able to take the stress of an 
angle of 22 or 23o, but it got steeper.  When it got 
steeper, the stress got too large.  With the front 
going down, two stress patterns developed; one 
just in front of the first funnel and the other just 
behind the third funnel.  The ship actually split 
into three (bottom image).

The front goes under, the stress causes ripping, 
and the middle section starts to crack up and fall 
apart.  Three separate events follow.  The bow 
descends gracefully; they did tank models of 
Titanic - she looped down to the bottom.  She 
skidded when she hit the bottom, at a speed they 
reckoned was about 25 miles per hour.  The mid-
dle section broke apart, and on the sea floor is 
the keel, ripped clean, both ends.  The stern spi-
ralled down.  It is thought that it reached speeds 
up to 45 to 50 miles per hour, rudder first, spi-
ralling down.  It was considered that she got to 
the ocean floor in a matter of five minutes.  The 
rudder went in first, smashed in, the two outer 
propeller blades were pushed up.  The stress on 
the stern was enormous.  The stress on the bow 
was modest.  The middle section was scattered 
into a debris field.  And this was all caused by 
five holes about 20 feet below the water line.  It 
happened that the iceberg holed different com-
partments.  Side scanning sonar found these 
holes, and the total area that was exposed was 
the equivalent of a single door.  But, it was vul-
nerable because it went into too many compart-
ments.  The funnels collapsed, then the stem 
plunged down toward the sea floor.  The stern 
plummeted down to the sea floor.  The mid-sec-
tion broke apart.
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What you get is a lot of stressed metal, torn and twisted.  In the stern are the refrigeration rooms.  
There was ten days worth of food in those rooms.  It was thought, when the first forensic evidence 
came in, that the refrigeration rooms actually imploded because they were sealed, and had then ex-
ploded.  But in 2003 we were down by E or F deck at the back end of the stern.  The side plates had 
come off, and there, revealed, was this pale blue surface, which has to be the refrigeration rooms with 
a walkway in dark blue.  Unfortunately, we didnʼt get good close-up images.  The work on the Titanic  
stimulated us to think that all of that stress, all of that food, started a chain reaction.  The chain reac-
tion was the growth of rusticles.

We have been to the Titanic in 1998, 2001, 2003, 
and soon, 2004.  Lori Johnston went to the Bis-
marck in 2002, the mid-Atlantic ridge; looked at 
biological and bacteriological activities.  Britan-
nic was visited in 2003; there are documentaries 
that came out about that in April, 2003.  We are 
looking at going to the Mississippi canyon.  We 
have been to the U-166, which is the western-
most German submarine that was sunk by Allied 
action.  The Robert E. Lee was one of the ships 
sunk by enemy action, and there is a cluster of 
ships there.  We are looking at this as a scientific 
cluster.  NOAA and National Parks are anxious 
to make that a preserved area for study.

This picture of the port anchor of the Titanic was 
taken in 1996 (top left).  The rusticles are grow-
ing down from the anchor, some rusticles on the 
side.  You will see they are not all over, but only 
in some spots.  The question is: why are they 
growing where they grow?  They are hanging 
down from the deck.  Their iron content ranges 
from about 35% to as high as 88%.  If you take 
the dry weight of non-combustible materials, it 
is 88%.  This is iron that has come from the ship, 
so one of the questions is: how long has the ship 
got to live?

The first two dives were made in the little yellow 
French submarine, ʻNautile.  ̓ The Russian ship, 
Keldish (centre, left), has two Mir submarines 
that always work in tandem.  In 2001, James 
Cameron made an Imax movie of the Titanic; 
if you have a chance to see it, you will see the 
rusticles in 3D.  Oh, you also do see the ship, as 
well.

This is Nautile looking at the rusticles and trying 
to take samples (bottom left).  Notice the orange 
cloud: the robotic arm broke the rusticle, and for 
a period of time, this cloud floated forward in 
front of the robot arm.  This is an iron-rich, col-
loidal cloud, something I saw frequently at those 
depths.
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This is Lori Johnston, who has worked for me for 8 years, 
with a piece from a winch cleat from Boat Number 1, 
brought up by Mir.  It had a hemp rope still wrapped around 
it.

The interior of the Mir is a sphere about 6.5 feet across and 
there are three of you in it.  Yes, there is no bathroom, but 
no, you donʼt need one, because it is so cold.  It is 1 or 2oC 
outside.  The Russians use an iron-nickel shell; the French 
use titanium.  The iron-nickel is better because it doesnʼt 
shrink.  The French submarine shrinks under the pressure 
of 6000 psi.  You lie on your stomach with your legs back, 
and you can feel your feet being pushed up as the sphere 
gets smaller.  Why donʼt you go to the bathroom?  Because 
it is so cold that every time you exhale, the moisture goes 
out and condenses on the very cold wall and goes down 
into the bottom of the sphere.  When you come back from a 
dive, there are several gallons of water sloshing around down there that came out of you.  Itʼs a great 
way to diet if you want to do it that way.  You lose weight - 3 or 4 or 5 pounds. 

Here is the good stuff on the front of the Mir.  
The robotic arm is folded across, there are vari-
ous lights and cameras.  It takes about two hours 
for the Mir to go down, some ballast is dropped 
and it stabilises so it can move around.

This is some of the rusticles in the laboratory, 
in 1997 (bottom, right).  There are iron bacteria 
in there, so why donʼt we try to feed them?  We 
know there are ducts going through rusticles.  
What happens if we put nutrient media down the 
ducts?  A duct is about 4 mm across, and every 
90 mm there is one of these ducts coming up 
through the walls: they are quite regular.  We in-
jected media: in the syringe with the yellow col-
our, there are iron bacteria.  In another syringe 
there are nutrient media for sulphate-reducing 
bacteria.  In the aquarium, clouds formed, beau-
tiful clouds that hung around for days.  Beneath 
the clouds, black developed; above the clouds, it stayed clear.  Occasionally, flecks came up.  When 
it started to go into fleck form, we sent a picture to Arthur C. Clarke.  He was totally amazed.  In 
scientific terms, it is the redox front that is visible, with oxygen above it and no oxygen below it.  We 
found we could keep the rusticles surviving, but we couldnʼt get them to grow.  We continued to look 
for ways to grow them, and in 1999, we succeeded!

In 1998, the Big Piece came up, a 12-tonne piece of steel from the middle section, still with portholes 
in it, badly broken.  They pulled it up, but they should have measured the width of it first because it 
was 4 feet wider than the fantail of the ship. The original idea was to bring up a big piece of the ship 
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and bring it inside and look after it.  But it was 
too big, and they had to leave it outside, in the 
storms.  That was a strange event; there were all 
these conservators going around talking about 
rivets, and this, that and the other.  Did anyone 
do a photomosaic of the plate?  No.  Lori took 
this photo of pectoral rusticles - beautiful things, 
long, thin, pointed.  We had a debate with NASA 
just last week, because one of the images from 
Spirit (on Mars) showed exactly that type of 
structure.  It was an illusion of the light, because 
that particular rock had striations on it.  You 
could argue that the lighting had created the ap-
pearance of a rusticle, but, it certainly appeared 

to be an illusion.  We got some high resolution images from NASA, and they said, “If you think we 
can definitely find rusticles there, we will move Spirit back and do it.”  Well, we canʼt say that.

There is no such thing as ʻscienceʼ: there is the ʻart of science.  ̓  The ʻscience of art.  ̓  It all melds 
together.  When I came up from the first dive down to the ship, Bill Broad of the New York Times 
was there with his microphone.  “What did you really think?”   We had just had a big debate over the 
Martian rocks in Antarctica.  He had come back brainwashed that these were definitely Martian rocks.  
Did it say ʻMade in Mars  ̓on the rocks?  No.  Do you think that Earth is incapable of making rocks 
like that?  Well, I didnʼt think of that.  OK.  So I waxed to the lyrical side of myself, and I said, “It is 
a moving experience.”  Forget the science, you are going down there.  It is the resting place, and it 
is not the resting place.  There are very few bodies anywhere down there.  People mostly floated up 
when they died.  There is also the deep scattering layer.  When fish die, what happens to them...what 
happens when whales die?  Do you think a whale dies and flops straight down to the bottom of the 
sea?  Of course not.  Its density goes up and it starts to ferment and form gas, and it rises up and it 
floats within the deep scattering layer.

The deep scattering layer is a beautiful sight; I love it.  You go down in a submarine, and it is pitch 
black.  You lose the greens, then you lose the blues, and it is black.  Then, suddenly, flick, flick, flick, 
little blue lights, and then you are in suburbia.  It is one of the most active sea fills, like a land fill.  A 
lot of activity is going on down there, and the bioluminescence, bacteria producing light, a strange 
blue light.  When they sense some pressure, and of course the submarine is creating that pressure, they 
flash the lights to say “Stay away!”  When you look out of the porthole, you see all around, and you 
see these strange, slimy shapes.  Somebody asked me the other day what kind of a scientist I was.  I 
say, “I am a slime scientist and proud of it.”  You can see that this is an undeveloped part of science, 
a science of understanding slimes.

So, you are going down.  But to Bill Broad I said, “You want me to wax lyrical, she is a grey lady, an 
elegant lady, the queen of the deep.”  That is what I seriously think of her.
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She is a queen.  She is still elegant.

I spent ten hours at the stern section in 2003.  Everybody looks at the front with the big crown of rus-
ticles.  But she is a sad lady, a silent lady.  Are you now asleep?  Is she asleep?  No!  There is growth, 
there is life.  There are fish - rattails.  They are about 3, 4, 5, 6 feet long, and they swim around quite 
placidly.  Then there are the crops of rusticles.  So, can we learn from your sorrow to share?  We 
have to learn from this.  We did learn something straightaway - we learned to put more life boats on 
ships.

The Imperata was launched three weeks after Titanic - she was bigger than Titanic.  Titanic only 
reigned supreme for 3 weeks.  When the Germans brought out the Imperata, they festooned it with 
life boats.  When Britannic came out, they had a multiple loading system so that there would be 
enough life boats.  So, there was one lesson learned, and a very important one. From her sorrow to 
share.  We have been trying to isolate these rusticles.  Teach us to understand and certainly to care, 
that never again will there ever be a grey lady, elegant lady, sink unwillingly into the sea.  She didnʼt 
want to sink.  When I was at the ship this time, the thing that really got me was all of that beautiful 
craftsmanship didnʼt even make it across the Atlantic once.  It went down, for nought.

When we dove this year, Viktor dropped us 
about a kilometre away in the debris field.  As 
we came down, there was a beautiful hardwood 
surround with the taps still in place, with the po-
sition for the tiling down below it.  It came from 
a first or second class bathroom, we think.  But 
the workmanship!  For nought.  How can we 
avoid that?  And, of course, the iceberg.  I have a 
deep, on-going interest in ice, because ice is not 
neutral.  It is not ʻjust  ̓water, crystallised water.  
It also contains a lot of microorganisms.  When 
we look at the rusticles, they are actually a form 
of concrete.

I dove in Nautile in ʻ98.  Now this was quite a momentous event.  NBC was there, the Global Titanic 
hookup was on, so that people around the world watched the dive to the Titanic.  Lori and I were both 
on the thing, and I was interviewed live on the back of the fantail, talking about rusticles.  That was 
one strange event.  It was storming.  Sarah James was doing the interview at the Big Piece.  When the 
rain would stop and the sea was calm, she would go out and do the interview.  Just as the interview 
ended, a squall would come in and she would go scurrying back in, they would move the cameras 
back, and then the squall would go down, and they would move the cameras out again.  She inter-
viewed about five or six different people like this.
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George Tulloch was the St George of the Titanic.  
Sadly, he died recently.  He truly wanted to pre-
serve the memory.  He took a lot of artifacts from 
Titanic for exhibition.  He followed the rules of 
the Admiralty court to the letter.  So, I came 
back up, the media was all around, so George 
asks me the most outrageously stupid question, 
and I hadnʼt got a clue as to what he was talk-
ing about.  So I come back with a stupid answer 
which made no sense either.  He follows it up 
that way, and that goes on for a few minutes (it 
takes time to get rid of them!).  The media packs 
up the cameras, they all leave and there is just 
the two of us, and George looks at me and says, 

“Thank God, theyʼve gone.  Now I want to ask you something.”  
And he asks me about a book: he wanted me to write a book 
for children.  At that time, one hundred twenty thousand people 
were going through each exhibition, in Japan, in Europe, in North 
America - whole families: there was nothing for children.

“So, Roy, I want you to write this book, I know you can draw it.  I 
want you to write it about the Titanic, and I want a happy ending.”  
All right!  “But, George, I donʼt know if anyone ever told you this, 
but the Titanic did actually sink.  It is not a happy ending.”  But 
I did write the story.  There are two little flecks, Colin Ore and 
Rebecca Rust.  These are the flecks in pig iron; they are trying to 
find the iron for making steel, so the pig iron is made into steel, 
the steel plate goes up on the ship, and the flecks are in there.  The 
ship is now splitting and falling apart, and here they are trying to 
hold it together.  And now, there they are in the exhibition on the 
Big Piece.  Happy ending!

It was not a happy ending because George lost 
control of RMS Titanic Inc.  There was a share-
holders  ̓meeting and George was no longer in-
volved with the company.

This is one of the steel test platforms (left) that 
we put down on the ship in ʻ98 using Nautile.  
There are three different maritime steels, mod-
ern steels, and we have twisted and bent and 
burnt different samples, and it is not easy to put 
them down there.  Right behind there is a rusti-
cle lava flow.  Nautile was having trouble get-
ting the equipment to stay up, but eventually she 
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gets it to stand up straight.  It actually was still 
up straight in 2003.  It is covered in rusticles 
now.  We will be going back in 2004 to do scal-
ing images and we will look at the amount of 
rusticles on the ship.  Just behind is the keel of 
the stern and there are rusticles hanging down 
all over the stern.  The stern is a sad sight.  Just 
up above there is one of the reciprocating en-
gines; they were a thousand tonnes each, huge 
structures.  There are four of them down there: 
one in the stern; one on the boat deck.  The boat 
deck is now collapsing.  There is about 30% loss 
of decking on the port side; about a 20% loss on 
the starboard side.  That will be a major focus 
for the activity in the summer.

This is a rattail, brought up in 2001 (top right).  
They didnʼt deliberately bring it up - it got caught 
on the submarine.  Below that is a sea slug they 
did bring up deliberately, and a starfish, all from 
those depths.

This is the way we put experiments down there 
in a crate (right).  We have the different materi-
als attached.  We did experiments like the Aqua-
naut experiment:  we took five species of puny, 
surface-dwelling bacteria and shoved them into 
different little submarines.  They had filters they 
couldnʼt get through, but the salt, the tempera-
ture and the pressure could get in.  We sent them 
down on a compressor.  They were down for 18 
hours: all five survived when we brought them 
back.  A few other things came through the fil-
ters that should not have done: so there is a lot of 
life down there.  We repeated that experiment at 
the Bismarck and at the Titanic again.

This is a photo of the winch cleat that worked  
one of the life boats.  You saw the photo earlier 
of Lori with the piece, with the rope still on it,  
coated in rusticles.  
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The cleat had fallen off, and these are rusticles 
on the split and the cleat.  It looks almost like 
the cross section of an intestine.

This is the hemp rope, still intact, still strong af-
ter 85 years.  I e-mailed this picture to the Hemp 
Growers of Saskatchewan, who are looking for 
anything to try to get their product accepted.  It 
is kind of funny, because when you look back at 
the 17th and 18th centuries, farmers had to grow 
hemp for the fleet.  Everybody had to grow a 
quarter acre or half acre of it, to keep the fleet 
up to strength.

This was the cleat when it was cleaned off.  We 
were doing some tests: you can see some of the 
BART Testers we were using.  This was then put 
back down to the ship on one of the last dives.  
Lori got told off because she originally want-
ed to bring up something that was the size of 
a Volkswagen.  The Russians said, “Lori, Lori, 
weʼre not bringing up a Volkswagen for you.”  
So she had to settle on the cleat.

This is a handrail, brought up in 2001.  This was 
a rusticle concretion and Lori pulled out this thin 
piece of steel that was remaining.  All the rest 
was gone.  This was a connecting joint.  It had 
fallen off the ship and was lying on the sea floor 
close by.  When you look at the steel, it looks 
like wood.  One thing I found very strange when 
we were at the Big Piece was how much of the 
steel looked like wood.  It had ʻpockets  ̓ in it; 
it had a structure you would expect to see with 
wood, but it was steel.  Part of it was where there 
was wrought iron or slag in the steel - those are 
nutrients for the bacteria, so they were going in, 
chewing it up, taking out the slag.
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We also got involved in art; as I said before, 
donʼt separate science and art.  The Interna-
tional Schools magazine in Europe published an 
article about it.  Wendy Ostryzniuk, who teaches 
in Kiev and uses BARTs routinely in her classes 
(BARTs are the testing system we developed), is 
a co-author of the article.

The source of these etchings are photographic 
plates; bacteria mine the various layers of emul-
sion that suit them.  What is left behind are the 
coloured gels that they did not use. Here are 
some of them from the Titanic.  When you take 
an unexposed, developed colour slide film, it is 
black: all three colour layers of gelatin are still 
there.  The gelatin is food.  Put it into an envi-
ronment where there are bacteria that like gela-
tin, they will use it variously.  When the plates 
are developed, coloured patterns remain.

The lines you see are moulds.  This is a bacteria 
that didnʼt like yellow (top).  This is a bacteria 
that didnʼt like blue (second from top).  Here is 
one that didnʼt like red (second from bottom).  
What you are seeing is a ʻstained glass.  ̓  The 
plates have been shown at exhibitions and pub-
lished in American Artist.  I find with these it is 
best just to let your imagination go.  Everybody 
has their favourites.

In New Scientist this year, they ran an article on 
ʻIron Rations,  ̓ iron rations being the rations for 
the microorganisms.  Here is something relevant 
and it relates to wells.  “Normally, bore holes are 
built with a supporting metal casing, with holes 
drilled in the side to let the water pass through.  
Iron ochre is a common phenomenon in water 
courses.  You get a slimy orange goo of iron bac-
teria that grows and blocks the holes up.”  That 
is a quotation from Sean Tyrrel of Cranfield Uni-
versity.  We have worked with Cranfield on and 
off, over the years.  I was very pleased to see 
that New Scientist went somewhere else and got 
confirmation of these activities.
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This is the Imax theatre in Maryland; they put 
the picture of the Titanic on the side to adver-
tise ʻTitanic Science,  ̓a travelling exhibition.  I 
designed 20% of that exhibition.  And here are 
some of the exhibits.  The idea was to give a 
sense of what it is like inside a rusticle, a set of 
drawings and models of what one sees when do-
ing microscopy.  Effects on different materials, 
including glass and coal; the threads of moulds; 
the various things you can expect to find in a 
rusticle.  They had to rebuild the exhibition be-
cause they originally planned for two years of 
field use, but then expanded that to five years, 
so they made the exhibition stronger.  It is in the 
fourth year of the tour, now.

They also wanted some drawings of the ship de-
teriorating.  The top sketch in that image (second 
from bottom) is 1986, the next one is 1996, then 
2012, and on the bottom, 2112.  James Cameron 
has requested an animation, but no money has 
been offered,.  I suppose it would be a fun thing 
to do, year by year, as it goes down, collapses.  
I was talking to Ken Marschall who has done 
all the artist work on the Titanic.  I like the side 
profile for the beginning, but when you get to 
the last sketch, it is just a U shape, everything is 
gone inside, with just the rows of boilers and a 
few girders left.

A rumour was that people were trying to steal 
things from the Titanic and broke the mast, but, 
no, that is just natural decay.  There are two sets 
of images we are working on in order to verify 
that.  The Russians feel that the bridge will dis-
appear in the next two years.

At the Titanic Science exhibition there is a dis-
play about watching rusticles grow.  At one time 
I called the area a ʻchapel,  ̓but now I call it a 
ʻcontemplation centre.  ̓ Somewhere you can go 
and just enjoy the art made by the smallest.  I 
got into big arguments with the other Titanic ex-
hibition people.  They didnʼt like the customer 
throughput.  People sit there and look at the rus-
ticles as I wanted them to do.  The organisers 
wanted customers in and out of the exhibition 
and fast.



Cullimore  ❖❖❖  Learning from Tragedies...What is Colonising the Titanic Today? 17

Murdoch University  11 - 14 February 2004

At right are some of the experiments we have 
had on the ship.  We prepare the etchings with 
unexposed developed black colour film under-
neath textile in order to give it some stability.  
When it goes positive, the blue dye comes out.  
When you see blue, you know you have proteo-
lytic activity; you know you have life.  The ef-
fect would be good on Mars, interesting on the 
Moon, as well.

This is a BART experiment with three BARTs, and these show that 
there were iron bacteria, sulphate-reducing bacteria and heterotrophic 
bacteria down there.

People were asking if we could grow rusticles.  
They are a form of biological concrete; we didnʼt 
know what makes them tick, and we spent three 
years finding out.  They need nutrients, like any-
thing else, but they love electrical currents and 
respond very rapidly.  We were growing these at 
rates of 4 or 5 millimetres an hour.

I never thought we would generate so many im-
ages that were so varied and yet all appealing!  
We learned how to grow rusticles.  This is not a 
good picture because Marilyn was just starting 
to perfect the art.  After that, they managed to 
get seven different types of rusticles growing.

The image (bottom, right) is not our creation, 
but that of a geologist in Holland.  He would 
make a fine cut through various minerals and 
place film on the cut surface and leave it damp.  
In time he would pull the film off and develop 
these patterns which are microbial in origin.  We 
corresponded; their crowning success was this 
panel in a shopping mall in Holland (top of next 
page).

Rusticles are a community of different bacte-
ria, including fungi.  Practically, however, it is 
a form of living concrete.  I have been fighting 
with the concrete industry in Canada to recog-
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nise the potential for bacteria to be an important part in the curing 
process.  They used to think I was totally nuts because I would say 
they (the bacteria) were not going to cure the concrete, but they 
were going to grow the concrete.  Growth doesnʼt mean you have 
to have something expand in size, it just has to change in form.  
Presently, we are negotiating with the North American Concrete 
Association to do a study. There are some bacteria that can produce 
ʻsoup.  ̓ It looks like soup when it is freshly done, but it sets up with 
the compressive strength of portland cement.  It emerged from a 
project by a student doing his Masters degree at Royal Rhodes Uni-
versity in British Columbia.

The wreck of the Bismarck is another thing we have been working 
on.  Lori Johnston went with Cameron to investigate this one.  It 
looks like the rudder pushed into and jammed the middle propeller, 
so the Bismarck could only go in a circle.  The torpedo then glanced 
upwards and blew a hole through the hull.  Hence the Bismarck 

was unable to escape from the growing swarm 
of Royal Navy ships.  This picture (second from 
top) was taken by Lori and is one of my favour-
ites.  It is an anti-aircraft mount on the Bismarck.  
There are rusticles hanging down, and just look 
at the slime - it has really unusual qualities.

The rusticles are growing very profusely on the 
Bismarck. It is a different grade of pig iron - that 
is what the rusticles become: a form of pig iron.  
Look at Natureʼs recycling: there was pig iron 
in the ground; we took it out and made steel; 
floated the steel on the ocean; it sank, and now 
Nature is reclaiming that iron through the activi-
ties of rusticles and other creatures.

The black smokers are on the mid-Atlantic ridge 
at about 1200 to 1500 metres.  Water is gushing 
up out of the vents; temperatures rise to as much 
as 350oC.  The average is about 140o to 160oC.  
Lori was there looking at the amount of micro-
bial growth.  We found very, very high levels of 
microbial activity.  There are shrimp all around 
the place, crabs everywhere.  They are living 
right by the smokers.  The Mir 2 submarine ac-
tually went through a black smoker and buckled 
the whole fibreglass bottom of the submarine.

This is sulphide clouds coming up out of a black 
smoker; there is very hot water seeping out here.  
The creatures that live all around the smokers are 
living right on the edge.  These are thought to be 

chemosynthetic communities, because it is believed that the shrimp have methane-consuming bac-
teria living inside them.  They do, but there is a hell of a lot of methane-consuming bacteria outside, 
too, and the shrimp would be consuming those.  We are seeing what is a very extreme environment, 
but Nature has adapted to that environment.  When Lori was doing the BART tests, it was normal to 
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see them go off in a matter of 2 to 3 to 4 hours. To paraphrase Carl Sagan: thatʼs billions and billions 
and billions of cells.  Cells, not stars.  We are seeing how rich and diverse the ocean is.

We are also now moving to look at other ships.  
We want to start to get into the forensics of what 
the rusticles do.  U-166 was sunk just off the 
Mississippi, depth charged by a surface vessel.  
Here are some pictures of the ship on the ocean 
floor.  The ship was found by a company doing 
multi-beam survey techniques.

Some other ships of interest  (second from bot-
tom): the Alcoa Puritan is a bauxite carrier.  
The Gulfpenn, the Halo, the Virginia, and the 
Gulfoil, are tankers.  They are different ones, 
though: crude, petroleum, different weights of 
oil.  Anona was not a part of it: she sank car-
rying potatoes, but the archaeologists insist on 
adding Anona to this list.  The Robert E. Lee was 
released by Alcoa to take people from the baux-
ite mines in the Caribbean and bring them back.  
This ship has the strangest rusticles of all.

There is a new technology for us: a robot sub-
marine called hugin.  It is totally divorced; it is 
pre-programmed, it is released to the right posi-
tion, and it monitors gas and oil pipelines.  C & 
C Technologies have done a lot of work down in 
the Gulf of Mexico.  They employ three marine 
archaeologists who have to OK the routes for all 
of the oil pipelines.  After the pipelines are in, 
hugin goes along to make sure the pipelines are 
still intact and havenʼt moved.  Unfortunately, 
Americans are getting really hooked on robots.  
For example, this summer, we wonʼt be diving 
- we will be using an ROV, a Remote Operated 
Vehicle, to go down to look at the ships.  I disa-
gree strongly, because the human eye sees more 
than the television camera.  Just in 2003, there 
were some things we have to confirm, strange 
things happening at the Titanic.   
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The dedication is to the Titanic because she has so many messages wanting to be heard.  George 
Tulloch, sadly, has passed away, the first of the listeners.  Acknowledgements to a lot of people, and 
particularly to my staff.  “Oh, not another one!  Where are we going this time?”

NOAA has been most cooperative.  We have two projects coming up in the next four months.  One is 
the translation of the Russian work.  The Russians have been working and doing science at the Titanic 
since 1991; they published it in Russian, only.  NOAA said thatʼs not good enough, we canʼt all read 
Russian.  Droycon has the task of translating it from Russian into English.  Iʼm hoping that book will 
be published in the next year.

The biggest project we have coming this year is from Mineral Management Services Deepwater Pro-
gram.  Other participants are the University of West Florida, C & C, Dauphin Island Sea Lab and  the 
University of Alaska.  Every expedition has to have its media, so it is going to be the history channel 
that is doing this one.  The history channel also did the U-166.

I was six years old when the Ark Royal was sunk 
in the Mediterranean.  It was a sad loss to the 
Royal Navy because the Ark Royal had come 
through quite a few battle relatively unscathed.  
She is about 35 nautical miles off Gibraltar.  
The BBC produced   the picture to the left; you 
can still see some of the flight deck. The bow is 
ripped off.  What I find fascinating is that this 
appears to be an upside-down Fairey Swordfish 
on the ocean floor, still with the wheels sticking 
up (top  of next page).  This is all low-level scan 
imagery.  There is a  push to get there with high 
resolution video equipment to look and see if 
that is really a Fairey Swordfish on the ocean 
floor.

DEDICATION
To the RMS Titanic,

may your messages be heard, 

To George Tulloch,
the first of the listeners.
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That concludes my provocation of the Titanic.  
The microbes of the Titanic are also in our water 
wells.  In Saskatchewan, we have around 80,000 
Titanics, with an average life-span of 15 years.  
Seventy percent of them will fail because of bio-
logical events.

Thanks very much.  I am happy to answer any 
questions.

--o0o--

Q:  You seem to be saying that rusticles act as a colony like a living entity, with veins and communi-
cations....

A:  I view the rusticles as being a part of a new order.  There are species that constitute plants, animals, 
individual microorganisms. Rusticles are communities of microorganisms involving many species of 
microbes all working together.  They donʼt necessarily occupy the same space in time and position, 
but they do work together.  Their communication must be fascinating, but it wonʼt be me studying 
it.  I refer to these communities as ʻconsorms.  ̓ ʻConsortia  ̓is when you have a number of species 
working together.  Now, they are separate, because when you  dissect a rusticle, you find that some 
are here, some are there, another type here, another type there.  It is a new aspect, and I think it has 
great significance for what are called ̒ tubeworms  ̓- I would call them ̒ tube consorms,  ̓because of the 
microbes inside them - and hydrates.  I think it is the birth of another branch of microbiology, another 
scale of things.

If you look at just water...I challenged some graduate students to prove me wrong when I said there 
was no such thing as free water.  They roared with laughter and said it was going to be easy.  One 
student was doing his PhD and that was his program, to prove me wrong.  By about week five into the 
semester, he was saying that he was having difficulty proving me wrong, but contemporary references 
all support what I was saying.  We co-published a paper, a review article in 1999.  I think there are a 
number of changes to our perceptions that have to happen.  One of the big ones is: go look at those 
big fluffy things up in the sky (the clouds).  What are they?  We developed the BARTs, and they are 
working.  There is a downpour - a downpour in Regina is 2 to 3 inches in 2 to 3 hours - boomph.  So 
I am out there with sterile containers collecting rainwater very quickly.  There canʼt be anything in 
this.  We bring it in and we do the standard BART cultural tests: billions and billions and billions of 
cells.  What really shook me is we used agar spread plates - we are not great fans of agar, but we use 
them.  We used the MIDI identification system, which is a way to rapidly identify species.  Two spe-
cies, one  was Vibrio anguillarum, the other was Bacillus cereus; just the two.  Are you telling me that 
is chance?  With those numbers?  In a downpour?  So my dream, and it is something I want to do one 
day, is to go up in a dirigible and non-invasively join a cloud and sample and see what the organisms 
are up to in there.  I donʼt think I will do etchings, but it would be fun to try.

Colin:  I think you and Bill should have a discussion about cloud seeding, because I believe there are 
movements in the Australia cloud seeding industry, or research areas, to try to resurrect cloud seeding, 
which used to be an Australian area of great expertise.  We were amongst the first in the world to try 
some forms of cloud seeding experiments, with which Bill was involved.

Roy:  Yes, Australia is a good place for that because it is a large continent, an isolated continental 
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mass, fairly exclusive.  You try to do that in North America, and the issue of cloud management 
comes forward. How do you make rain?  Silver iodide.  Well, there is no better way to upset bacteria 
than with silver and iodine.  You traumatise them and out they come.

Q:  At what depth do the smokers occur?  At what depth is the Titanic?

A:  The smokers are at 1200 to 1500 metres depth.  The Titanic is at 3,827 m.

Q:  What is NOAA?

A:  NOAA is the National Oceanographic and Atmospheric Administration.  One of their research 
wings looks at oceans.  Another organisation I mentioned is Mineral Management Services; I was 
in their office in New Orleans about 6 weeks ago:  “OK, you canʼt go anywhere, you have to have 
someone to take you to the room.  You have to stay in the room.  If you have to go to the bathroom, 
someone has to go with you.”   In that building, they have all of the data-logging for all of the gas and 
oil industry in North America.  Canada is just one component.  The oil companies in particular are 
very nervous that others do not find out anything, and of course, the whole of the continental shelf has 
been mapped and taken for mineral rights.  Why is MMS interested in funding our work?  Because 
they are considering the sunken platforms they are putting down.  In 2002, it was twenty two; 2003, it 
was thirty five; they are anticipating forty or fifty in the future.  They are sinking the platforms down 
to the ocean floor and drilling out from those platforms.  What do you do with the platforms at the end 
of their operating life?  MMS is saying, if it is 1500 to 2000 feet, we will have to bring them up, or we 
can create artificial reefs for fish.  So, what I am saying to MMS is: if we learn how to grow the rusti-
cles well enough, we can recycle that iron back into the ocean environment - it will have tremendous 
value if you follow the Kyoto idea of how important iron is to algal growth, etc.  We are interested in 
the idea of building in a self-destruct mechanism in those platforms.  If you want a horror story: Shell 
built a hundred million dollar platform and sank it into the Mississippi canyon.  It went down to the 
ocean floor and went straight through; it was lost.  They spent another hundred million dollars trying 
to figure out why.

Colin:  One concept is that the sea is often iron-limited in the nutrient supplies to the ecosystems, 
because, as fresh water runs down the rivers and hits all that chloride, the iron drops out of the fresh 
water as ferric chlorides, with low solubility in sea water.  Is it still a general hypothesis that marine 
ecosystems are iron deficient?

A:  When you look at the mass of the ocean, the inputs from the shore are fairly small.  In Bill Broadʼs 
book, The Universe Below, he considers oceans and volumes.  He claims that 95% of living habitat 
is oceanic.  We occupy about 0.5%, and Bill is being generous at 0.5%.  The effects from rivers must 
be a much more long-term thing.  There is no question that iron is important.  During experiments in 
the Pacific, it was iron that triggered algal growth and algal blooms.

Q:  English ships were coal fired, and they carried coal.  I wonder if the incidence of coal burning 
and heat treatment plus the presence of all that carbon had any influence on the species or growth of 
rusticles.

A:  If you saw that little rusticle I brought - there are little bits of coal in it.  The presence of coal does 
not stop rusticles growing.  Coal is such an odd material.  You think of it as just carbon, but it is not 
just carbon; there are a lot of organics in there, but it is a highly sorbtive carbon.  It is difficult for 
microorganisms to get in there and pull it out, but it is easy for them to get in there and stay.  

Just a quick illustration.  One of the biggest beverage manufacturers had a plant go down in the States.  
They had carbon filters to filter the water.  The carbon filters were biofouling and so were the gravel 
beds underneath.  So they took off the carbon and put new carbon in.  The fouling from the gravel 
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came up into the carbon and screwed the carbon up very quickly - there is that potential for cross-
contamination.  Iron is the obvious one, but it can also be aluminium, it can also be a lot of calcium.  
Those are the three big ones.  Silica can be at fault.  This is why I can see, in the future, forensic value, 
because the rusticles do respond to whatever is available in their environment.  The big one for us 
right now is strontium.  We are finding linkages between that and military ships.  That will be another 
part of the MMS thing going off this summer.

But back to coal: I have not seen massive, festooning growths of rusticles in the coal.  But when there 
is a coal fire, of course you are damaging the steel; you are going to create stress.  One of the experi-
ments on the steel platforms that are down there was a bunker oil fire.  We didnʼt use coal, but used 
bunker oil and burned it to try and get some semblance of information: would the rusticles grow better 
if there was the burned remnants of the fuel oil on the steel?  So far as that experiment goes, one of 
the things we found - we are probably into the third generation of rusticles - they come and they drop 
and they grow.  It is a faster cycle than I had realised.  On one of the platforms, you can see they are 
partly sheared off right down to the steel, and then they have grown up again.  There is a lot to learn 
and little time to do it in.

Q:  What is the time for growth of rusticles?

A:  The fastest is 10 to 15 mm per hour.  That is the fastest we have achieved.  On the Titanic, the 
typical growth range is about 1 to 7 mm per year.  If you can imagine, in the engine room, which is, 
perhaps, 2 metres in height, there are some rusticles from the ceiling almost down to the floor, and 
they are wide, huge.  I want to go in there and get some very good imagery.  We only had four dives; 
it was a brief, cursory evaluation.

Q:  Is there any fossil record of rusticles?

A:  Yes!  Speleotherms.  You go to the old caves in New Mexico and there are archaic rusticles that 
look exactly the same, hanging on caves that were full of water a million years ago.  Now the water 
is drained out and there hasnʼt been a great deal of motion or movement, so they are fairly delicate 
and are still there.  There are a number of evidences like that.  When Cameron dove to the vents this 
last summer, he found a pig iron body jutting out and there were rusticles growing all over it.  That is 
the first large, natural, typical rusticle structure that I have heard of, but I havenʼt seen images.  The 
oldest rusticles I know of are a million years old.  A million years is nothing in a microorganismʼs 
life.  There are so many dormant microorganisms floating all around us.  They donʼt care, they are 
not doing anything, just waiting for the environment to improve, the redox to get right, the nutrients 
and water to be sufficient, then they will grow again.  There are a lot of ticking time bombs out there.  
Of course, Mars is a fascinating prospect.  It is a foregone conclusion that there will be life on Mars 
because there is a lot of groundwater, and salt does not matter.  We have grown many microorganisms 
in saturated salt.

If we deliberately let a rusticle dry out, and we are using, say, 8% salt, it forms salt plates; but at the 
very beginning, it makes a salt plateau.  I just donʼt have the time or the money to look into this.  It is a 
flat plate with vertical spindles underneath that connect it to the rusticle itself.  It is very sophisticated, 
very complex.  I just kept them because someday, somebody is going to want to look at these things: 
I donʼt know what purpose they serve.
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DBI, U. of Regina

Bacterial Systematics: Initial Stages of the Bacterial Identification Atlas

Abstract
Identification of bacteria has been challenging because of their small size and simple 
structure. Traditionally we have all been preoccupied with disease and pathogens. 
Now we need to address nuisance bacterial infestations.   Discussion also includes 
the community approach to bacterial identification through the consortial concept   
(that is, that many bacterial species cooperate and work together in a community not 
dominated by one species, an alien concept for some). Iron bacteria are described 
through the classic Ellis concepts in which these bacteria were recognized by the 
unique manners in which they can retain ferric forms of iron. This is then compared 
to the approach of considering all bacteria that are capable of accumulating iron 
(commonly outside of the cell) that are defined as the iron related bacteria (IRB).

There needs to be a realization of the dominance of microorganisms in the biomass 
on planet Earth (Oceania). Will go from the conceptual birth of microbial identi-
fication from 1830 to 1910 and the manner in which this can be converted into a 
grid map (the Atlas) for the identification of microorganisms. and move towards 
inevitable distortions created by Societyʼs need to discover the causes of innumer-
able microbial pathogens that led to the virtual demise of microbial ecology (1930 to 
1970). Iron bacteria are such a group that was lost in this stampede. Restructuring 
the understanding of bacteria, not based upon their genetics but upon the commu-
nities within which they flourish, is an important goal for the twenty-first century. 
There will be a direct examination of the microorganisms that do function in ground 
water. This would include the ʻcylinders  ̓of biomass that are active at different sites 
relative to water wells.

I was asked to talk about bacterial identification and how we would apply that to groundwater micro-
biology.  Let us start by going back 4 billion years to times when there was the beginnings of biologi-
cal life on this planet.  The planet was very reductive (and no oxygen!).  Back in 1912 it was observed 
that there was a sequence of events that had occurred on a grand scale of things.  The sequence of 
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events started with very reductive conditions on the planet: no oxygen, very little organic material.  
Orla-Jensen, between about 1913 to 1922, worked out that there were three big sequences.  The first 
phase was chemotrophism (ʻchemo  ̓means ̒ chemically drivenʼ), with inorganic carbon and inorganic 
nitrogen.

Once the atmosphere started to change to allow the 
sunlight to trickle down and the water to puddle on 
the surface, then we started to get oxygen forming, 
we moved to the second complex which was a mix-
ture of inorganic nitrogen and organic carbon, be-
cause now there were carbon cycling systems.

The third phase moved to organic carbon and or-
ganic nitrogen.  We moved from reductive, no-oxy-
gen to free oxygen, and the microbes grow along 
the oxygen-reduction gradient embedded in there  
(an oxidative environment without which animals 
would never have evolved).  They grow from where 
it is very reductive, with no tolerance for oxygen 
through to those which have to have oxygen to 
grow.

Orla-Jensenʼs concepts were put forward and be-
came part of the Bergeyʼs Manual, which is the first 
ʻBible  ̓on bacterial classification.  Still, today, they 
follow that basic pattern of going from very reduc-
tive to oxidative.  If you look at the products that 
are using organic carbon in highly acid conditions, 
acetic acid is a prime product; the pH is very acid.  
In the next group, the organics are being used; pH 
becomes more neutral, it moves from an acid re-
gime to a neutral regime.  When a well is put into 
the ground, it cuts across that boundary (image at 
top, left).  You go from an environment that is very 
reductive, to an environment that is very oxidative.  
What you have, essentially, is a series of slime cyl-
inders, one around the other, around the well.  The 
ones inside the well, which is ʻscabbing  ̓with mi-
crobial growth, are usually those that like a lot of 
oxygen.  The iron bacteria are a classic group; they 
are moving the reductive form of iron, the ferrous 
form, to the ferric form.  They get some energy from 
that oxidation.

Working with bacterial identification, there is a very 
big challenge: it is not one species, but a series of 
communities.  How do you identify a series of com-
munities?  We are mind-set by medical microbiolo-
gists -  understanding that every disease is caused 
by a single species, a single strain.  We have been 
focusing smaller and smaller and smaller and we 
have forgotten how important microbial communi-
ties are in the schemes of life.
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Down a water well all the observed biology is communities, community, community.  Bacteria work 
as groups.  In the last 20 years there has been a recognition that these different groups exist; they are 
called ʻconsortia.  ̓ Iʼll give you an example: plugging at a golf course. Is there a plugging problem 
on golf courses?  There is a huge one, because golfers like a nice, even playing field, a smooth, sand 
green with very short grass, 3/8ths of an inch; it canʼt be 1/2-inch - the golfers wonʼt like that.  This 
was a new green in Regina.  They were applying sulphur-coated urea fertiliser, and they were irrigat-
ing it.  In the third year, patches appeared in the grass.  The turf grass was dying back.  A little black 
slime layer about a half-inch below the surface of the green, down to four inches, was forming later-
ally.  It was taking the urea and phosphorus from the fertiliser - competing (very successfully) with 
the grass.  What was exquisite about this particular black plug layer was that we found that there were 
28 major species of microbes involved in it, including Bacillus thuringiensis, which will kill off a lot 
of insects, including Erwinia carotovora, which will attack and kill roots.  Essentially, there was this 
powerful, aggressive slime ʻtank,  ̓this community, this consortia of microbes which were going out 
there killing everything that would be competing with it (the grass roots, the insects, the worms and 
anything else that moved!  When we were called in, three greens were 30 to 40% denuded, and you 
could see it happening every day.  How are you going to demonstrate to a superintendent that there 
is a plugging problem?  Take a bucket of water, throw it on the grass - what happens?  It disappears 
through the grass into the soil.  Go to the bald patch, throw the water on there, and the water just flows 
over the surface and does not penetrate into the ground!  Where the grass is, the water does go down.  
That green was totally plugged.  The identification was completed and a few papers written.  The 
redox front had come right up to the surface.  We did experiments with urea fertiliser; the urea broke 
down, it gassed, methane was emerging, there were gas fractures in the soil that filled with slime, the 
slime went on to become a black plug layer.  It took three months.

How did we cure this?  Aerification was used to get oxygen down into the soil, then massive water-
ing.  Our advice : “DONʼT fertilise the green - fertilise the grass.”  We went to a foliar application of 
fertiliser done in a different way.  We didnʼt just mix chemical and spray it onto the grass.  No.  Leave 
it for 48 hours mixed into the well water.  In 48 hours, you donʼt have a nice, clean liquid; you have a 
dirty, sticky soup, because all of the fertiliser has been taken up and made into a colloidal gel.  Spray 
that on, what happens?  The gel hits the grass and sticks.  The nutrients, the nitrogen and phosphorus, 
potassium, stick to the leaves, go into the grass, the grass gets the nutrients and the plug doesnʼt get 
the nutrients.  Classic case.  Typically, I didnʼt make myself popular with golf course attendants and 
superintendents and consultants because they believed bacteria werenʼt important and the black plug 
layer was caused by algae.  The algae are actually a product because they sit on top of the slime, grow-
ing in the sunlight trickling down: look underneath.

The golf problem is easy because you can core and go right through the plug.  Not possible in a water 
well; you have to find other ways.  In looking at consortia, we developed the Biological Activity Re-
action Tests (BART™) as a way to look for the activity of these groups of organisms.  The system is 
developed around three big balls, squeezed onto a sheet of paper, two-dimensional, shown as ellipses 
or circles on the diagram.  Different bacterial genera lie in different spots within this bacterial atlas. 
To find them would be similar to looking for large cities in a geographical atlas.  You now have a dif-
ferent way to look at the microorganisms.  Unfortunately, today, we are so mind-set, looking smaller 
and smaller, looking at the DNA, and so on.  Step back and say, “Whoa, I want to look at the com-
munities, all of the communities.”

One of the worst things that happened to microbial ecology was when Frau Hesse told her husband, 
“Why donʼt you use this agar, this jelly, to make your media?”  He took the jelly back to the lab and 

Unique Features of Microbes

•  They create structures outside the cell (unlike plants and animals)
•  Different species function together within common structures (like a tubercle or a slime)
•  In the environment, microbial species work together in CONSORTIA
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it made beautiful media.  We use a lot of agar spread plates.  The success rate of an agar medium is 
abysmal.  If we compare the BARTs and the ability of microbes to grow in the BARTs with the ability 
to grow in agar, there is a big difference between the two. All I am looking for is a different mind-set, 
looking at how to get these microbial consortia to grow in an environment.  When we use the BART 
system, there is the reductive, there is the oxidative.  The BART ʻtest tube  ̓considers where the oxy-
gen is, diffusing down; where the nutrients are diffusing up.  A range of environments in the BARTs 
allows the microbes, the consortia, to grow.  They do choose to grow and they do produce unusual 
reactions.

Taking that one step further - how do you use this to identify a problem?  In water wells, we are faced 
with what is almost an ultimate challenge: dealing with a lot of different and involved groups  of 
microorganisms (we cannot forget the moulds).  Out there, far away, are the methane producers, then 
come the denitrifiers, then come some of the sulphate-reducing bacteria, then come the slime bacteria, 
then come some more sulphate-reducing bacteria.  Close to the well are the iron bacteria.  If you are 
going to treat that well, what do you want to do?  We want to kill all the microbes, we want to push 
out the slimes, we want to get back to pristine surfaces.

That requires a complex chemical strategy.  
Chemical A is not going to do it.  We have 
seen in North America the movement from 
single chemical applications to blended chem-
ical applications.  The reason for the blended 
chemical applications is that there is a greater 
potential to be able to hit the different bugs 
that potentially are going to cause problems 
in the well.  What we need to do is to be able 
to find out how far we can take the treatment 
and allow an evaluation as to whether a treat-
ment has been successful.  Not only whether 
a treatment has been successful, but when did 
you start the preventative maintenance?  What 
do you mean by ʻpreventative maintenance?  ̓  

The well is newly developed, the specific capacity is good, we donʼt need to do anything.  No, that 
is when you do need to do something!  You need to start when the well is freshly drilled, when it is 
developed.  You then start to look at the harmonics - I used the word ʻharmonics  ̓- of the microbial 
activity that is eventually going to shut that well down. It is the noise created by the microbe begin-
ning to grow louder and turn into booming crescendos as the plugging becomes complete. You can 
measure this “noise” (or bacterial activity with the BART testers.  You want to know what organisms 
are doing it. How can you best capture an understanding of what they are doing, and find the right 
treatment and maintenance program that will slow the degradation down.  A lot of the development of 
bacterial identification has gone in that direction, and I created an atlas that has been published (two 
sample pages on the top of the next page).

There are two big groups of bacteria, gram negative and gram positive.  Negative are more primitive, 
and on the left side. and the positive are on the right.  The rod-shaped ones are over here, the cocci are 
over there.  The scheme allows partitioning but shows how the bacteria integrate in terms of activity.  
We are only just beginning to understand in the real world is that it is not one species, but an intercon-
nected community and consortium with all these different organisms working together.

So how does this work?  It evolves.  In the last six months, I have had to work on the pattern because 
we have discovered antibiotics in the rusticles.  How do you take the identification  to the next level 
and how do you identify the consortia that are involved in that actual event?  I have written a patent.  
The Atlas is made into a grid with positioned alphabetic and numeric markers so one can focus on 

EVOLUTION



Cullimore  ❖❖❖  Bacterial Systematics: Initial Stages of the Bacterial Identification Atlas 29

Murdoch University  11 - 14 February 2004

the grid, the community extends around a particular grid point.  This produces numbers, and we all 
love numbers.  Well, most of us.  We have developed a system where you can pinpoint an organism, 
for example, K9, 27 - 42.  ʻ27  ̓indicates the height and ʻ42  ̓indicates the width.  Nevertheless, even 
a single symbol is a big group of organisms.

The identification system should allow us to understand what organisms are present, or rather,  how 
active they are.  We donʼt count cells; we count activity. You set up a test and it goes positive.  It 
can take some time; the world record for us at the moment is 600 seconds.  That time was measured 
during bioremediation with a bioreactor breaking down solvents, an aerated situation; the number of 
bacteria was in excess of 100 billion.  It was solid with bacteria.

Consider the whole question of the reversal of a water well; in a water well you want to minimise the 
microbial activity, suppress it.  In bioremediaton, you want to increase microbial activity, maximise 
it.  The activity levels for a bioremediation are vast as you can get them. For a water well, you want 
as much suppression as possible.   There is a reversal of mind here.   Presently I am trying to write a 
little bit of the book on how you really determine whether a well is biologically plugged.

Today, in North America, the chemical industries that are involved in water well maintenance, treat-
ment, rehabilitation, are a little nervous about what I am doing.  Some of the companies are now 
saying  “Bacteria are not important in the plugging of wells.  Our chemical is so good it wipes out 
all the organisms.”  That is the last line of defense: when you are saying that, you are going to lose, 
because you donʼt understand the very basics of the living systems that are associated with all wells 
(and Iʼll include oil and gas in that statement).  Look at the rusticles - encrusted, heavily protected, 
and then look at plugging in and around a water well, encrusted, heavily slimed, in a porous medium 

   Two Sample Pages from Practical Atlas for Microbial Identification
by D. Roy Cullimore
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with fine pathways moving through, maybe some fractures where a lot of water is going through: like 
a natural filter.   It is very important to remember that every water well is a natural filter.  Thatʼs good; 
it is taking out the phosphorus, some of the organics, it is making the water better.  It is taking out the 
arsenic if you are worried about one of the more recently publicised pollutants.  Of course when the 
filter fails, then all of the accumulates (such as arsenic) are released.

Back in the mid-80s, we found that a water well is literally a biological chromatograph.  A chroma-
tograph causes different things to come off at different times and you can pinpoint the different ele-
ments coming off.  Iron, zinc, copper, right by the well.  Go to the other end of the spectrum, arsenic, 
chromium, cadmium, way down on the reductive side.  When you go from reductive to oxidative, 
different elements come through.  It is the same with rusticles from the ship; you see accumulations 
of different metals in different places.

In treating a well, you tend to destroy this.  One of the big battles of the last 20 years has been blend-
ing heat with chemical treatment.  When a chemist wants a reaction to go faster, he puts it over a 
Bunsen burner, heats it up and everything goes faster.  So many in the well industry say “you canʼt 
heat a water well!  Itʼs impossible!  Donʼt even try.  You will never build up thermal gradients.”  We 
have done this many times now, the US Army Corps accepted heat treatment as a standard practice.  
It used to be the practice of last resort, but now it has become standard practice.  When you add heat, 
preferably greater than 40oC, you destroy a lot of the bacteria.  The bacteria are used to a very con-
stant temperature.  Suddenly you take it up by 20, 30 or 40oC, total stress and trauma for the bacteria.  
What happens to the bacteria?  They donʼt die; they react to it and want to get away from it, so they 
pack their little bags and get away.  The structures break down and you apply chemistry to break 
the structures down even more.  When we do a treatment, we can look at how the community has 
changed.  The bad news, I suppose, is that if you do the tests just after you have treated the well, you 
will find there are more microbes.  After you have successfully treated a well, your specific capacity is 
back, and for 2 or 3 weeks the bugs are having a field day because they are looking for new surfaces 
to attach to.  They are in the water, they move with the pump flow, there are lots of them.  Then, after 
3 to 8 weeks, there is stabilisation with very low numbers of microbes.  The old concept of curing a 
person in a day with penicillin is gone.  When you are looking at water wells, it takes a long time for 
the wells to recover.

With bacterial identification, we try to develop a system that will find the major slime beasts that are 
encompassing the well at different places.  When you do a video camera log, you see all that ferric 
iron slime down the slots, obviously an iron bacteria problem.  ʻObviously  ̓is maybe not the ideal 
word: yes, maybe it is there, but can you see through the slots?  We look ʻbeyond  ̓the slots, not just 
for iron bacteria inside the well.  Mind you, George Alford would dearly love to have a means by 
which you could take a picture of the extent of the slime around a well, how far it permeates out into 
the porous media in all directions.  Of course, we are not able to do that today; you have to dream, 
and that is his dream.

My reality is that you have to put purpose in the identification of bacteria, and I found that it is most 
successful to look at the community structures, to be able to identify major community structures: 
donʼt consider individual species, because they are dynamic, they change the whole time.  I have been 
an ecologist in microbiology for 45 years.  Some dogma: you commonly wonʼt find less than 7 or 8 
species.  If it is a very poorly organised community, there might be as many as 40 or 50 or 60 species.  
Gradually, as the organisms adjust, some of the species will die out, and you end up with a core group 
that are working well together.  Working well together, communicating well together - it is another 
whole area of science and microbiology that needs to be explored.

I am trying to develop a new approach, a new concept to the identification of bacteria at what I call 
the ʻconsortial level.  ̓ For example, a rusticle has 5 different consortia.  When you dissect a rusticle 
there are places, concentrated groups of bacteria here and here and here; each is different, but they are 
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maintaining themselves within the structure where there is a lot of porous flow, a lot of channeling.  
They are able to function in that manner.  Putting that functionality into an analytical perspective is 
what I am trying to develop, with the idea that for water wells, we will be able truly to see whether a 
well has been effectively treated; whether a well is likely to become contaminated.

Let us go to North Battleford briefly.  It is a city of about 30,000 in central Saskatchewan.  It is on the 
North Saskatchewan River, which is a slow-flowing, dirty river coming through from Alberta.  The 
water supply is a mixture of water from the river and river recharge, where water comes through from 
nearby wells. We were considering sustainability as an issue in the water wells and bacterial aggres-
sivity and the time lags.  We noted in one well, Number 17, that the specific capacity was still 100%; 
the city was monitoring it and it was very stable.  Suddenly, the aggressivity of the bacteria we were 
monitoring became greater and greater.  The specific capacity was still high, virtually unchanged.  
This is an early warning signal.  So we went to the city and told them they should treat Well 17.  They 
were already treating Wells 15 and 16.  They said they didnʼt need to treat Well 17 because the specific 
capacity was still 100%.  Three months later, the specific capacity started to drop.  They treated it and 
it came back.  They were doing their BART monitoring routinely when they got a Cryptosporidium 
outbreak from the surface water, the river supply.  Well, if you put the sewage treatment plant up-
stream of the water intake, what can you expect?   Five thousand people got infected.  The water wells 
were fine, because the natural filter kept the Cryptosporidia out of the wells.  They ended up with only 
the wells for the service of water for a number of weeks, and they were buying lots of bottled water.

Take the monitoring very seriously.  Monitor the well for bacteria and watch the pulsing  (the ʻnoise  ̓
is often harmonic and the pulses very, very slow).  The bacterial identification system should satisfy 
the academic need in terms of being critical and also precisely relate the types of organisms that are 
involved during the practice of treating wells.  What sort of treatment should you apply to a well?  
There is A, B, C, and D present, this is the sort of media we are dealing with, these are the flows, this 
is what the specific capacity is: now, how do we treat it?  We are trying to integrate the method for 
looking and identifying the bacteria into the best method for treating the well.

Q:  Surely it is generally accepted that the movement of iron from the ferrous to ferric forms are sim-
ply chemical responses to the redox state and that if bacteria are involved these would would either 
iron oxidizing or iron reducing - why do you not use those terms?

A:  I donʼt like the terms ʻiron oxidising  ̓and ʻiron reductive.  ̓ That is why I introduced the term, 
ʻiron related.  ̓  So many of the bugs are capable of both, and we see that all the time in the BART 
tests.  When I first developed the BART test I got a call from someone who was thinking about us-
ing the BART tests.   They asked what media I was using for the iron.  I said I was using the ferric 
form.  Then they asked how I could use the ferric form when I was going to create a ferric product?  
Because we would establish a redox gradient within the BART, and automatically, the bugs are going 
to move some of the ferric to the ferrous form - there are going to be bumps.  You see that in a lot of 
the tests.  You will see a green material in the base which is ferrous-rich.  There is a series of bacterial 
establishments being formed; you see the bacteria moving iron towards a ferrous form, and then back 
to the ferric form, depending on which particular bugs are there.  I would like to think that for the iron 
you have that automatic supermarket between ferrous and ferric and you interpret the activity of the 
bugs appropriately.  In another workshop I will talk about Gallionella, a sort of popularised bacteria 

Identifying Bacteria

•  In the environment, they commonly grow in consortia
•  No one species dominates
•  Most of the “biomass” is outside of the cells 
•  Identify how active the consortium is – NOT JUST THE NUMBER OF CELLS
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because it has such a beautiful tail.  No one can argue with the beautiful tail of  Gallionella, but you 
can argue with what its real importance is in a well.

When you go back and talk about slimy stuff and sulphur bacteria, that is not the next cylinder of 
slime; it is one or two back.  There is a cylinder of slime and you can get sulphur-reducing bacteria 
forming.  You can also get the sulphur bacteria Beggiatoa occurring in there.  I have not had much 
experience dealing with Beggiatoa but I have had a lot dealing with sulphur-reducing bacteria.  I men-
tioned sulphur-reducing bacteria in two cases when moving away from the well.  Close to the well 
there would be a bt reaction - they are working with a lot of slime formers that are basically aerobic, 
oxidative.  The other group is deep set; they are what we call ʻbb,  ̓black in the base.  Those babies are 
really difficult to get.  You can reduce them but you are unlikely to eliminate them, but if your treat-
ment is successful, you will control bt.

The challenge to us now is visual interpretation based on a reaction chart which is a little crude.  I do 
have one reader here which is for the heterotrophic bacteria.  The one for the sulphate-reducing bacte-
ria will be ready in March.  Soon we will present a paper on bioprospecting.  This is another interest-
ing field and it does relate.  If you are in an oil or gas reserve region and you are drawing groundwater 
from above that zone, you will inevitably get methane and volatile hydrocarbons coming up from the 
reserve which is going to affect the organisms growing in the plug around that.

When we went to one region in Alberta, we did an intensive study of 124 wells.  The level of biologi-
cal activity was much higher, but the signatures we got were very much different from those we got 
in Saskatchewan where there is no known oil or gas reserve.  I presented the conclusions to the petro-
leum research group.  They said they would go and get some more money.  Is that money going to be 
for lawyers or what?  Because, if the knowledge got out there, that wherever there was an oil or gas 
reserve there would be heightened biological plugging as a result of that constant stream of methane 
and volatiles, then people would start to litigate.  “My wellʼs gone wrong: it is because of the oil and 
gas companies.”  In actual fact, you could biologically show that.  This is something that needs to be 
handled carefully.  It is a great bioprospecting tool.  I always thought it was stupid to go taking soil 
samples and think that is going to relate to the oil and gas reserves underneath.  Water makes more 
sense because groundwater is the ʻblood  ̓of the crust of the planet.  That water is basically moving, 
and it will carry up material from deeper down.  We found that in the Three Hills area, which is right 
over the Viking formation, there were very high levels of biological activity.  The wells were collaps-
ing much more quickly,  We could apply treatments and get the wells back, but they would last for a 
shorter time, a constant up-hill battle.  It led me to the concept that, really, you almost need to build 
a water treatment plant in the well.  That isnʼt a popular idea at the moment, but I am sure it is going 
to come.  For one thing, if you are going to put the water treatment plant right down the well, you 
can know very early on if there is a problem because you will get the background signatures from 
the bacteria as soon as you start pumping.  You know the media, the formation, the type of nutrients 
you are bringing in, you can start to extrapolate about what is likely to form.  So you put in a treat-
ment system that is going to counter that, and at the same time you build in the conduits to allow the 
treatment to occur in situ; you donʼt have to just drop the chemicals down the well, you actually have 
conduits to take the chemicals down.  They donʼt necessarily have to be in the well but also around 
the well, a kind of satellite injection.  It is expensive, and it is only going to happen where water is 
at a premium.  One of my roles is to go into mental voids of space and say, “How can we do this?”  
Canada Agriculture was pressing me on this one, and I designed it.  I said, “This is what you do.”  
Nobody would ever want to do it, but you could do it.  The eye of the beholder thing; if you were to 
put that in, people will say, “Wow, look at that, this is good water.”  OK, it is going to cost that much 
more, but when evened out per cubic metre, itʼs not that bad.

Q:  Is it ever likely that we will inoculate a well with a microbe which takes a peak role in the ecologi-
cal hierarchy and eats off all the cloggers and corroders and depositors?  Do you think we could have 
a stable microbial ecosystem down there which is self-managing?
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A: We did a lot of work with mesocosms.  These were gravel packs, 2-inch stainless steel slots in the 
middle and then we would air lift and pump water around it and build up plugs in a matter of days.  
The community down there is a very rubbery, adaptable group.  The most likely group that could do 
something like that would be some of the fungi, but fungi will only grow in very oxidative, semisatu-
rated conditions.  They are not going to grow in the well.  When you look up in the water table and 
soils, you do find the moulds dominating there.  We tried a few times but we have never been able to 
produce any stable increase in the flow from the effect.  The bottom line is you want your flow back, 
you want the water quality to be good, and we have succeeded in doing that.  But, how much effort 
do you put into the Philosopherʼs Stone. It might be a beautiful design, but it might only apply to one 
well.  Go to another well and it might fail.
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Survival of Iron Bacteria in Extremely Acid Environments

Abstract
Iron bacteria have evolved to occupy almost every imaginable ecological niche.  It 
seems that this type of cell is ubiquitous and can be found in subterranean and even 
deep-sea ecosystems.  The activities of iron bacteria can cause both problems and 
opportunities for human technology and this paper seeks to examine the cells that 
flourish in environments that classical microbiology would call extreme. 
Because the above title encompasses a huge range of cell types and conditions this 
paper is limited to a discussion of the cells that oxidise soluble iron [Fe(II) species]) 
while reducing gaseous oxygen and fixing carbon dioxide to supply cellular carbon 
- the chemotrophic iron bacteria.  Since these cells are also masters at adaptation to 
extreme environments this discussion is also limited to two common environments 
where extremes are encountered and overcome by these cells.   These two environ-
ments are firstly, the strata around groundwater extraction wells where very low 
oxygen concentrations are encountered and secondly, in extremely concentrated so-
lutions where the oxidation of sulphide minerals is used as a pre-treatment for the 
extraction of gold.

My research work within the chemistry program at Murdoch University is mostly conducted through 
the A. J. Parker cooperative research system, and my topic is iron bacteria in extreme environments.  
After giving my topic to Bill and Colin, I set about becoming conversant with just what these ex-
tremes are.  The more I found out about it, the more I realized how hard these extremes are to pin 
down. In fact, we can find iron bacteria that bring about the oxidation of iron as one of their metabolic 
processes, coupled with the reduction of oxygen, in almost every environment, and in fact, the only 
limitations appear to be a few small ones.
    What are ʻextremes  ̓for iron bacteria?

•Any environment where:
--water exists in the liquid state
--Fe(II) and dissolved O2 are both present in a ʻnon-equilibrium  ̓state

•iron bacteria types vary in different regimes
--temperature
--acidity 

•for iron bacteria, extremes seem to be relative

The first limitation is that you have to have liquid water at some stage.  Down in the depths of the 
ocean, liquid water can exist at 150o to 200o without a problem.  For the particular iron bacteria I 
want to talk about today, the other necessity for them to grow and flourish is that we have at least two 
components in the system: ferrous iron, Fe2+, and dissolved oxygen, and that they are in what I have 
termed their 'non-equilibrium' state.   I'll say a little more about the equilibrium between iron and 
oxygen because, unavoidably, being a chemist, I have to go into a little bit of the solution chemistry 
of iron, which is a 'worthy' topic.

What we find, however, is not one kind of iron bacteria that exist in extremes, but we see areas  of 
preference of different kinds of iron bacteria.  Because water is the only encompassing feature for life, 
it's really the conditions of the water that divide the environment into different regions.  Within those 
varying regions we find particular kinds of bacteria.  So, in fact, some of these regions would have to 
be based around the two most common features.  First of all, the temperature: at ambient temperature 
we will find particular kinds of bacteria.  If we take the temperature up to 50o or 75o, we will still find 
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iron bacteria but they won't be the same kinds of bacteria that we found at 35o.

Similarly, with this most important one, the focus of my talk, the acidity, the pH of the water.  Again, 
we see that certain regions of the pH scale, say in the very acidic range from pH 1 to pH 2, and such 
environments do exist; we find particular kinds of iron bacteria.  In the region where the pH is higher, 
pH 6, you still see iron bacteria, but you see different kinds. I was inevitably led to the conclusion, 
after saying "extremes of conditions of iron bacteria, that sounds like an exciting topic,"  that these 
extremes are, in fact, relative. What is extreme for one particular type of iron bacteria is meat, drink 
and a roast dinner for another type.

I promised you some iron solution chemistry, and I will be as gentle as I can.  It's quite interesting to 
note that iron and oxygen together in a solution are what we call 'thermodynamically unstable.'  That 
is, they will react together without the presence of iron bacteria.  And in fact, even when iron bacteria 
are present, the stoichiometry, or the relative amounts of these two components that are reacting to-
gether, can be expressed in my Reaction 1: four moles of iron and one mole of oxygen plus four moles 
of acid gives you four moles of Fe(III) or ferric iron, plus some water.  And in fact if you think about 
it, this is the very reaction of the Earth after its formation as it came out of its anaerobic phase and 
into its aerobic phase.  This reaction must have seen significant amounts of flux through it to actually 
create all those iron ore deposits that we find up in the Pilbara and various other places.
     Iron Solution Chemistry

   •Biotic and abiotic stoichiometry
           4Fe(II) +   O2  + 4H+   =   4Fe(III)  +  2H2O  ..1

   •Once in the Fe(III) form, step-wise hydrolysis occurs.
   Fe3+  =  Fe (OH)2+  + H+ 
    =  Fe (OH)2

+ + H+   
    =  Fe (OH)3 (s) +  H+      ..2

  4Fe(II) + 10H2O + O2  =   4Fe(OH)3 (s)  + 8H+    ..3

So, the point about this is, that whether or not there are bacteria present, the stoichiometry of the 
reaction of iron with oxygen goes ahead according to Reaction 1.  That is not the end of the story, of 
course.  At most reasonable pH levels within water, Fe(III) is a fairly small, highly-charged ion and 
actually breaks up the structure of water in its near vicinity and we find a step-wise hydrolysis occur-
ring in a series of equilibrium steps.  For those of you that are more familiar with chemistry, you will 
realise that as if one increases the Fe(III) concentration here, there is an immediate response here that 
moves the equilibrium back towards more soluble iron.  Raising the pH up towards 7, precipitates 
more solid iron.  Combining the two together, having created Fe(III), ferric iron, either by natural 
background oxidation or by bacteria, then this second step follows almost spontaneously.

Again, when I combine the two Reactions 1 and 2 together, the overall Reaction 3 appears.  The major 
point I wish to make is that for one mole of oxygen we can oxidise four moles of iron, that means that 
thirty two grams of oxygen will react with roughly two hundred twenty grams of iron.   And so, for a 
small amount of oxygen leaking into a system you will get a large amount of iron precipitate. You will 
notice that the overall end products are ferric hydroxide, usually in a solid form, except at the most ex-
treme acid levels. And, most importantly, there is a net production of acid.  Even if there is no sulphur 
involved, and you are only oxidizing iron and that iron is precipitating, a buildup of iron solids occurs 
and acid is released into the system.  Both of which, if you are an iron bacterium, is good news.

My one and only thermodynamic statement is that we know that Reaction 1 is spontaneous, abiotic, 
if you like, because once you look carefully at the thermodynamics, and calculate the ΔG,  (the Gibbs 
free energy of the system) it turns out to be not a particularly high energy yielding reaction.  But  ΔG 
is negative, and  that says to a chemist and a thermodynamicist that in most ordinary environments, 
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this reaction is spontaneous and will proceed until one or both of the oxygen and the iron are used up 
to very low levels indeed, perhaps 10-12, 10-15 molar.  The reaction continues while there is oxygen 
and iron present in solution.

So the question that occurred to me, at least initially, was, I've got a system where the energy source 
that an iron bacteria has been using is being snatched away from it by nature, as it tries to oxidise iron.  
The iron bacteria are in competition with the spontaneous reaction of iron.  While we can say that 
the thermodynamics eventually will tell us that there will be no Fe(II) left in the aerated ecosystem, 
it is kinetics that actually control the rate at which that process takes place.  Considering the kinetics 
of iron oxidation, you canʼt do better weekend reading than Richard Lowsonʼs ʻ82 article in Chem. 
Reviews - an absolute snorter.  I have abstracted these three expressions which purport to describe the 
disappearance of iron out of a solution with oxygen present.

The spontaneous (abiotic) reaction of Fe(II) and Oxygen
  4Fe(II) +   O2  + 4H+   =   4Fe(III)  +  2H2O    ..1
  ∆G1  < 0

  Iron bacteria must compete with spontaneous oxidation.
  Kinetics of Reaction 1 depend on pH and pO2. 

  d[Fe(II)]/dt   =  k [Fe(II)]2 pO2 [H
+]-0.25   (1.0 < pH < 3.0)  ..4

    =  k [Fe(II)] pO2           (3.0 < pH < 5.0)  ..5
    =  k [Fe(II)] pO2 [OH-]2      (6.0 < pH < 7.0)  ..6

(Lowson, Chem. Revs., 1982)

In equations 4, 5 and 6, the differential, the rate of change of Fe(II) with respect to time varies with 
pH regime. The term containing iron itself is what we will call  ʻfirst order  ̓except in the first case 
(4) when it is second order. Mathematically, as the Fe(II) concentration rises, the rate of oxidation 
increases. The same sort of logic applies to the partial pressure of oxygen in the solution, and it is 
positive first order with respect to oxygen in all parts of the acid regime.  What this means is that 
lowering the oxygen concentration by a factor of 100 lowers the rate at which iron oxidizes by a fac-
tor of 100.

A most important term relates to H+ and its basic equivalent, OH-.  In the case of H+, the concentration 
has a negative exponent; in the case of OH-, a positive exponent.  The negative power really means 
a division by the H+ concentration.  If I raise the hydrogen ion concentration and send the pH down 
towards zero, the effect is to reduce the size of this term.  As I increase the acidity, I reduce the rate at 
which Fe(II) oxidizes abiotically.

In the pH range from 5.5 to 7, the term for pH has a positive exponent for the term of the OH- concen-
tration.  If I raise the pH up towards 14, the effect is that I increase the rate at which Fe(II) disappears.  
As the pH rises up towards 7 or 8, the background Fe(II) does not hang around in the environment in 
the Fe(II) form for very long.  As I reduce the pH down towards 1, an increasing concentration of iron 
and oxygen can remain stable together for increasingly long periods of time.

Summarising, if the pH of the water solution is greater than 7,* no iron bacteria are reported.  In 
general terms, the abiotic, natural background oxidation of Fe(II) is so rapid that iron bacteria can-
not compete; their food wonʼt hang around--it will evaporate on them.  Usually, we donʼt find iron 
bacteria above a pH of 7.

*  Iʼd hate to think I was pinned down to a pH of 7.0.  Someone is likely to find a life form that 
works in this range.
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How do iron bacteria survive?
•  If pH > 7, abiotic oxidation rate is fast. No iron bacteria are reported. 
•  For pH < 7, abiotic rate is slow if pO2 and [Fe(II)] are low.
•  For pH < 2.5, abiotic rate is slow even in high pO2 and [Fe(II)].
•  Able to convert their environment to advantage by production of acid and solid iron oxides

If the pH is less than 7, maybe slightly less than 7, the abiotic, spontaneous iron oxidation rate is slow 
if the concentrations of oxygen and iron are relatively low.  This is the sort of condition that relates to 
our groundwater wells.  Although the iron and oxygen in the groundwater well are unstable, they are 
stable just for long enough to allow the iron bacteria to develop their colonies and start the process of 
colonization.  Once we get on to the extremes, say a pH of less than 2.5, high concentrations of oxy-
gen and iron can be maintained for relatively long periods of time.  These points have been investi-
gated experimentally by our group at Murdoch, through the Parker Centre.  I will present a case study 
and some more recent work on the types of adaptation that take place under very acidic conditions.

Firstly, Extreme Case Study 1-- Iʼm sure you will hear a lot more about this, so I am just going to 
put in my tuppence worth.  Judy Stevenson was an honours student who was interested in the study 
of groundwater wells, so in 1993 we dreamed up a system that we could test in the laboratory.  Our 
line of logic said basically this: that at very low oxygen concentrations the rate of iron oxidation will 
be so small that iron bacteria will be able to exist in the groundwater strata.  Judy very carefully got 
hold of some of this red, ochreous sludge and set up two flasks, both of which were gassed with a 
very low gas flow stream containing very low concentrations of oxygen.  The solutions she created 
were all about 10 or 15 ppm of Fe(II).  She spent the rest of the year, withdrawing, very carefully, 
syringe samples out of these and measuring the amount of Fe(II) that had disappeared and the amount 
of Fe(III) that had appeared.  She did this at a number of pH levels, a pH range from 6.5 through 5.8, 
very carefully buffered.
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She put ochreous sludge into some flasks and compared the oxidation rate with the oxidation rate in 
sterile, abiotic flasks under the same conditions. Her major findings in this project were, at a pH of 
6.5, the iron bacteria present in the ochreous sludge produced an increase in the iron oxidation rate 
by a factor of approximately 3 compared to a sterile flask..  So, in fact, the iron bacteria at pH 6.5 are 
watching their food supply disappear quite rapidly.  At a pH of 5.8, the iron bacteria in the inoculated 
flask increased the rate of iron oxidation by a factor of 8.  As the solution becomes more acid, from 6.5 
down to 5.8, not a huge change, the iron bacteria have an appreciable advantage.  That was our major 
finding from that particular eight month project which Judy carried out so splendidly.

Extreme Case Study-2: 
Bio-oxidation of Refractory Auriferous Sulphides

Process
Oxidation of a mineral sulphide slurry to make microscopic gold particles available to 
cyanidation.

Extreme pH 1.0 - 2.0

The production of cells and oxidation of iron in process solutions is a key component of 
these processes.

The process uses extremely large quantities of water.
More recently, however, because of the Parker Centreʼs interest in the bioleaching and the bio-oxida-
tion in gold mining, we have focused on the adaptation processes of iron bacteria which grow right at 
the extreme acid end of the pH range.  You might be familiar with the word ʻrefractory  ̓gold; let me 
take you on a Cookʼs tour of the gold industry.  The dissolution of gold by the use of sodium cyanide 
revolutionised the gold industry.  We now find that there are very few high-yielding oxidized deposits 
of gold available within reasonable depth of the surface of the earth.  The major gold ores that we do 
find are sometimes twenty or thirty grams per tonne of gold but unavailable to the cyanide technol-
ogy because the gold is submicroscopic particles in a matrix of iron, copper or iron arsenic sulphides.  
When you rinse the cyanide over the crushed mineral, no gold dissolves.  One pre-treatment option 
is to roast the ore, send its sulphur dioxide into the air. Another is to use the metabolism of these iron 
and sulphur oxidizing bacteria to oxidize the matrix, which they do very readily, and then the gold is 
available for cyanide leaching.  This happens at extremes of pH, down around the 1 to 2 range, 1.5.  
The critical features for the success of the process include: biotic activity with sulphur materials in the 
form of pyrite and other mineral sulphides, the tendency for the cells in suspension to oxidise soluble 
iron, and cell reproduction in concentrated iron solutions at a pH of 1 to 2.

The other thing you need to know at this stage, as I dash through my results, is that these processes 
use extremely large quantities of water.  The water comes from the ground, and we often find that the 
quality of water the bacteria must grow in is very poor.  Two hundred thousand parts per million of 
sodium chloride is not at all unusual; very high amounts of sulphate in the water is also not unusual.

Our group has used batch culture to study the effect of the cells.  For those of you not familiar with 
batch culture, I present some batch cultures of iron.  This solution is very acidic, so there are no pre-
cipitates;  one has mostly iron in the ferrous form, another has iron in the ferric form.  All I need to 
do is take such a solution of Fe(II) and add tiny amounts of nitrogen and phosphorus to it and put in 
some bacteria.  Two days later, the iron is in the Fe(III) form.  We can study the bacteria, and we can 
alter the water quality and observe how the bacteria behave, both in the short term and the long term.   
We also put an electrode in the top and monitor the conversion of Fe(II) to Fe(III).  From those data, 
the conversion of Fe(II) over time, we can derive some constants which we believe are specific to the 
particular sorts of cells, their growth and metabolism.

These are two such constants. One is Kd, which we call the ʻcell doubling  ̓constant.  It is related to 
the time that it takes one cell to produce enough resources to produce a daughter cell and release that 
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daughter cell into the solution. Specifically, 0.693 divided by Kd gives the number of hours it takes 
for one cell to propagate.  The other constant is one which is related to the maximum rate at which 
these cells can oxidize iron (rmax). 

The batch cultures were organised and initially we were delighted by the response.  It was not a 
standard culture such as might be bought off the shelf, but one we scraped off the face of a piece 
of sulphide rock.  We brought it back and it grew perfectly in the contained batch culture.  The data 
shown are a set of eight (preceding figure).  Each of these two series of data consist of four replicates 
of flasks.  With time along the bottom line and concentration of Fe(II) in the vertical, you can see that 
a batch culture starts with a high iron concentration, about 70 millimolar.  Over 48 hours or so, this 
falls to nearly zero.

Placing our model on the set of data, we expect two straight lines.  The only difference between these 
two series of data is that one of them has a certain number of cells per litre, set by a pipette.  The 
other one has double the number of cells per unit volume.  Quite reasonably, these lines fall precisely 
a factor of ln(2), 0.693 apart.  These were encouraging results because we had a model that we could 
be used to test the quality of water, and what happens to the productivity of our bacterial processes. 
The rate at which we can make new cells is directly proportional to the rate at which we oxidize iron 
and the process proceeds.

Adaptation to conditions of extreme ionic strength
•  Water quality in remote locations is usually poor and varies seasonally.    
  [Na2SO4] > 40,000 ppm,   [NaCl] > 200,000 ppm.  

•  Batch culture used to study the effect of, and adaptation to solutions of increased ionic   
 strength.

•  Interpretation of ʻ[Fe(II)] vs. time  ̓data gives constants specific to the ʻsingle 
 organism-environment  ̓combination.
     Kd  (h-1)   
     rmax (mol celll-1 s-1) 
      cell doubling constant   (td = Ln(2)/Kd)
     maximum rate of iron oxidation 
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The rate at which we can make new cells is directly proportional to the rate at which we oxidize iron 
and the process proceeds.

Casting around, we looked for a material with which we could change the ionic strength of the media 
without actually poisoning the organism.  Whether we have found it or not is still under debate.  What 
we did find is that some ions, present in the groundwater solutions and solutions of process water, 
have a toxic effect, such as chloride.  Others, like the anions sulphate and sodium, seem to show no 
toxic effect whatsoever,  apart from the one effect which all ions have, and that is to increase the ionic 
strength or the tenacity of the medium.

We added sodium sulphate to each of our individual batches in our set of eight experiments, with  four 
sets of duplicates.  Into the first of those two sets we added no sodium sulphate; to the second, the 
third and the fourth, we add amounts of sodium sulphate, enough to raise the ionic strength in a speci-
fied way.  Maximum concentrations were on the order of 50 grams per litre of sodium sulphate, quite 
a concentrated solution.  The slope here is 0.15, the solution initially has a little sodium sulphate, then 
more sodium sulphate, and then loads of sodium sulphate.  Looking at the bottom line, the doubling 
time constants for the cells is quite a fast doubling time, just slightly over four hours, to a doubling 
time at the maximum exposure of something of the order of 170 to 180 hours.  If you use this process 
and find you are having water supply problems, you can increase the ionic strength of your water 
and your process will slow dramatically.  The susceptibility to water quality is demonstrated; the Kd 
values are interpreted as the slope of the line.

A student came to me in the beginning of last year and was interested in studying this adaptation 
process.  What happens to cells in the long term?  We know they are severely repressed if you just 
dump them into a foreign media.  What are their adaptation mechanisms? The output of one of these 
cultures was filtered and put back into the next set of cultures under similar conditions. Dennis, in 
his honours work, still on-going, used two series: one which included 20 g/L sodium sulphate and 
the other one 40 g/L.  These are the two patterns we observed.  With an initial 20 g/L incorporation 
rate, the recovery of the cell doubling time was very rapid.  On the X axis (in the Figure above) is the 
batch culture number;  each contains four or five generations of cells.  Within 15 generations of the 
iron bacteria, we find that their cell doubling constant has changed from about 120 hours to 4 hours!  
A slight increase in the ionic strength leads to a relatively quick recovery, coping with the conditions. 
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In media of high ionic strength, the cell recovery or adaptation time is slower.

Time is short but there are lots of other things we could talk about.  In conclusion, I would like to 
say there seems no limits to where we will find the activities of iron bacteria, except, of course, we 
must have liquid water and we must have some energy generating substrate for them to use.   That 
very broad set of conditions means you can find these cells anywhere, deep under the ocean, in acid 
and at very high saline concentrations.  Almost any environment will be colonised.  Kinetic factors 
slow down the natural background oxidation rate; the most successful cultures are where we have 
low oxygen  tensions, low oxygen concentration, which give the bacteria the chance to consume the 
iron and oxygen before Mother Nature does, and where we have relatively high pH.   I put a caveat 
here because, once the iron bacteria are established,  they can produce solid iron oxide, an excellent 
building material.  They also produce acid, which can leach metals out of the surrounding rocks.  Iron 
bacteria can modify the environment for their own benefit, and as we will hear, for the benefit of other 
species or families.

Two conclusions we can bring away from this initial work on adaptation is that iron bacteria will 
adapt to sub-optimal conditions.  I suspect that the conditions that they will adapt to are very broad 
and very stringent, so if you are endeavoring to poison bacteria in a well, what you are doing is select-
ing for the most hardy types, those that survive.  A bit like not completing your course of antibiotics.  
My last conclusion is that adaptation time seems to take longer as the stress increases.

Conclusions
•  Iron bacteria thrive in environments where:
 1. Fe(II) and oxygen are present in solution 
 2. Kinetic factors slow the abiotic rate of oxidation
  low oxygen tensions
  relatively high [H+]
•  Once established, iron bacteria modify the environment for their benefit, often 
 benefiting other microbe types.
•  Iron bacteria adapt to sub-optimal conditions over time.
•  Adaptation time increases as ionic strength increases.

Kd

Batch Number
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Q.  Donʼt the bacteria require carbon dioxide?

A.  The bugs we have grown in our acid work are incapable, we think, of using reduced carbon.  So, 
in fact, they are very much like a tree.  The carbon source comes from the atmosphere, so they require 
access to the atmosphere.  They do tend to react very negatively to organic acids, and there are some 
very good reasons in the solution chemistry why that is so.

Q.  Can a source of complexed iron be used?  Would ferric citrate influence the growth of cells?

A.  Yes, it would.  It would complex the Fe(III) in preference to the Fe(II).  Organic acids have the 
ability to accumulate on the inside of an iron bacteria for physico-chemical reasons.  The pH is higher 
inside, so they tend to come inside the cell. They are, in fact, put into what is a basic environment,  
so they ionise.   What we found for our acid-tolerant bacteria, if we put oxalic acid into that system, 
we get some significant problems.  Firstly, our measuring system is perturbed, because the oxalate 
chelates both forms of iron, the Fe(III) mostly.  Secondly, it appears as though the bacterial growth is 
very much repressed under those circumstances.  The only thing I can guarantee you at this stage is 
that we know we donʼt know yet everything about these cells.

Q.  Can these bacteria use solid substrates?

 A.  This has been a debate that has raged within our group: how does a cell interact with a substrate 
which is not in a solution form.  How does it react with a solid surface?  Our logic leads us to say, 
“Well, it canʼt.”  Something has to be dissolved if it is going to be taken in through a membrane.  I 
have had to eat my words a little bit there, because when we see these bacteria growing on elemental 
sulphur, then what we see is, organic matrix come out of the cell and start to emulsify, almost like 
you start to make a salad oil, oil and vinegar get together.  That sulphur gets emulsified and then gets 
transported into the cell.  It will be interesting to hear what the other contributors have to say about the 
use of solid iron.  I suspect that it is only once the iron is in a solution form that it can be used.  Correct 
me if I am wrong, if anyone knows of a bacterium that has been demonstrated to use metal iron.

Roy:  With a number  of metals, platinum, silver, and so on, there is a fair amount of evidence that the 
microbes will deposit the elemental form outside the cell.  I got into discussion with some geochem-
ists on this.  Some of the mother lode does appear right on the redox fringe, and does take a form that 
resembles, say, a ... growth, so there is that potential, but it wonʼt go into the cell and will be deposited 
on the outside.  This is in the literature and in microbiology texts.  But not elemental iron; it will go 
into the oxidising form.



Ralph  ❖❖❖  Survival of Iron Bacteria in Extremely Acid Environments 44

Murdoch University  11 - 14 February 2004

Colin: Will an iron membrane ever possibly be sitting tight enough against a solid iron surface, could 
actually have electron transport, I guess, from the metal to a cytochrome chain or something like 
that?
 
David Ralph:  Iʼm not sure, Colin.  I think some of the rusticle formation that we see on iron surfaces 
are part of that conversion process.  I think that is how it takes place rather than  a bacteria actually 
getting its electrons directly from the metallic iron, shuffling through the system to oxygen.  Again, 
you know, the thing I found out by working a short time in this field is that you are continually sur-
prised about what does happen, will happen.

Q.  Are these the same cells responsible for acid rock drainage?

A.  Firstly, we believe that the growth of bacteria on the surface of waste sulphide in those rock dumps 
that produce this is partly responsible for the production of the acid.  Once the acid is coming out it 
is 3.5, so it is leaching all sorts of minerals out of the system and into the stream.  If you have Fe(II) 
there exposed to the atmosphere, then bet on it, you will have iron bacteria there, and they will be ex-
isting on the Fe(II) that is in solution and thatʼs in the other components that are oxidisable.  That will 
turn the iron into the Fe(III) form, iron chemistry will take over and will start to precipitate Fe(III) as 
the hydroxy forms.  When you do that you are generating more acid.

Q.  What is the life span of these cells?

A.  With a simple question, what sounds to be simple, you have stumbled on literally a huge field 
which is almost impossible to get across.  Yes, bacteria do go into stable, spore forms, dormant forms.  
I am not familiar with the techniques or how stable some of these forms are.  I am aware of the fact 
that you can now wake some kinds of bacteria from various sediments that they know have been in 
that form for literally hundreds of thousands of years.  I have seen records of that.  Very impressive, 
little Rip van Winkle sleepers.

Q.  How does the iron get in and out of the cells?

A.  It doesnʼt actually go inside the cell to any great extent.  The chemistry of iron when it gets in-
side the cell would mean that it was immediately oxidized without the machinery of the cell doing 
it, it would immediatly precipitate and start acidifying the inside of the cell.  So the bacteria goes to 
enormous lengths to only take into the inside of the cell those particular metals that it actually needs.  
You do find little bar magnets inside some of the bacteria and it has special transport mechanisms to 
get that iron in.  All the rest of the iron is kept on the outside of the cell absolutely religiously.  When 
you grow these things on a plate, they are actually red, they are rusty, there is a layer of iron around 
the outside and that is kept on the outside of the cell.  Oxygen diffuses through the cell, and just like 
a good battery, the electrons are produced by oxidation of Fe(II) at the cell, the very outer part of the 
cell.  Those electrons are shuffled down through the electron transport system to oxygen which is 
reduced on the inside of the cell.

Q. What other metals can be used by these cells?

A.  Iʼm only aware, and this may be one of my limits, that directly generating electrons can be done 
mainly with two metals: iron and manganese.  I donʼt think we find many bacteria that can do both.  
There are iron specialists and I think there are manganese specialists.  It is a very difficult area to 
study because the bacteria sets up a certain redox potential where the amount of Fe(II) and Fe(III), 
and if another element, which is not being used is redox active, then it will adjust its relative amounts 
to the dominating potential within the solution.  So if I establish a redox potential of a thousand mil-
livolts in a solution, and I put some Fe(II) in there, then it will convert my Fe(II) to Fe(III).
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Q.  Can these cells dissolve iron in alloys such as steel?

A.  Iʼm not up with the properties of those solid solutions, Iʼm afraid, I canʼt give you a definitive 
answer. My feeling is that if you had reasonably large domains within the solid material that were 
metallic iron, they would behave much like a large expanse, much like the Titanic when it gets to 
the bottom.  We know that solid iron reacts very rapidly with Fe(III).  As soon as a bacterium is on 
the surface and oxidises a molecule of Fe(II) to Fe(III), that Fe(III) attacks the metallic iron surface, 
producing two molecules of Fe(II).  Iʼm just not sure if those domains would be big enough, in a solid 
solution of, say, iron and zinc, or something like that.  I couldnʼt give you a satisfactory answer on 
that.
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Thermophilic Acidophiles for the Bioleaching of Mineral Sulphides

Abstract
Thermophilic acidophilic Archaea were enriched from samples collected from geo-
thermally active sites in Papua New Guinea. Pure cultures (JP2 and JP3) were ob-
tained from mixed culture enrichments and were characterised and tested for their 
bioleaching ability. All cultures possessed Sulfolobus -like morphology, and the pres-
ence of distinctive cyclized tetraether lipids. The two pure cultures were identified 
by their 16S rRNA gene sequences as being most closely related to Sulfolobus solfa-
taricus.  Each isolate was able to oxidise both Fe2+ and sulphur, and grow on both py-
rite and chalcopyrite under autotrophic conditions. Leaching experiments showed 
that the isolates were capable of rapidly leaching a chalcopyrite concentrate (up to 
91% Cu release in 108 hours). Optimal temperatures for growth and chalcopyrite 
leaching were determined for each strain. Chalcopyrite dissolution rates for JP2 at 
different temperatures were determined using a previously described kinetic model. 
An Arrhenius plot to investigate the relationship between dissolution rate and tem-
perature, showed that for JP2, an increase in temperature from 70oC to 83oC result-
ed in a 6.6-fold rate increase. Studies with both mixed and pure cultures showed that 
these cultures were capable of rapidly leaching a chalcopyrite concentrate at very 
high temperatures (up to 90oC), but also were capable of bioleaching at 50oC. These 
thermophilic acidophiles possess the ability to bioleach over a wide range of tem-
peratures. They are potentially well suited to industrial leaching applications where 
considerable temperature fluctuations limit the growth of other non-thermophilic 
bioleaching microorganisms.

Just a quick comment about one of the questions (in David Ralphʼs talk), in relation to gold.  I think 
it has been described now by Derek Lovelly in the United States that gold is able to be used as a ter-
minal electron acceptor by certain organisms under certain conditions.  Even something apparently as 
inert or potentially toxic as gold can take a biological role.

Moving on with this theme of life in extreme environments, at least, microorganisms in extreme en-
vironments,  I am going to talk a little about some extremophiles that we have been working with, in 
relation to the bioleaching of mineral sulphide ores.  This is a slightly different tack from the main 
focus of the Workshop in that a lot of the problems associated with iron and sulphur metabolising 
organisms were at the forefront of this Workshop.  As David alluded to, these same types of meta-
bolic pathways can be a great benefit, in particular, in the area of bioleaching.  Bioleaching means 
the biologically-mediated leaching of metals from ores.  This is based on the natural ability of these 
acidophilic microorganisms to either oxidise ferrous iron or reduced sulphur compounds.  

Bioleaching (Biomining)
Biologically mediated leaching of metals from ores
Based on the natural ability of acidophilic (pH<3) microorganisms to oxidise Fe2+ and 
  reduced S compounds

  4Fe2+ + O2 + 4H+   —>  4Fe3+ + 2H2O
  2S0 + 2H2O + 3O2 —>  2SO4

2- + 4H+

Fe3+ and acid act as leaching agents for dissolution of mineral sulphide ores e.g. CuFeS2
  CuFeS2 + 4Fe3+   —>  Cu2+ + 5Fe2+ + 2S0

Used commercially for Cu, Ni, Zn, Co, Au
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The appropriate reactions involve ferrous iron being oxidised into ferric iron, or, for example, ele-
mental sulphur or other reduced sulphur compounds being oxidised through to sulphate, with the pro-
duction of acid.  It is the ferric iron and acid which act as leaching agents in the process of bioleaching 
of metals in the ore.  An example is given here for chalcopyrite, an important mineral, increasingly 
important as a source of copper.  You can see in this reaction a chalcopyrite molecule upon attack 
with ferric iron releases Cu(II) into solution along with the release of ferrous iron and some elemental 
sulphur.  The importance of these reactions is that substrate is renewed for the microorganisms so that 
this process can essentially cycle upon itself.  Bioleaching is not a particularly new phenomenon; it is 
currently used commercially around the world for various different metals.

Chalcopyrites are becoming an increasingly important mineral for the production of copper; some-
thing like 80% of the global copper reserve is in the form of chalcopyrite.  Due to the chemistry of 
this particular mineral, it is not as readily soluble as some other types of copper minerals, for example, 
chalcocite.  The problem being that chalcopyrite leaches fairly slowly, if at all, at temperatures less 
than about 50oC.  There are some reasons why this is the case.  Some of these reasons relate to so-
called ʻissues of passivation,' where, essentially, surfaces of mineral particles can become blocked or 
unavailable to the leaching agents that are required for the bioleaching process.  Also, types of jarosite 
formations, ferric hydroxy sulphates, can contribute to this problem.  It is known from previous re-
search that chalcopyrite leaching occurs at a much faster rate above 50oC, as you increase tempera-
ture.  For chalcopyrite and bioleaching to become a viable process we need to obtain thermoacido-
philic microorganisms that are capable of this type of activity.  Another point about chalcopyrite ore 
relates to the next box, the fact that chalcopyrite ore is often present in a very low grade--the amount 
of rock that needs to be mined might be less than 5% chalcopyrite and often less than 1% of the ore 
material.  Obviously that has a big influence on the economics of the given process.

Consider heap bioleaching.  In part the research we are undertaking at CSIRO is trying to develop 
new microorganisms that can be eventually applied to a heap bioleaching situation, and look at opti-
mising the microbiology of this process.  The best way of describing heap bioleaching is to have you 
imagine a very, very large  heap of ore, perhaps about 500 metres long by 100 metres wide, up to 9 

The Chalcopyrite Challenge
80% of global Cu resource is chalcopyrite
Other Cu ores leach rapidly at < 50oC

--e.g. chalcocite Cu2S
Chalcopyrite leaches slowly at < 50oC

--Slow leaching rate due to 'passivation' of surfaces
--Deposits of jarosite – Fe3(SO4)2(OH)6-

Chalcopyrite leaching rate faster at > 50oC
--Thermoacidophilic microorganisms required

Chalcopyrite ore often low grade (< 5 % w/w)
--Large amounts of ore for Cu affects economics

Heap bioleaching is economically favourable
--Low capital and operating expenses
--Mine-site processes deliver finished product – SX-EW

Bioleaching more environmentally friendly
--No need for smelters and refineries, limits urban impacts
--Reduced energy usage
--'Up-front' prevention of contamination

To make CuFeS2 heap bioleaching successful:
--Adapt current heap technology for high temperature
--Find suitable thermoacidophilic microorganisms
--Optimise heap conditions for thermophilic bioleaching
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metres high; literally ore just stacked up on the ground, which is then irrigated with a dilute sulphuric 
acid solution which may contain some amounts of ferrous iron and other minerals.  Through the ac-
tion of the irrigation solution percolating down through the heap and contributions from the micro-
organisms, a solution comes out the bottom which is a low-pH solution containing copper as well as 
iron and some other minerals.

Bioleaching is becoming popular, globally, as a mining process because of the economics of the pro-
cess.  Compared to smelting operations, it has low capital and operating expenses.  One advantage 
with bioleaching is that it enables the mining companies to produce the finished product at the mine 
site.  In comparative terms, bioleaching is more environmentally friendly, with no need for smelt-
ers and refineries.  The finished product delivered at the mine site is 99.999% copper grade and can 
be shipped off to the worldʼs markets.  There is also a reduced energy requirement. With respect to 
smelters and refineries, bioleaching provides an up-front prevention of contamination through the mi-
nimisation of discharge such as sulphur dioxide through the smelting process and also the discharge 
of volatile heavy metals into the atmosphere.

There are a couple of clear objectives to try and make chalcopyrite heap bioleaching successful.  The 
heap leaching technology which is in current use has to be adapted so that we can create heap envi-
ronments that are greater than 50oC, the hotter the better within reason, so that the leaching rate is 
faster.  We also need to find suitable microorganisms that can inhabit this type of environment, and 
then optimise conditions for these microorganisms.

To demonstrate the problems associated with 
leaching chalcopyrite over a range of tempera-
tures, on this particular graph we have a com-
parison between a number of different micro-
organisms, species of bacteria which grow at 
increasingly higher temperatures.  The graph 
shows the percent of copper recovery from chal-
copyrite over time. These are particular types of 
Sulfobacillus strains that grow at about 50oC. 
What you can see is that over a given period 
of time, the relative ability of these organisms 
to leach copper differs dramatically, and it is 
largely associated with the temperature at which 
the organisms are growing.  Our ideas are fairly 
clear-- we needed to see what organisms survive 
at these high temperatures and produce this rap-
id leaching rate.  Perhaps we can find something 
that functions at higher than 70oC,

In Australia, we are almost devoid of any sort 
of volcanic or geothermally-active areas, except 
for Heard Island, which is a volcano.  So, we 
embarked upon a couple of field trips to Papua-
New Guinea, to two sites in particular.  The first 
is a volcanic region around Rabaul at Mt. Tavur-
vur in eastern PNG.  We also went to the island 
of Lihir where there are some sulphur springs 
and naturally geothermally-active areas.  The 
white smoke coming out of the volcano on the 
right is friendly smoke.
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To give you an indication of the situation there, 
all the land around the side of the small bay used 
to be Rabaul airport once.  The township was 
right next to the airport, very close to the vol-
cano which last erupted in a big way in 1994.  
Basically, most of the surrounding area was 
covered with about 4 or 5 metres of ash.  Itʼs 
a very active area still.   This white material is 
just steam  rising up off the sides of the volcanic 
cone.  Along the shoreline of this area the water 
temperature is about 40 to 45oC; there is such 
great heating in this area.  It is difficult to see, 
but we managed to pluck up the courage to go 

around to one of these little  washouts and attempt to obtain very good samples for microorganisms.  
If we zoom in on one of these sampling sites you can see the sort of grey appearance of the surface 
of the earth.  Directly beneath this surface is a sort of a highly sulphur-rich environment, almost like 
the sublimation of sulphur.  It was quite moist.  The temperature  probe indicated that the temperature 
was about 90oC.  pH measurements  showed the pH of this area to be between 1.5 and 2.  It seemed 
like an ideal site for the types of microorganisms we sought.

Unfortunately, just as we were looking at that particular spot some angry smoke came out of the vol-
cano!  This is a shot taken probably 2 or 3 minutes after a small erup-
tion, which was one of the most interesting and frightening experiences 
of my life.  Suffice to say, you shouldnʼt underestimate these areas; they 
are  certainly active and can turn at any moment.  Several rocks the size 
of cars were thrown over a kilometre away into the ocean.  Nonetheless, 
we managed to get some very good samples from those two sites!

We brought the samples back to the laboratory and went through an 
enrichment process to grow the microorganisms.  We provided a small 
amount of essential nutrients for the microorganisms as well as some 
sources of ferrous iron, elemental sulphur or mineral sulphide material.  
The temperatures and pH for incubation of the organisms are listed.  We 
were able to obtain some good enrichments of organisms, pooled them 
according to different temperatures and grew them on a chalcopyrite 
concentrate.  Fairly quickly, we were able to develop some cultures 
which were able to metabolize chalcopyrite.  We were also able to ob-
tain some pure cultures.

A couple of the pure strains that we obtained are described in the table below.  Each of these are from 
different locations.  The two particular strains are probably almost identical.  The strain, JP3, was en-
riched from material taken directly from the area where you could see the sulphur and the temperature 
probe.  The interesting point is that even such a hostile environment was teeming with life.  This is 
quite remarkable.

Enrichment Strategy
enriched in basal medium plus Fe2+ & S0 or mineral sulphides
temperatures for enrichment from 65°C to 85°C; pH ~1.8-2.0
growth monitored using microscopy
initial enrichments pooled to 3 temperatures (65, 75 and 82°C) then cultured on 
 chalcopyrite concentrate (1% w/v)
ʻpure cultures  ̓obtained by repeated serial decimal dilutions
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Characterisation of Pure Cultures
Characteristic JP2 JP3

source Lihir > 80oC Rabaul > 80oC
cell morphology lobed cocci lobed cocci
cell diameter µm 0.5-1.5 0.5-2.0
membrane lipids(a) diethers and cyclised tetraethers diethers and cyclised tetraethers
pH growth range 1.0-3.0 1.0-3.0
energy sources Fe2+, tetrathionate, S0, glucose, 

YE, pyrite, chalcopyrite
Fe2+, tetrathionate, S0, glucose, 
YE, pyrite, chalcopyrite

CSIRO LAND and WATER  YE = yeast extract
Some indication of the size of the cells.  Characterisation of the pH range for growth confirmed they 
are extremely acidophilic.  

To give you an idea of what they look like, this 
is a scanning electron micrograph of one of the 
strains in a culture containing some ground-up 
pyrite material.  The small particles are the or-
ganisms.  You can see by the scale they are about 
1 to 1.5µ size.  They are almost spherical, but 
tend to have slightly irregular, almost geomet-
ric, sides to their cells, and can vary depending 
on their growth conditions and the environment 
they live in.

Identification of these particular organisms was 
based on analysis of a highly conserved gene se-
quence.  By doing this, we were able to compare 
the strains we obtained with sequence data from 
other similar microorganisms.  This is like a tree 
of relatedness to show roughly where our organ-
isms sit with respect to previously-described or-
ganisms.  I would add that all of these organisms 
in this tree are thermophiles.



Plumb  ❖❖❖  Thermophilic Acidophiles for the Bioleaching of Mineral Sulphides 52

Murdoch University  11 - 14 February 2004

One other thing I will touch on briefly is that we 
have a small interest in characterising  the cell 
membranes of these organisms.  It is intriguing to 
try and figure out how these organisms survive in 
such harsh environments where the temperatures 
may be in excess of 90oC, and there also may be 
tremendous stresses in terms of pH.  These par-
ticular organisms are in fact a group of prokary-
otic organisms that used to be called ̒ bacteria  ̓but 
are now called ʻarchaea,  ̓based on differences in 
various aspects of the cell, but mainly their 16S 
ribosomal RNA gene sequences.  One difference 
they also appear to have, compared to bacteria, is 
a different lipid structure in their cell membranes.  
This is largely due to the chemical bonds in the 
phospholipid groups in their cell membranes, 
with bacteria having an ester linkage in the phos-
pholipid head group and an ether linkage in the 
archaea group.  One other difference with the ar-
chaea is that they quite often tend to have mem-
brane-spanning phospholipids rather than a lipid 
biolayer, which is more common in bacteria and 
in eukaryotic cell membranes.  It appears that this 
particular type of structure and also the presence 
of some cyclic ring structures in these chains en-
ables the organisms to develop a very stable cell 
membrane in the harsh conditions of high tem-
perature and high acidity.

The lipid content of the organisms provides an-
other way of comparing them with other previ-
ously-described strains. The graph represents  the 
characterisation of some of the ether lipids, with 
respect to the number of ring structures they 
have on their chains.  Other research shows that 
there is some correlation between the increase 
in temperature and the increase in production or 
the abundance of these tetraether ring structures.  
Tetraether lipids may have no ring structures or 
one through to eight ring structures.  There is a 
lot to be learned about what these phospholipids 
are for and how they affect the cells.  Some of 
our colleagues are working on that.

The next few experiments involve using a piece 
of equipment called a temperature gradient in-
cubator.  This is a very useful piece of equip-
ment that enables us to study the organisms over 
a temperature range.  This piece of equipment is 
able to be refrigerated or heated at one end, and 

heated at the other end, so we can set up a temperature gradient from, say, 10oC up to 60oC and put 
all our culture tubes in and have a look at how temperature affects microbial growth and physiol-
ogy.  In particular, we were attempting to determine the temperature range for growth of some of 
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these organisms.  This is ultimately important 
in determining what the optimal conditions for a 
bioleaching process might be.

On this plot, one of the strains has been grown 
on a glucose medium.  The plot shows a rela-
tionship of generation time, or doubling time of 
the cells, against temperature.  An equation de-
veloped by Ratkowsky is used to fit the data and 
calculate intercepts on the x-axis, which theo-
retically relate to the minimum temperature for 
growth, the maximum temperature for growth. 
From the plot, the point where the slope is zero 
corresponds to the optimum temperature for 
growth.

In a similar way, we are able to do an experiment 
where we grew  the organism on chalcopyrite.  
The optimum temperature for the dissolution of 
chalcopyrite is about 84oC.  Knowing this, if we 
use this organism in a process, we expect that if 
we exceeded 84oC in our process, the organism 
would start to die and decline, and we may lose 
it completely.

To give you an indication of the ability of these 
organisms by looking at percent copper release 
from chalcopyrite ore over time, we can see that 
each of the strains  were able to successfully re-
cover quite high amounts of the copper  from the 
chalcopyrite ore.  In the case of JP2, it was about 
91% copper recovery in a fairly short period of 
time.  Based on rate data obtained over a range of 
different temperatures, we constructed an Arrhe-
nius plot (a relationship between the logarithm 
of the  rate and the inverse of the temperature),  
to give an overall indication of how temperature 
affects the rate.

There are some clear advantages  in finding or-
ganisms that can operate at hyperthermophilic 
temperatures, through the advantage of the 
higher rates for the process.  If we go back to 
the first graph that I showed you, it would ap-
pear that what we managed to find is an organ-
ism, that when compared to these others, shows 
a dramatically greater performance (see graph 
on right).
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To conclude,  we successfully obtained novel bioleaching microorganisms.  They appear to have quite 
impressive ability to leach chalcopyrite at rapid rates, at least as rapid as what has been reported else-
where.  We demonstrated that some leaching was possible even up to 90oC.  Our work is continuing 
by investigating other factors which will affect the process or the application of this organism.  We 
will look at directly applying these organisms in industrial  processes. 

Q.  How do you get the high temperatures in heaps?

A.  Depending on where you are in the world and depending on what the mineralogy of the ore depos-
it is, there can be real problems with heating large heaps up to required temperatures.  For example, 
in Chile and Peru there are large copper mines at the top of the Andes, and  Andean temperatures 
never get above 15 or 20oC.  It is possible in some instances, even in those  very cold environments 
that once you achieve a certain amount of microbial activity, you will actually start to generate heat 
within the heap.  This is largely due to the oxidation of things like pyrite and even some of the sul-
phur compounds which are energy-yielding reactions.  You will get a reasonable amount of heat 
production through the oxidation processes.   The extreme of that particular situation is an example 
we know of up in a copper mine in the eastern Pilbara where they were able to achieve fairly constant 
temperatures in one of their heaps at around about 65 to 70oC.  In fact, one corner of their heap  where 
there appeared to be a higher sulphur content in the ore actually heated up to about 400oC.  Iʼm not 
sure how commonplace that type of occurrence would be, but there are ways of engineering heaps 
and controlling things like moisture content and the composition of the mineralogy which may favour 
heat generation within the heap.

Q.  Couldnʼt you do the conversion without microbes?

A.  Yes, that is a good point.  What we noticed from our experiments was that, although we couldnʼt 
actually achieve temperatures much greater than 90oC in the temperature gradient incubator, there 

Conclusions
novel bioleaching thermophilic acidophiles obtained
pure and mixed cultures leach chalcopyrite concentrate rapidly (faster than previous   
 reports)
chalcopyrite leaching possible at up to 90oC
investigate tolerance to higher pulp density of mineral ore
further study leaching mechanism and physiology/ecology
apply pure and mixed cultures industrially
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was quite a considerable decline in leaching rate in the absence of actively growing  or metabolising 
organisms.  As you increase temperature again, under pressure leaching conditions, and in some good 
commercial operations pressure leaching is done at fairly low temperatures, around 120 to 150oC, not 
much hotter than what these thermophiles grow at: the conversion works successfully without organ-
isms present, abiotic ferrous oxidation rates are very high.  The issue is that compared with bioleach-
ing, those process are much more expensive.

Q.  You gave us minimum and maximum temperatures for growth.  Has anyone systematically looked 
at a range of bacteria, and also looked at a minimum and maximum range for survival, and actually 
come up with a ratio?

A.  Iʼm not sure about the last part of that question, or about the existence of a ratio.  We have done a 
bit of work, about survival, because the last thing that you would want to do is add microorganisms 
to an environment--then perhaps, something happens and your temperature heats up and goes above 
your optimum temperature, and perhaps above your maximum temperature.  How many of your 
microorganisms does it kill, are they recoverable when the temperature comes back down?  Certain 
types of microorganisms, in particular some that are characterised as moderate thermophiles form 
spores occasionally, and these spores are very heat resistant.  If the temperature goes up, the spores 
will survive just fine; when the temperature comes down and conditions for germination are right, 
then these organisms will continue to grow.  With non-spore forming microorganisms, it is a little bit 
more uncertain.  Based on some experiments we have done, if you maintain temperatures at, say, 5oC 
above the maximum temperature for growth of a given organism, viable cell numbers will decline 
rapidly within a few days.  It would be very good to model and try to understand this better.

Q.  Another impression I get is that the ethers with ring structures on their termini may be physically 
a more stable membrane arrangement.  Has anyone studied those as lipid micelles devoid of enclosed 
life? Can you give us an idea of how stable extremes can be?

A.  Yes, Iʼm not sure whether they are trying to push the limits too much with respect to temperature 
or harsh environmental conditions.  There is a lot of research into these etherlipid structures, and one 
of the main areas is for drug delivery.  They appear to be a very stable, surrounding membrane like a 
micelle, if you like, and have been shown to be very useful in the delivery of certain drugs or chemi-
cals.  There is a big interest in this area.

Q.  Will this process (thermophilic heap leaching) be successful?

A.  I would add that it is certainly possible, based on the characteristics of heat conservation within 
some of these heaps, and reported a number of times in the literature, where temperatures, even within 
some of these relatively low-grade ores can achieve temperatures in excess of 60oC.  It comes down 
to the irrigation regimes and the mineralogy and is very site-specific.  One thing we are trying to 
determine is the minumum amount of mineral sulphide material that is required to maintain a viable 
process in this type of a heat-leaching environment with a low-grade ore.  How much is needed for 
the organisms to grow and how much mineral sulphide content is required to boost the heat genera-
tion event.  It is certainly a challenge.  The heap leaching that exists at the moment is not on primary 
sulphides, such as chalcopyrite; it is on oxides and secondary sulphides such as chalcocite.  Some 
people argue that they have got bioleaching to work, but it may well be that it is just an acid leach and 
the organisms just happen to be there and are not really responsible for the process.
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Sulphur as a Source of Energy, Old and New World?

Abstract
In 1977, a dive with the Alvin along the Galapagos ridge revealed an unexpected 
exuberance of living organisms relying on sulphur as their primary source of energy. 
These ecosystems are characterized by extreme conditions including high pressures, 
high temperatures and high concentrations of toxic elements (sulphides and heavy 
metals) as well as strong gradients generated by the mixing of  350o C hydrothermal 
fluids with 2o C-oxygenated ambient seawater. The discovery of a new prokaryote 
domain, Archeae, revolutionised the world of microbiology and prompted specula-
tion on the origin of life and the possible existence of life on other planets. 

We will describe the role of Archeae in the ecology of these ecosystems and their 
adaptation to these extreme environments. The adaptation of these thermophile and 
acidophile organisms, present also in hot springs at the surface of the earth  have 
significant industrial implications. We will describe how they were applied to the 
development of the Polymerase Chain Reaction (PCR) process in the eighties and 
how their use led to policies on commercial use of publicly owned resources.  Other 
applications including sugar and energy production and pollution control will also 
be reviewed.

In the late ʻ80s I worked on Archaea ʻbacteria,  ̓trying to do some screening for new organisms pro-
ducing polysaccharides.  About 40 years ago if you had asked what was happening at the bottom of 
the ocean, the biologists would have told you that there was the sun and photosynthetic activity; life 
created detritus, the detritus fell down and underneath there would be some sort of life in the depths, 
waiting with their mouths open to catch the detritus, but there would not be much life there.  If you 
had asked the same question of geologists, they would have said that water infiltrated down through 
cracks and was heated (there is a big Bunsen burner there); returning hot water (steam) and bringing 
metasulphides with it.  Life would be associated with these.

In 1977, Alvin, the American submarine, discovered some deep sea vents on the Galapagos rift.  
Since then, more have been discovered world wide by Americans, Japanese, French, and others.  So, 
the geologists were right.  What was very surprising was that there was lots of life around the vents. 
Even inside the plumes from the vents there were bacteria.  As well as bacteria around the vents, they 
discovered some prokaryotes, classified as Archaebacteria because they have some different charac-
teristics.  There were thermoacidophiles, which was a very new thing.  Now we have three domains 
instead of two.  These domains are bacteria, eukarya, which includes us among others, and now ar-
chaea.  In this talk I will be focusing on the  hyperthermophiles. 

Archaea means ʻthe ancient ones.  ̓ At the time it was thought that they were the ancestors, but that 
is now very controversial.  They are thermacidophiles: they can survive 110, 121oC and pH of 2.  
They have no peptidoglycan in the cell walls, which differentiates them from bacteria and eukarya.  
They use sulphides as a source of electrons for formation of ATP.  They are chemoautotrophs, not 

'Ancient ones' 
Thermacidophiles 110 °C, pH 2
No peptidoglycan in the cell wall
Use H2S as a source of E- for ATP formation (chemoautotrophs)
Share some ribosomal proteins with eukarya (not found in bacteria)
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heterotrophs or phototrophs.  They share some 
ribosomal proteins with eukarya, so they are not 
really bacteria.  People keep saying ʻarchaeo-
bacteria  ̓but they are not bacteria, because these 
types of proteins are not found in bacteria.

From the submarine you can see the very hot 
water coming out of the vents.  There is precipi-
tation of metal sulphides from the black smok-
ers, forming the chimney, with flocs of ʻbacteria  ̓
around the cracks.  The gradient of temperature 
is steep as the water at 350ºC meets waters at 
2ºC. In areas where the temperature is around 
30º to 40ºC,  there are mesophilic worms.  There 
are flocs of bacteria around the cracks.  There 

are also shrimps feeding on the bacteria, and limpets on the rocks.  The fields of worms are the most 
astonishing things.  There are plume worms and big tube worms.  There are crabs as well, and at the 
top of the food chain are fish-eating octopi.  So there is a whole ecosystem down there.

The problem is, when you look at the worms, they have no digestive track, no anus, no mouth: they 
are just a tube.  What they found was that this thing, called a ʻtrophosome,  ̓was full of bacteria.  

There were about 1010  bacteria per gram of tis-
sue.  There is circulation about the gills of some 
kind of hemoglobin, but with more affinity for 
sulphides.  The H2S is taken down to the bacte-
ria, to be oxidised using fossil O2.  It shows the 
biologists were right in some ways, because the 
oxygen is coming from photosynthetic activity 
at the top of the ocean. ATP is produced, that 
enters the Calvin Cycle, resulting in the produc-
tion of organic compounds for the formation of 
tissue.

How do archaea cope with extreme conditions?  
These bugs live at very high pressures (up to 

1100 bars).  Nobody knows exactly what the impact of pressure is.  There have been suggestions that 
it might stabilize some molecules, improve their growth, but there is nothing definite.  They live in a 
very acidic environment with pH lower than 4 as they produce acid sulphate.  To compensate for that 
they have very efficient membrane-bound Na+/H+ pumps, to get rid of the protons.  They have mem-
branes with a very low permeability to protons.  They live in a very toxic environment with lots of 
heavy metals and sulphides.  They manage to cope with that by detoxifying the environment through 

HIGH PRESSURE: UP TO 1100 BAR
ACIDIC ENVIRONMENT: pH < 4

Efficient membrane-bound Na-/H+ pumps and membranes with low permeability to   
 protons

TOXIC ENVIRONMENT (iron oxides, sulphates, sulphides, manganese oxides, zinc  
 and copper sulphides) 
Production of exopolysaccharides/plasmides

HIGH TEMPERATURE
ANAEROBIC CONDITIONS
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the production of exopolysaccharides (EPS) that chelate the heavy metals.  This kind of ʻbacteria  ̓has 
lots of plasmids which help in the production of proteins and EPS involved in detoxification.  They 
also live in anaerobic conditions.

High temperatures do affect covalent bonds.  They have solved the problem by replacing them by 
non-covalent interactions as much as possible.  There are some very unusual lipids in the plasma 
membrane.  They have no asparagine because it is thermally unstable. They have very good repair 
mechanisms to cope with depurination of DNA.  RNA is unstable at high temperatures because of 
the reactive OH group in the molecule.  In these organisms, the reactive oxygen in tRNA and rRNA 
is methylated.  One of the strategies to cope with the instability of ribonucleotides is to increase the 
affinity and activity of enzymes.

These organisms appear in many different places besides deep in the ocean.  You can find archaea in 
hot springs and mine drainage.  They have been called ʻdangerous microbes  ̓because they can lead to 
acidic waters.  In the Iron Mountain Mine they discovered a microbe that is so hardy it can live in an 
acidic environment and produce sulphuric acid, killing everything around. 

They have some relevance in astrobiology.  Sulfolobales, one genus of archaea which was discovered 
in hot springs in Yellowstone National Park suggests the possibility of some similar form of life on the 
Jovian moon Io, because it can survive 90oC and pH of around 2.  The major atmospheric component 
of Io is sulphur dioxide.

Archaea also have relevance in biotechnology.  For example, an acidophile could be used to improve 
the efficiency of animal feed.  They are used for the bioleaching of gold ores and other metals.  They 
are thermophiles and produce polysaccharides without contamination as nothing else can survive the 
temperature.  They can produce thermostable enzymes, for example, cellulase can convert plant  ma-
terial and waste products into sugar, so we could eventually get free of petroleum industries by using 
gasohol.  Xylanase can be used in the paper industry and other industries.

The most successful story has been the polymerase chain reaction (PCR) story.  In 1983, Kerry Mul-
lis had the idea of imitating the process of DNA duplication in a test tube. He added specific ʻstarting 
blocks  ̓(primers) to direct the DNA polymerase to copy selected sections of DNA.  The first stage, 
which is the cutting of the DNA strand, is done by high temperature, about 90oC.  The second stage, 
when you put in the primers, is a bit lower, about 54oC.  The last step is around 72oC these days.  The 
problem is that in ʻ83, when he started, he was using E. coli polymerase do the extension, to copy all 
the different nucleotides.  The polymerase from E. coli has an activity optimum of 37°C and is heat 
sensitive, and you need to use high temperature to cut the DNA, so you need to add E. coli polymerase 
for each amplification cycle.  These days, the heat stable Taq polymerase from Thermus aquaticus is 

•  Pb for covalent bonds: 
 replaced by non-covalent interaction

•  Unusual lipids in plasma membranes:
 glycerol linked to hydrocarbons rather than fatty acids

•  No asparagine as it is thermo-unstable

•  Repair mechanisms to cope with depurination of DNA

•  RNA unstable because of reactive OH group:
 Methylation of the reactive oxygen in tRNA and rRNA

•  Instability of ribonucleotides: increase affinity and activity of enzymes 
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used to catalyse the extension step. This enzyme needs to be added only once at the beginning.  PCR 
has many applications, such as analysing for infectious disease, compatibility tests for organ donation 
and bone marrow transplants, diagnosis of cancers and genetic diseases, and also forensic applica-
tions.  Mullis was working for Cetus, a biotechnology company in California; the patent rights were 
sold to Roche in 1991.  Mullis received a Nobel prize for this work.  The other side of this success 
story is that Thermus aquaticus, Yellowstone type-1 (Taq YT-1), was discovered by Thomas Brock in 
1967, who did not consider any practical application for it.  Under an approved park research permit, 
a specimen was deposited into the American Type Culture Collection (ATCC), a  non-profit reposi-
tory of microbiological specimens.  Annual sales of Taq polymerase since 1991 have grown from US 
$200 million to US$500 million, but no benefit has gone to Yellowstone National Park.

The Yellowstone National Park managers learned their lesson, and understood there was a need for 
a policy about using commercially valuable, publicly-owned, national resources.  They went to visit 
Costa Rica, because the people of Costa Rica are well used to being exploited and having their natural 
resources taken from them, and created a policy framework for marketing and governing research 
into these organisms.

(Comment by Roy)
The bacteria do not mind absolute pressure change, and bounce back very quickly.  When they talk 
about these chemosynthetic communities...well!   All of the methane is being converted.  The BARTs 
went crazy down there.  The biological community of the whole area is so vibrant.  A lot of the organ-
ics could have come from the same source.  A surface source is not necessary.  What we are trying to 
do is take samples and look at the gradient of biological activity, not just an ecological assessment, a 
look at variability over the whole area.  The tube worms, particularly, are fascinating.

Colin:  One of the ways we think of the ʻbouquet of life  ̓in ecological communities, is the number 
of trophic levels...this thing is eaten by that thing, which is eaten by this larger thing....  I think the 
record, or the most sophisticated levels in our more conventional view of the biosphere, without the 
deeps, is something of the order of seven levels, in the Barrier Reef, coral reef ecosystems.  Two ques-
tions:  is the concept still valid with all these cyclings of materials, and if it is still valid, what would 
be your guess of the number of trophic levels?  I think we are looking at about 3 or 4 if we start going 
through to the crabs and fish.

A:  I would think there are more, but the system is not a cycle: you need input from above.. 

Roy:  Seven sounds a reasonable sort of number.  Let us take a block of soil; you can easily go to 
greater levels than seven in just that small universe.  Venus, for example, is recognised as a planet 
where there could possibly be life by our perception of life, and it would be ʻout there  ̓in the clouds.  
 

RELEVANCE IN BIOTECHNOLOGY

ACIDOPHILES: Enzymes used to increase efficiency of animal feeds and bio-leaching 
of gold ore

THERMOPHILES: Thermostable enzymes

Cellulase can convert plant material or waste products into sugars, then ethanol for 
use as gasohol.  (no more petroleum)

Xylanase can be used instead of harsh bleaching chemicals in the pulp and paper 
industry

Also used for food processing, removal of paint from military aircraft
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The trophic level there...what is it doing....there is a lot of light, there is water, there is tremendous 
activity from the surface that is bringing up bacteria and nutrients into the cloud structures, so I think 
there is a strong possibility of trophic conflates in those clouds.  How many levels?  Who knows?

Muriel:  My question is for Roy, about the Titanic.  If you discover antibiotics in the rusticles, who 
would own them?  Would you have to give the royalties and patent rights to the owners of the ship?  
It gets very complicated.

Roy:  The Admiralty law gave the wreck and the artifacts associated with the ship to RMS Titanic 
Company in 1908 or 1909.  That Admiralty law still exists, revised and codified.  The only time that 
artifacts can be brought up is for public display and exhibition or for archiving.  But my area becomes 
the rusticles, which can be viewed as artifacts of the ship, but also can be viewed as growths out from 
the ship, and may be more associated with trophic levels of life going on around the ship than the 
ship itself.  It is a grey area. The only thing that the judge has decided is that I am the custodian of 
the rusticles. 

If there were to be dividends, and revenue was generated, yes.  Just how that would happen is a legal 
nightmare, because RMS Titanic is a company that has been in serious trouble.  It would be better if it 
went to some not-for-profit organisation, and not necessarily to estates.  Something that would relate 
to environmental management on a global scale.
  
Colin: The decomposers have other decomposers that eat them, and further decomposers that eat 
them....in fact, you might end  up with one of the first decomposers eating the eighth decomposer, in 
which case you create a cycle, which is why I asked if it is still valid.
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Are We ETs? An Update on the Panspermia Hypothesis

Abstract
Recent studies have revived interest in the panspermia hypothesis--life originated 
elsewhere and was transported to Earth. Micro organisms have been found to exist 
in very extreme environments and this suggests they may be able to endure the rig-
ours of a journey through space. Some species have been revived after a hiatus of 250
million years;   this suggests that they may be able to survive an extended journey 
through space. Surface material from Mars has been found on Earth in the form 
of meteorites thus demonstrating a viable transport mechanism between these two 
planets. Furthermore, theoretical models of material ejected from planetary sur-
faces consequent to major collisions suggest that the interior of the ejecta may not 
suffer much heating and geophysical studies of at least one Martian meteorite have 
confirmed this. For life to arise via panspermia still seems very improbable because 
of the hazards associated with each process outlined above but it is not impossible 
and the hypothesis remains unrefuted. 

We will provide an outline of the panspermia hypothesis and provide an overview of 
recent work that has rekindled interest in it. We will also discuss current Mars mis-
sions in the context of the information they may provide relating to the panspermia 
hypothesis.

My presentation will be a bit of light relief, so you can put your brains just a little bit in front of neu-
tral.  First of all, Iʼve got to say that Iʼm an astronomer, not a biologist or geophysicist, so please donʼt 
ask too many searching questions.  I just have a passing understanding of the fields of bacteriology 
and hydrology, so I will emphasize the astronomy. 

I am going to talk a bit about panspermia and its history, what I believe the basic mechanisms are, a 
bit of astronomy that you need to consider, and a modern update on what NASA is doing to actually 
find life elsewhere.  At the moment, we are quite restricted in the sense that we can only travel within 
our solar system.

The panspermia hypothesis is that life started somewhere else and got transported to Earth.  Also, 
there is the reverse, and we actually call that ʻcontamination,  ̓ and NASA is quite concerned that tak-
ing space vehicles away from Earth will contaminate other parts of the solar system.

Panspermia has a long history.  Anaxagoras, (c. 500 - 428 BC), was the first person recorded to have 
mentioned this thing about ʻseeds of life.  ̓ He didnʼt know much about the universe as such, but he 
thought there were some sort of seeds of life.  The famous physicist, Lord Kelvin, weighed into the 
action in 1871.  Basically, he was an anti-Darwinist; he didnʼt like what Darwin was saying, and 
said, “No, no, no, life could have been seeded by meteorites.”  Arrhenius, the famous chemist, had a 
somewhat un-physical argument; he was a chemist, not a physicist.  In papers in 1907+1908, he said, 
“Probably microbes get thrown up by big, energetic storms and then get pushed away by radiation 
pressure and disseminated throughout the universe.”

You should note that right up to a hundred years ago we didnʼt know much about the universe and 
when we did start to know, it was found that we were actually a little backwater in a very, very large 
universe, and all of a sudden people started to back off from the panspermia idea.  The universe 
became too large.  Then when we understood about  outer space, and how hostile it is to life as we 
know it, again, that tempered peopleʼs appetite for discussion of panspermia.  However, around 1950, 



Biggs  ❖❖❖  The Transpermia Hypothesis 64

Murdoch University  11 - 14 February 2004

astronomy had major advances.  We started to look in the radio realm and detected the spectroscopic 
signatures of rather simple molecules in outer space.  This led people such as Hoyle and Wickrama-
singh, (1978), to propose that comets may seed life on Earth.  In space there are some simple chemi-
cals; space is not that inert.  The suggestion met with a lot of scepticism, if not outright mirth.  But it 
is still going, and there is more evidence.  There is also another interesting thought of  Crick, of DNA 
fame, and Orgel,  (1973), about directed panspermia--aliens were thought to be out there, deliberately 
trying to seed the universe.  Unproven, of course.

Panspermia has become of more interest lately, particularly to NASA, the worldʼs biggest bureau-
cracy associated with space travel and astrophysical research.  They have an astrobiology roadmap 
that actually wants to work out how life started.  One of their objectives is to find out how life can, in 
fact, migrate--and they are taking it seriously.  I suppose it is serious in the sense that they are being 
scientifically rigourous and honest, and allowing all opportunities.

The panspermia mechanism - first you have a site, something happens and you get life.  Then you 
need a mechanism that can transport your life from somewhere, but, of course, you have to endure 
the transport.  You can get very fast from one side of the country to the other if you go on a missile, 
but you wonʼt survive it.  You need something like an airplane or a car.  This mechanism has to land, 
too, somewhere that is conducive for life, and so on.  Basically you need some life, you need some 
transport, you need some endurance.

Recent evidence  that is helpful to the panspermia hypothesis started off with a theoretical study by 
geophysicist Melosh in 1988.  He considered impact ejecta, say from an impact on Mars, and we 
know that there have been large impacts--we can look at the impact craters on the Moon, there are 
craters on the Earth, there are craters on Mars.  Possibly some of the ejecta, material from the sur-
face of Mars, is thrown up into space, has sufficient velocity to escape from the gravity of Mars, and 
eventually end up on Earth.  He estimated it was rather rare and would take a time-scale of millions 
of years.  Very soon after that, another study by Moreno (1988) published in Nature, said that radia-
tion pressure hadnʼt taken been taken into account.  Radiation pressure should push things away from 
Earth towards Mars, but it can do unusual things to the orbits.  You might have a time-scale transfer 
of one year.  Not very probable, but possible.

And, there is evidence that things have landed on the Earth from outer space.  We call them mete-
orites.  And, in fact, we do have Martian meteorites.  Viking Rovers in the middle ʻ70s studied the 
geochemistry of the sites where they landed.  They also studied the atmosphere.  There are meteorites 
that have very similar geochemistry to Mars, but are not similar to rocks on Earth.   In their inclusions 

NASA - Astrobiology Roadmap
Objective 10: Understand the natural processes by which life can migrate from one world to 
  another.
Implementation

• Establish models to determine probabilities for lifeʼs transport to, and survival on another   
 planet.
• Search for evidence of an external origin for terrestrial life, or of exchanges between the   
 biosphere of Earth and of that Mars or other planets. Search for this evidence in meteorites,  
 in geologic samples and in the biochemistry of life.
• Sample and analyze cometary material to search for evidence of extraterrestrial life or its   
 precursors. Examine meteor storms, comet coronae and tails, and cometary debris collected  
 by orbiting satellites.
• Understand potential seeding of Earth life on other planetary surfaces, both intentionally 
 and unintentionally.
• Understand the interplanetary transportation and survivability of organisms and use this   
 information as a basis for quarantine of samples returned to Earth.
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there are little pockets of gas that is the same as the atmosphere of Mars. When they discovered some 
Martian meteorites, they thought, what about the Moon?  The Moon is continually being impacted.  
Studies of an anomalous group of meteorites, roughly 30 of the 22,000 that are catalogued, showed 
they apparently come from the Moon. We know they came from the Moon because they are very 
similar to the samples in the 350 kg of material that has been brought back from the Moon.  There is a 
transport mechanism; it does work.  Theoretically it is possible and we have the evidence.  However, 
it does not mean panspermia is proven.

Endurance is also required.  The seeds must also survive the transport.  Recently, we have heard a 
lot about extremophiles.  For example, Deinococcus radiodurans is a bacteria that can tolerate dos-
ages of radiation on the order of a thousand times greater than the lethal dose for humans.  Appar-
ently they have the ability to rearrange their DNA.  They are also resistant to various other adverse 
environments: extreme resistance to genotoxic chemicals, oxidative damage, high levels of ionizing 
and ultraviolet radiation, and dehydration.  The discovery of extremophiles has opened up a whole 
new possibility of different life forms.  Life is not so strictly prescribed as what we know, such as 
cockroaches, animals and what-have-you.  Wherever there is an opportunity, I suppose it is a bit like 
natural selection, something will take up that opportunity.

Shock-resistance of microbes: put some bacteria on a bullet and fire the bullet.  Do any survive?  Yes, 
they do.  They can withstand accelerations of nearly 34,000 times g.  We are experiencing 1 g all the 
time.  Fighter pilots in dogfights can experience gravity up to 12 times normal and they start to black 
out and horrible things happen.  Microorganisms can stand the shocks of being accelerated in an im-
pact and then lobbing back onto the Earth with a great thud.  A great acceleration and deceleration.

Also, you can have just ʻnormal  ̓sorts of microorgan-
isms that were put up in a facility that NASA launched in 
1984, the Long Duration Exposure Facility.  They were 
testing what space does to different materials.  These 
materials were contaminated with normal microorgan-
isms and they lived for six years in what you might 
call ʻnear space,  ̓not in the depths of space.  They were 
stuck on a rocket-shaped craft with different panels that 
were being exposed.    They found that any ordinary, 
common or garden variety microorganism, just about, 
will survive for a long time.  Itʼs amazing.

There has been some recent, somewhat controversial 
news about reviving viable populations of microorgan-
isms that have apparently been dormant for millions of 
years.  The first one came out of amber, the second one 
comes out of some salt crystals in New Mexico that are 
claimed are 250 million years old.  These microorgan-
isms are really tough.  But, you donʼt really have to be 
all that tough.  Studies of the interior of the famous Alan 
Hills 84001 Martian meteorite showed that it didnʼt get 
heated beyond about 40oC.  Most people think, for ex-
ample, when you see a big shooting star that maybe hits the ground will be glowing red hot and set 
fire to things.  They actually donʼt.  They are cold when they hit the ground; they are cooled by the 
air.  It is the atmosphere that glows when you see them in the sky.  The Alan Hills meteorite traveled 
from Mars to Earth and the inside of it did not get better than 40oC; it didnʼt get roasting red hot.  If 
you have some bacteria inside, they will survive, provided that they can live long enough, and we 
have examples where bacteria have lived for a long time.
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There is also possible evidence of the whole pan-
spermia process.  It  was announced with great 
publicity in 1996 that possible relics of bacteria 
from Mars were found in the Martian meteorite 
that was found in the Alan Hills area in 1984 
(called ʻALH 84001ʼ).  It was proposed that the 
little tube-like structure in the image (left) was a 
fossil of a microorganism.  However, you have to 
understand that in 1996 NASA was in financial 
strife, and in this context, the director of NASA 
jumped on the bandwagon.  Arguments rage as 
to whether it is an artifact of the microscope or 
Earth contamination?  My reading tells me that 

no one believed the extremophiles found in deep drilling in the 1920ʼs could be microorganisms liv-
ing under ground.  It wasnʼt normal.  The judge is still out on this one, but it is very interesting.  I 
reiterate: we have mechanisms that really work.  We have microorganisms that are really tough, and 
they donʼt need to be tough.

Another mechanism came up when I did an internet search.  The hypothesis is that you get material 
from Earth blown up and out into space by the collision mechanism.  This material gets abraded in 
outer space into small particles.  If the small particles contain microscopic organisms, they can trans-
port this into interstellar space at a rate of about 1020 of these particles every million years.  Thatʼs not 
a lot, but is a significant number.  Every now and then, our Earth passes by a cloud of dust and gas 
which might be the start of a new solar system that is possibly already seeded with microorganisms.  
So, what I was talking about previously was a local solar system transport; this hypothesis takes it 
interstellar.  However it remains speculation.

Obviously, for panspermia, there must be life.  We only have one example of life that we are sure of: 
we have it all around us.  When I say ʻlife,  ̓I mean, in all its richness, based on its DNA.  Being an 
astronomer, I thought: Life, pretty straightforward: things that move around, reproduce....  But, you 
know, itʼs very difficult.  I found this quote from J. B. S. Haldane:
   “The line between living and dead matter is therefore somewhere between a cell and an atom.”

Iʼm not going to try to tell you about how life started.  You certainly know more about the biological 
side of it than me.  But, life started with undue haste.  Within half a billion years of the formation 
of the solar system, fossils indicate that there was life, which may indicate a directly-seeded origin, 
though direct-seeding is not the only mechanism.  Also, our life is based on a DNA system that maybe 

 Napier (2004)
A mechanism for interstellar panspermia

 •  disintegration of metre-sized boulders ejected from the Earth by large impacts ~<104yr
 •  reduced to a critical size, ~micron, rapidly ejected from Solar system by radiation pressure, rate  
 of 1020 per million years
 •  large enough to protect groups of micro-organisms 
 •  passages of the Solar system through or close to dense molecular clouds, seeds protoplanetary   
 systems 
 •  ʼchain reaction  ̓may seed the disc of the Galaxy within a few Gyr
 •  In this case it is unlikely that life originated on Earth

     Life started ~ 4Gyr BP    
   0.5Gyr after formation of Solar System

•  synthesis and/or accumulation of small molecules
•  form large molecules: proteins + nucleic acids
•  aggregation of proteins + nucleic acids
•  replication and heredity (DNA)
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indicates a single origin, or a seeding, but it does not exclude a single origin based on chemistry.  Life 
has an increasing amount of complexity, probably mediated by some form of catalysis and is more 
sophisticated than I can imagine.
 
Where did it begin?  Darwin thought it was in some lovely, sun-warmed  pond (probably somewhere 
in the middle of England on a nice warm day).  Half a billion years after the solar system formed, 
Earth was not nice and green; it was probably rather different.  It has undergone various changes.  We 
find, with the extremophiles that live deep down under the sea, that they donʼt require the sunlight.  
Maybe it started underground, maybe it started on Mars or somewhere else.  Where it started, how it 
started, we do not know.  As far as I can tell, it is still an area of debate, and out of my area of exper-
tise.  So if I now put my astronomical hat on, I would say, “Rightyo, life is improbable.”  Here are the 
astronomical reasons why this is so.

You need a good galaxy.  You donʼt need a big, fat one, you want a nice spiral galaxy.  You canʼt be 
too close to the centre - there is too much action happening; too many supernovas and black holes.  
You canʼt be out at the edge because you would be starved of what astronomers call ʻmetals.  ̓ Metals 
to astronomers are anything heavier than helium.  We have strong evidence that the universe starts off 
as mainly hydrogen, and 15% helium, and everything else is absolutely trace.  It is the stars that make 
up the carbon and the oxygen that make us.  The solar system formed about 4.5 billion years ago.  The 
universe is probably 15 billion years old, so we are the results, the left-overs, recycled stuff, from the 
earlier generations of star formation.

You canʼt be in a little galaxy because they arenʼt active enough.  They donʼt have big stars to seed the 
galaxy with metals.  You have to be in the correct position in the galaxy.  You canʼt be in the middle, 
you canʼt be in the edge.  You have to have the right sort of stars.  Big stars donʼt last long enough.  
They donʼt have enough time for life to start before being deep-fried in a supernova.  Most of the stars 
in the sky are much smaller than our sun.  Unfortunately, their habitable zone, the region in which we 
think you can have liquid water, is too small.  There are lots of little stars, but the zone where there 
may be planets is too small.  Itʼs improbable.  So you have a galactic habitable zone and you have a 
planetary habitable zone.  There are many possibilities.  To have the right one is rather improbable.

You have to be at the correct distance from the star.  If you are too close, you get fried; if you are too 
far away, you get cold and chemical processes are too slow.  You have to have a stable planetary orbit.  
You canʼt have lots of little planets.  We donʼt know, really, how many stars have little planets, other 
than our own star.  Giant planets like Jupiter and Saturn are good because they contain a lot of orbital 
angular momentum, and they tend to stabilise the system.  And they clear out a lot of the ʻjunk  ̓as 
well, sort of like a bouncer outside of a night club.  A big, ugly brute that says, “Youʼre not coming 
in.”  Jupiter is like a planetary bouncer, and tends to mop up the rubbish, as it were.

You have to have the right planetary mass.  You canʼt have a little object that wonʼt retain an atmo-
sphere; it wonʼt retain anything volatile.  It canʼt be too big, otherwise it will probably just be a big 

Astronomical Considerations 
 RARE EARTH (Ward & Brownlee, 2000)

 •  Correct kind of galaxy   Enough heavy elements. Not small, elliptical, or irregular.
 •  Correct position in galaxy  Not in centre, edge or halo.
 •  Correct mass of star   Long enough lifetime. Not too much ultraviolet.
 •  Correct distance from star  Habitat for complex life. Liquid water near surface. Far   
      enough to avoid tidal lock.
 •  Stable planetary orbits  Giant planets do not create orbital chaos.
 •  Jupiter-like neighbour  Clear out comets and asteroids. Not too close, not too far.
 •  Correct planetary mass  Retain atmosphere and ocean. Enough heat for plate tectonics.  
     Solid/molten core.
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ball of gas.  Sure, you can imagine some chemical processes leading to life occurring there, but it is 
certainly not life as we know it.  You have to get it all right, or else it doesnʼt work!

You have to have a large moon. The Moon orbiting around the Earth has a large amount of angular 
momentum.  The orbit of the Earth tends to couple with that.  If we didnʼt have a moon, there are other 
processes that could make the tilt of the Earth jump all around the place.  That is unstable and  not 
good for life.  With the correct tilt you donʼt have severe seasons; you donʼt want to freeze and thaw 
your primitive life too much, although, no doubt there would be some extremophile that likes both!

You canʼt have giant impacts.  Your planetary bouncer, Jupiter, has to do its job properly.  You donʼt 
want to start making life and all of a sudden, Bang!  It has happened several times on Earth, but you 
donʼt want to make it a regular occurrence.  You might also want a ̒ Mars.  ̓ This is a panspermia thing.  
Mars is smaller, cooled down quicker and maybe life started earlier on Mars.  Thatʼs why we want to 
explore it.

And, thereʼs more.  If you want life as we know it, you have to have plate tectonics.  You donʼt want 
all-ocean; there needs to be some land mass.  Where evolution is occurring, you have to separate your 
species, you need variation and biodiversity so that you get a robust system that can withstand stress.  
Plate tectonics also helps to be a thermostat by subducting material under the Earth which actually 
pulls a bit of carbon dioxide with it, so you donʼt get a runaway greenhouse effect.  You have to have 
conditions for biological evolution.  You need oxygen and it helps if you have a ̒ nice  ̓atmosphere that 
can moderate the climate for you.  All these things have to work for you.  Apparently, it did.  Once.

If any of the factors outside of the Earth are very low, you donʼt have life.  You have to multiply all 
those factors together.  If two or more of them are very small, multiply them together and they effec-
tively give you zero.  We know that life happened once and produced us, and we know that we are not 
the centre of the universe.  Historically, at one time we believed we were the centre of the universe; 
all the planets and the sun orbited around us.  Copernicus showed we actually orbit around the sun.  
About a hundred years ago, we found that we were not surrounded by stars but were actually in a kind 
of island galaxy, and there are countless millions of galaxies out there.  We are not in a particularly 
wonderful part of the universe.  We are not special.  If we are not special, maybe there is life out there 
and all the things I said were wrong.  We have only one example of life.  If I am wrong and there is 

Geophysical/Biological Condsiderations
 RARE EARTH -continued

ʻLife-As-We-Know-It  ̓Factors
 •  Plate tectonics   CO2-silicate thermostat. Build up land mass. Enhance biotic  
     diversity. Enable magnetic field.
 •  Biological evolution  Successful evolutionary pathway to complex plants and 
     animals.
 •  Correct amount of carbon Enough for life. Not enough for Runaway Greenhouse.
 •  Evolution of oxygen  Invention of photosynthesis. Not too much or too little.   
     Evolves at the right time.
 •  Ocean    Not too much. Not too little.
 •  Atmospheric properties  Maintenance of adequate temperature, composition and 
     pressure for plants and animals.

 RARE EARTH -continued

 •  Large moon  Right distance. Stabilizes tilt.
 •  Correct tilt   Seasons not too severe.
 •  Few giant impacts  No global sterilizing impacts after an initial period.
 •  A ʻMars  ̓   Small neighbour as possible life source to seed Earth-like planet, if  
    needed.
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other life and we are not special, where are the other guys?  They should be crawling all over us say-
ing, “Hi, howʼre you going?” or whatever.  Or destroying us.  Because once life gets going, to become 
a space-faring species and travel across the galaxy only takes a hundred million years.  That is short 
on a geological time scale.

So, we astronomers are involved in a noble quest to search for extraterrestrials.  We have the technol-
ogy that enables us to do limited searches.  Even though, from our astronomical knowledge, we say 
it is too improbable, we are searching.  But it is rather limited.  Some people say, “Where is every-
body?  You have had a good look around.”  But we havenʼt had a good look around.  Itʼs the truth.  
For example, if you want to look at other technologies, and I donʼt want to speculate on what other 
technologies there might be, but if these ʻothers  ̓are more or less like us or more advanced, they will 
have radio-type communications, or their equipment is going to generate radio noise.  We can only 
detect TV stations out to about a light year.  There are no other stars within a light year.  The nearest 
star is 4 light years, so we are not going to see cultural junk, as it were, from aliens.  Military-type 
radar could be detected out to about 300 light years.  We canʼt see them and there are several thousand 
stars out to 300 light years.  In a sense, our searching isnʼt very deep, and maybe they donʼt use radar 
anymore, thatʼs a possibility.  We are still searching.

NASA has a program to explore our near neighbourhood, the solar system and in particular, Mars.  
We have evidence that there is water on Mars.  Some is in a thin frost, about 1mm thick that maybe 
covers several thousand square kilometres in the wintertime on Mars.  That is really not very much, 
but there may be some underneath.  There are erosion channels are that are indicative that there was 
water on Mars but probably hasnʼt been around for a billion years.

Mars is much smaller than Earth.  To the right  is 
an artistʼs rendering based on reality.  There are 
two Rovers on Mars at the moment, one in the 
Gusev crater and one in the Meridiani region; 
they are going quite well.  There have been a 
couple of failures in the past, but there always 
are. The Rovers are taking photographs; they 
have spectrometers to study the mineralogy and 
it will give us a bit of a hint if there is any bio-
logical activity. The Viking Landers (of the ̒ 70s) 
tested the soil for biological activity but it was 
inconclusive.  The new probes have a grinder, 
which is apparently a very important instrument 
that enables you to actually get inside a rock and 
have a look around.  They also have magnets; 
there is a lot of iron oxide around that can be 
picked up as dust and studied.  Obviously, one 
of the drivers to study this is the Alan Hills me-
teorite with the suggestive nanobacteria fossils inside.

We have only recently considered life forming elsewhere in the solar system; we always used to think 
that life had to form on a planet.  Life can form on a moon of a planet.  Europa is one of the moons 
of Jupiter that can easily be seen with a small telescope.  Spacecraft images reveal lines and craters.  

Mars Exploration Program
• Determine whether Life ever arose on Mars (follow the water)
• Characterise the Climate of Mars
• Characterise the Geology of Mars
• Prepare for Human Exploration
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In the lower left of the image there is a close-up 
taken by the Magellan spacecraft (it crashed into 
Jupiter after a 10-year life span).  This is ice with 
some other material that is unknown.  There are 
lumps that appear to have broken off, floated 
and then refrozen on the surface, which indi-
cates that probably there is water underneath.  
Why do you get water?  Probably because the 
interior is warm. Why?  Probably through ra-
dioactive heating, tidal heating, or by being so 
close to Jupiter.  Moving back and forth, Jupiter 
makes this moon squeeze in and out. Earth ex-
periences such a tidal influence from our Moon.  

Water squeezes in and out and the ground moves in and out as well.  So Europa has a possible heating 
mechanism.  There is no evidence that there is life, but the restrictive set of circumstances for life are 
being demolished. However, it doesnʼt seem possible that Europa could be a source for seeding Earth 
because any impacts would probably make the material lob onto Jupiter and not Earth.  The possibil-
ity of life on Europa was seized upon by NASA hierarchy in order to justify their expenditure, which, 
I must clarify, is mainly spent on administration.  Their scientific expenditure is miniscule.

OK.  Are we special?  I donʼt know.  We have life here, but in the past we thought we were special, 
and that was demolished as we understood more about the universe. Are we ordinary?  I have given 
you a whole lot of reasons why we are not ordinary.  We live in a rather special place.  Are we extra-
terrestrials?  I donʼt know. Itʼs an interesting time to be an astronomer and a scientist; we are living 
in a golden age of astronomy, we have so much capability, but this rather fundamental question will 
take a little bit longer to resolve.

--o0o--

Q:   Doesnʼt plate tectonics (the rock cycle) mean that everything geological has been subjected to 
extreme temperatures and pressures at some point in geological time?

A:    Yes and no.  Havenʼt they found evidence of extremophile microorganism fossils about 3.5 bil-
lion years old?  And you can still find them.  This process of mixing is apparently not very complete.  
You can go up north and examine rocks that are 3.5 billion years old, and in Greenland you can find 
them slightly older.  The plate tectonics thing isnʼt a perfect mixing process.  But if anyone knows 
more about this geophysics, please say so.

Q:  Even if those meteorites have been identified as similar to Mars, is there any reason why they 
couldnʼt be similar to any other planet or even material from beyond our own solar system?

A:  There are two lines to the argument.  One is that they are chemically similar to Mars material, 
which is similar but different to Earth.  The meteorites that were found were always, prior to 1980, 
categorized as SMC meteorites - they were weird.  (I think there is a category for just about every 
meteorite that is found.)  Also, in the meteorites themselves, there are little gaps and you can study the 
gas in there.  That gas is consistent with the atmosphere of Mars; it is not the same as Earthʼs.  And the 
same with Moon rocks.  You can compare them, like for like, with samples that were brought back.  
They are Moon rocks that have come to Earth.

Q:  Are there any other solar objects that have been studied, from which material might have been 
transported?  Why is it only Mars that is considered?
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A:  The mechanism for transport is easiest if you smash something from an outer orbit to an orbit 
closer to the sun.  The sun doesnʼt pull everything inexorably to it, but it sort of does.  Mercury im-
pacts could probably spray some stuff out; it is not well-studied.  Venus, in size, is more similar to 
the Earth than Mars, but Venus is a very, very hostile, weird, semi-molten sort of place.  For example, 
there would be some sort of tell-tale atmospheric inclusions in any rock that got knocked out.  And 
any rock would ʻtry  ̓and go to the sun, not out towards Earth.  There are some rocky-ish moons far-
ther out, but most of them are more ice than rock.  The accrued understanding of the formation of 
the solar system is that there was a coagulation, a star forms, and a bit of the junk that didnʼt quite 
make the star condenses into planets and it aggregates together.  It is rather violent, and the Moon 
shows the impacts from the junk that was left over. It was even worse before it actually formed; the 
denser, rocky material condensed first, because that condenses at a higher temperature and you have 
more gaseous material.  That explains why you have rocky planets in close and gaseous planets out 
further.  Pluto, we thought, was a weird oddball, but itʼs not: it is actually, probably, a big ball of ice.  
Beyond Pluto you start to have things like comets, dirty, snowball, icy things made from relatively 
light material.

Q:  What about Io as a source?

A:  No, itʼs a ʻhorrible place.  ̓ It is wracked with molten sulphur, it has volcanoes, it is embedded 
in a torus in what you might call Jupiterʼs van Allen belt.  Never say never, you could probably find 
some extremophile that likes to live at 400oC, that will eat raw sulphur and that is completely robust 
to radiation!  But it is  unlikely.  Interesting place, Io; but too close to Jupiter.
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Comment from Roy about Panspermia

As a microbiologist, the idea of Panspermia is a natural concept,  having found microbes growing 
or just surviving in very extreme environments. It is our choice of the term ʻextreme  ̓and not the 
microbesʼ. We constantly underestimate the durability of microbes to survive, adapt and then grow 
(or perhaps we prefer the term ʻinfestʼ?). One basic essential for microbial survival appears to be 
water, preferably in a liquid form.  Microbes have a great ability to store just sufficient water within 
their cells to survive and even if all of the water is removed (for example by freeze drying) the cells 
still survive to be reborn again when water is again available. When water freezes, it becomes solid 
ice and it would naturally be thought that microbes could not survive in ice because now all of the 
water is solid. Not quite: at the low temperatures where ice can form, the microbes play a few tricks 
to survive. First, they release the water to freeze outside of the cells. Second, they bind water tightly 
inside the cells so that it does not freeze (too many soluble components in the water to allow freez-
ing). Third, and very important, the cells switch off all activities and become electrically neutral. 
They are in suspended animation with no expiration date on the clock. They can also go into this state 
if the environment just becomes too unfriendly (too hot, too cold, too acid, too salty etcetera). There is 
a standard survival drill for these microbes: (1) throw out all surplus water and materials, thus shrink-
ing in size; (2) conduct one final act of reproduction (doubles the chances of survival); and finally (3) 
shut down all metabolic including electrical activity to become a neutral, totally inactive, cell. This 
is called an ultramicrobacterium and the shelf life for such a cell can only be projected in decades, 
millennia and millions of years. Not only can microbes survive by shutting down their systems and 
removing surplus water, many species can build a small hardened structure within the cell called a 
spore. In this form, the bacteria can also survive adverse conditions for very long periods of time.  

In the development of Panspermia as a concept involving the universal potential for life within the 
universe, then it would most likely be the microbes that would be the seeds of creation in any new ce-
lestial environment. One factor that would allow these seeds to grow would be the environment and, 
in particular, the presence of usable water and a sustainable supply of nutrients.  For the transport of 
these microbial ʻseeds  ̓from one celestial body to another, success would be achieved through the 
protection of these microbes within ice- or particle-bound structures that would perhaps shield the 
cells from any extremes in radiation, but the low temperatures and hard vacuum would not present a 
major challenge to these simple forms of life. It could be that the transporting vehicle from one body 
to another would be nothing more than a collection of cells (as dust or ice particles) dispersed through 
the voids of space.

If there is a constant seeding of the planet with micronauts from afar, two possibilities exist for the 
new arrivals. In the most common cases, they would fail to adapt to any of the impacted environ-
ments on this planet (possibility one); and in some cases, adapt to at least one of the environmental 
conditions and be swallowed up in the microbial melting pot of life never to be recognized again 
(possibility two)! 

As a microbiologist, it would appear that Panspermia is a most likely reality, but this does not mean 
that all of the examples presently quoted are valid. For example, the famous Alan Hills 84001 Martian 
meteorite so often quoted as showing the possibility for life on Mars has two fundamental weaknesses 
in the claims. First the geochemistry of Mars is not well understood, and to relate this artefact to Mars 
on the basis of that may be a little extreme. Such a meteorite could also have arrived from any of the 
innumerable other sources, such as one of the asteroid belts in space or maybe even from ejecta from 
Planet Earth during earlier, more violent crustal times. Second, even if the meteorite came from Mars 
and crashed in ice and snow, these are not sterile entities and there would undoubtedly have been 
contamination of the artefact as it lay there for all of the years prior to discovery and recovery. 

Mars, of course, is close to Earth and as such gets considerable attention. It, too, as a resident in 
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Panspermia, would also have been subjected to the ʻinfestationsʼ.  Where, today, would those infesta-
tions be on that relatively hostile and arid planet?  An explorer crossing an arid desert is preoccupied 
with finding water. This would also be the case for micronauts arriving on Planet Mars; they would 
look for water and there is plenty of it as groundwater under the surface of the planet, and so it is 
there where life will be. That life would be not that much different from the life we find down water 
wells!  When the first boreholes are driven through the surface crust into the groundwater of Mars 
then so those boreholes will probably biofoul in much the same manner as boreholes on this planet!  
Panspermia means ubiquity, a potential for life everywhere; it is the environment that selects what 
will happen (thanks, Beijerinck, for those observations from over a hundred years ago today).
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Roy Cullimore
DBI, U. of Regina

Microbial Causes of Plugging, Clogging and Corrosion

Abstract
Microorganisms tend to dwell on surfaces often saturated by water and it is here that 
they plug up voids, cause precipitates to form, and create acidic and/or electrolytic 
conditions that can cause corrosion of those surfaces. This presentation provides an 
overview of each of these events and illustrates the types of microorganisms that 
become involved. Specific capacity of the well and its changes over time as a result 
of biofouling generates a means to diagnose the nature of the production failure. 
Diagnostic methods are also discussed.

Definition of terms is addressed together with the level of microbial involvement in 
these events: plugging (reducing hydraulic flows by ʻslimeʼgrowths), clogging (re-
ducing hydraulic flows through silting up and crystalline encrustations), and corro-
sion (pitting, flaking and destroying engineered surfaces and structures). Included 
in this topic would be the environmental shifts that would influence microbial ac-
tivity and the major microbial ʻplayers  ̓which are the iron and sulphur bacteria. 
Biofouling sequences begin with sloppy slimes and end with hardened crusts.  There 
is a need to understand the factors controlling these events. Biological, chemical 
and physical markers can be used for the monitoring of the rates of these forms of 
fouling. Biological markers developed are the activity indicators (time lags using dif-
ferent biological activity reaction tests, BART Testers). Chemical markers relate to 
the changes in the water quality as the fouling becomes more severe (biomass moves 
from a natural filtration function to a matured collapsing recalcitrant structure). 
Physical markers relate primarily to shifts in specific capacity and changes in the 
pumped water levels. It is very important to ʻknow the beast  ̓before applying reha-
bilitation and preventative maintenance strategies to a well.

Droycon Bioconcepts is the company I formed in 1987 to deal with some of the commercial aspects 
of biological testing.  We now have environmental technology verification (ETV) and conform to 
ISO 9001.   This verification now extends to three, with the HAB-BART.   This is the first complete 
system that takes the laboratory to the sample and generates interpretable data that can be filed for 
archival and retrieval purposes.

First, we will look at the microbial causes of 
plugging.  This picture is a cracked rusticle from 
the German submarine.  The patterns make a lot 
of sense and show the development of an ordered 
system and these are everywhere.

Nuisance relates to trouble; an annoyance, pos-
sibly harmful or offensive.  We need to be aware 
that these bacteria are nuisances and the chal-
lenges are going to be on-going to the operation 
of the water well.  There is a growing realisa-
tion that wells are populated by a wide variety 
of microorganisms.  It is not one or two; it is not 
a single species, but by a series of communities 
(consortia).
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This looks like the eye of a crocodile, but it is 
actually the outside of a stainless steel pipe, a 
part of the microbial ʻjungle.  ̓ There is a slime 
bubble; underneath that ʻeye  ̓the stainless steel 
is perforated.  This comes from a power station 
in southern Saskatchewan.  When you put a light 
behind it, you see it is perforated in a number of 
sites.  There are about 120,000 of these tubes in 
the whole generating system, and they have lost 
about 12% to corrosion.  It is quite significant.
This is a mild steel plate (second from top); we 
put an electrical current across the one on the 
left, and we went through it at 0.4 mm per hour.  
Under the right conditions, the bacteria can re-
ally rip out steel.  

The right conditions include the obvious; we 
were using electricity.  Very often in wells, there 
is electricity going down to the pump.  Some-
times you see bacterial activity along the electri-
cal cables. 

Corrosion is not the only problem; there is also 
plugging, odour, taste, nodules, tubercles, clog-
ging and health risk.  All of those can come from 
water wells.  You have to remember that the bio-
mass in the well will keep on growing thicker 
and thicker.  As it grows thicker and thicker, 
what is going to happen to the water?  The water 

supply is going to get thinner and thinner.  Essen-
tially, the biomass is filling up the conduits through which the water is coming.  When I first started 
in water well work, it was commonly thought, government publications stated, “water wells are basi-
cally sterile.”  But they are not: the microbes in wells are not sterile.  Microbes will grow anywhere 
if the conditions are correct.  What we get is slimes forming, different types of corrosion coming 
through the base material, and there are accumulations of metals in the biofilm on the material.  The 
material is entrapped in the biofilm.  That is why a well is a natural filter.  But when the slime begins 
to grow, it produces slime things that go off into the water looking like well snow.

This is a representation of a typical biofilm 
growing on a surface.  About 90% of bacteria 
are in this type of form.  As it ages, it gets more 
ʻdandruffʼ: the dandruff is the slime biocolloids 
sloughing products off and moving out.  The 
bacteria are moving out looking for somewhere 
else to live; somehow they no longer find it that 
comfortable.  When you do a video log down a 
well, sometimes it looks gelled, like the particles 
are staying in the same place.  That is what I call 
ʻwell snow.  ̓ That means it is a badly polluted 
well.  Very, very few of the bacteria are freely 
swimming in the water.  A first thought was that  
the bacteria are swimming in the water.  They 
donʼt: they work together and they grow out 
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from surfaces. 

A 4-inch horizontal well was used to intercept a long-term solvent spill from a dry cleaning operation 
in Uden in Holland.  The performance of the well was dropping badly.  The spill had gone right under 
the centre of the city.  Double horizontal loop wells were put in, about 100 metres each.  The idea was 
to start in situ remediation.  One was five metres down; the other was ten metres down.  The top one 
tended to be oxidative.  The consultants had built two and were intending to build four more to try to 
control the solvent.   They did BART analysis and were able to get control; they looked at the slime 
growths that were growing in the ground through the piezometers and monitoring wells to determine 
the extent of the microbial activity around the site. This enabled them to get a better understanding of 
the extent of the enhanced microbial activity.

So letʼs just look at the major forms: This is a 
vertical section of a well (right), looking out from 
the well.  Please realise that the bacteria are not 
distinct.  Each cell reaches beyond its cell wall, 
ʻexudes  ̓exopolysaccharides, EPS, and produces 
a protective structure.  Those structures now form 
the slimes.  The cells are mixed and organised to 
work together; individuals, species, genera, fami-
lies.

The iron bacteria and iron-related bacteria grow close to the well (below, upper left).  Some typical 
forms are Gallionella, the ribbon, the sheaf bacteria, Leptothrix, Crenothrix, Sphaerotilus.  These are 
easy to recognise under a microscope. 

Slime-related bacteria usually grow just behind the iron bacteria (upper 
right).  They have a lot of polymers, and these polymers bind to chemicals 
in the water and make it tough, and the cells live inside that.

Behind them are heterotrophic bacteria (lower left).  These bugs break 
down organics.  There is quite a variation of shapes; they donʼt produce so 
much slime.

Outside of that are the sulphate reducing bacteria (lower right).  Now we 
are going into the reductive zones.  Sulphate reducing bacteria are usually 
bean-shaped cells, quite simple.  They are relatively puny, but they love to 
live deep down in the slimes and they produce 
the cavities we have heard about.

This is a cross section (bottom, right) of a stain-
less steel section that is 8 mm across.  The draw-
ing shows the structures that were present inside 
the cavity.  It is from the same steel set that had 
the ʻeye of the crocodile.  ̓ The interesting thing 
about this cavity is the very small perforation 
and the cavity is moving out laterally.  A 28 mi-
cron hole is the only interconnection point.  On 
one side was very dirty water from a reservoir 
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with a lot of organics.  The top part was about to collapse into a pit (indicated by the green sketch).  
You donʼt see much in the literature about first getting a small perforation followed by the collapse of 
the roof.  Corrosion is a hotbed of activity. 

There is one essential ingredient: water.  Letʼs 
look at an extreme environment.  This is a tur-
bine with blades that make 30,000 revs per min-
ute in a hydrogen atmosphere.  Those are blue-
green algae growing at  30,000 revs per minute.  
The turbine was getting older, there was a lot 
of sparking producing light, there was enough 
water, and these bugs grew there near the bear-
ings.  About four weeks after this photograph 
was taken, the generator failed.  It blacked out 
about a third of the city of Regina.  At first, they 
thought it was a copper precipitate so they sent 
it for chemical analysis.  The chemists said there 
was no copper there, so it then came to us.  It 

was just loaded with algae.  When they pulled the generator out, the wall was totally green.  The algae 
could only grow there if there was some form of light.

Outside of those groups, there are methane-producing bacteria (shown as black dots in the earlier 
well diagram).  These bacteria fight with the sulphate-reducing bacteria.  They are basically fighting 
for acetates (as the main food source).  If the redox is less than about -150, the black guys win (the 
absolute magnitude of the redox potential is less than 150); if it is greater than -150 the methane-
producers win.  They are not a single type of organism, but a group of species.  And then there are 
methane-consumers, the grey guys.  They grow in the well up at the top as the methane permeates 
away from the producers.  The range of the methane producers varies enormously; it could be as little 
as 10 cm or as great as 5 m.  The scale is very much dependent on the nature of the media and the 
water movement rates.

An interesting event occurred in Alberta when they were excavating a dugout.  The excavator was 
down 6 feet when suddenly there was a gush of slime coming across, with foam.  The public health 
people were concerned about a health risk.  It turned out it was a slime layer, Pseudomonas, hetero-
trophic bacteria, growing as a capping.  So they abandoned the dugout and filled it in again.

Fungi (left) also grow basically at the water table.  If you have the well set high, there 
will be moulds coming into the water.  Moulds are thread-like; they bind things (left).  
That is why they are dominant in soils.  They produce a lot of spores.

Microbes can be biofilms, slimes, encrustations, 
mats, nodules and tubercules and they affect 
wells in very many ways.  They affect production 
by blocking the slots that water passes through.  
The challenge for treatment is that once you have 
blockage, you have to be able to strip it out.  It 
is relatively easy to strip it mechanically.  Once 
you get behind the slots of the screened region 
of the well, then you have a challenge.

Here are drawings of a pristine well (bottom, 
left) with no scale; on the right side, a sketch 
of a biofouled well.  The water is shown flow-
ing from right to left through the gravel pack to-
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wards the well in both sketches.  Fouling begins at focal sites; it is not general.  Once the biofouling 
begins, the water is diverted around the initial growth.  The initial growth gets bigger and extends and 
thickens, until eventually, it stops the water from getting into the well.  Then you have a completely 
plugged up well.

In the laboratory we have done a lot of work with very small laboratory wells.  In the first four or five 
days of a new test well, you automatically get sludge, a yellow biofilm that connects across -  part 
of well development.  The bugs are growing in there and sliming things up.  Once you have the well 
pumping, the water flowing through, there is a biofilm on the surfaces.  An interesting thing happens: 
the surface of the gravel provides one level of resistance to the water flow.  When the biofilm forms, 
the resistance to flow is less.  The amount of volume occupied by the slime is pretty small, and you ac-
tually achieve higher flow rates during that first phase of sliming.  I tried to get this published but the 
referees thought I was crazy.  I gave them the statistics, and these events of faster flow happen every 
time so it is almost boringly repetitive.  You get the biofilm as part of the development of the well and 
it actually provides a better production, a better specific capacity for the well.  Once the biology starts 
to generate lots of material, then you start to lose flow.  You also start to lose water quality, because 
slime begins to slough off, biocolloids are forming, and eventually you get plugging.  To rehabilitate 
that well, you have to be able to attack the plug.

Twenty years ago, we thought you could lose 40% specific capacity and get it back.  No!  The US 
Army Corps now consider the red light going on at 5% loss.  By 50% loss, the red light is flashing, 
you had better do something before the well closes down completely.  We are looking at the use of 
heat, the use of disinfection, basically, to shock the system.  You want to traumatize the bacteria to 
make them want to move.  You want to be able to kill some of them.  The heat has to go up by at 
least 40oC, the disinfection has to be able to get in there.  For it to get in there, you use a penetrant, 
detergent, and also bring the pH up or down.  Most of the time down, because the object is to shock, 
then disrupt and finally disperse.  That is the second major event in trying to get rid of the ʻmob  ̓and 
clean the well  out.  Then you start to get breakthroughs.  Once you have the disruption going, then 
you start to see the specific capacity returning to the original levels.  During the dispersion, which is 
going to involve a lot of physical force to ʻpolish  ̓the materials, you have to remove debris.  The US 
Army Corps ask what should be done with the debris.  The debris has a high level of bio-accumulated 
metals, and in some cases they have had to treat that debris as hazardous waste.

If you were completely successful, you should have recovered your specific capacity, water quality 
should be back, but when biofilms accumulate, they also accumulate clays and sand.  There have 
been many cases when you start to get a recovery, you then get a pile of sand coming into the well 
that you have to remove.  The sand was biologi-
cally locked into the biofilm.  You cleaned out 
the biofilm, now the sand comes through.  It took 
a while before we realised the full importance of 
the mechanism of the interconnection between 
the biofilms and sand.

In the graphic to the right, the various bacterial 
consortia can be seen surrounding the slotted 
section of the well like a series of cylinders of 
slime. Each cylinder poses a different treatment 
challenge

The lower part of the graphic shows two images. 
To the left is a surface water recharge (SWR) 
and to the right, a septic tank system; you will 
end up with fecal coliforms (FC), total coliforms 
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(TC), denitrifiers (DN), and they will come right through to the well.  Then you have the sulphate-
reducing bacteria (SRB), then the biogas (BGB) and the anaerobic bacteria (ANB).

 If you have a surface water recharge (SWR), 
then you get the iron bacteria just where the sur-
face water recharge is occurring.  You often get 
heterotrophs as well, then the SRBs; then you 
get the biogas producers (BGB) on top of them, 
anaerobic bacteria here.  There is a sequence of 
biological reactions that would occur with sur-
face water recharge.  The plume of surface water 
recharge near a water well resembles a plume, 
but is far more complex - and a natural filter.

So, there are lots of different types of bacteria 
that are clustering around the well.  How can 
you define the biological plugging?  If this is 
the developed well, call the maximum capacity 
100%.  

As time goes on as shown on the horizontal axis, 
with pumping, the yellow circle (top image) 
shows you that for a while, the specific capac-
ity stays at 100%;  it may be a year, it may be 
two years, or three years, and then there is this 
sudden, harmonic drop down (the red arrows), 
then a period of relative stability (the yellow ar-
rows) gradually coming down until, eventually, 
the well plugs.

That is, if you were running at 100% maximum   
capacity, but people donʼt do that.  Letʼs say 
the well runs at 50%: you can run  at 50% for a 
much longer period of time.  But then, the pump 
crashes that much faster.

When you just have the water well pumping at 
10% capacity, the pumping seems stable.  In 
Saskatchewan a lot of wells run at 10%.  What 
will happen, though, is that you see the water 
quality start to go down.  It may go down quite 
dramatically.  When there is arsenic in the well, 
and that is a problem across western Canada, af-
ter the water quality starts to go down (the blue-
to-brown arrow), suddenly there will be surges 
in bioacumulates such as iron or arsenic and that 
will become a dominant factor.  How much you 
are using your well dictates how long it is going 
to operate.  
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This map shows iron bacteria infestations in the 
USA in 1986.  If I were to do the survey today, I 
would just put brown all over all of it.

Some diagnostics:  If you see a lot of black slimes, 
it means there is no oxygen, it is reductive, there 
will be stinks.  If you have a grey slime, there is 
some oxygen present, but there are heavy slimes 
developing.  Brown means high iron content and 
encrustations.  Red means a high iron content 
with a lot of oxygen.  White, a lot of organics 
and oxygen.  So you can make  some preliminary 
statements. 
 

There is a conceptual well in the middle of this 
schematic (right), with a redox front on the hori-
zontal.  On the left side, oxygen--oxidative; on 
the right, no oxygen--reductive.  The black one 
(BL) is where it is very reductive, you move to 
greys (GR), whites (WH) and browns (ORB - 
Orange-Red-Brown).  The diagram and colours 
give you some idea where the biofilm is concen-
trating.

Smells from a well: rotten egg has to be reductive, it will be sulphate reducing bacteria.  Ring the 
alarm bells; there may be corrosion occurring.

Fishy smells mean heterotrophs; the bacteria that often causes that is Pseudomonas.  And you know 
there have to be some organics getting in, possibly gasoline, possibly a solvent, because Pseudomo-
nas like specific organics that are easier to degrade.  

Colours and Biofouling

•  Black - Very little oxygen present, the microbes are deep around the well

•  Grey - Some oxygen present, heavy slime formations are developing

•  Brown - High iron content encrustations

•  Red - High iron content with oxygen 

•  White - Lots of organic and oxygen

Smells from a Well

•  Rotten Egg - SRB - Hydrogen Sulphide
•  Fishy - Heterotrophs - Pseudomonas
•  Septic - Coliforms - Anaerobes
•  Earthy Musty - Molds - Fungi
•  Vegetable - Algae - Surface water connection
•  Fruity - Bacteria & Yeast
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Coliform bacteria can make a septic smell.  It would suggest there is an anaerobic situation.  

Earthy, musty--thatʼs mould, and it could be that the water table is going down; mould spores and 
such at the water table are coming into the well.  

Vegetable smell means possibly a surface water connection and maybe a lot of algae.  Fruity, this is 
a fun one.  We have had wells in Saskatchewan that are apple-flavoured, banana flavoured.  We only 
found one well that had a grape flavour.  Incidentally, alcohol at high enough concentrations should 
control the plugging.  

Then there is corrosion that can drill through steels electrically, it can dissolve steels; hence my ques-
tion earlier today about acid-producing bacteria.  The oil and gas industry are now starting to put the 
acid producers on the same level as the sulphate reducers.  They can also pit the steel, which means 
there is a local, heavy growth of biofilm from the SRBs.  Sometimes it can even split the steels.  Be-
cause you are taking iron out of the steel, it can fail.  

What we have found is that there is a lot of biological activity.  We know that if a well is plugging, the 
biological activity is going to get more and more aggressive.  For 15 years I used the term, ʻaggres-
sive,  ̓because people didnʼt like me talking about ʻactive,  ̓ but now they have changed their minds 
again!  The microbes are much more active; the populations are bigger.  We face a challenge of how 
to determine this.  If you have a well that is in a normal state, about 25% of the time in a biofilm, the 
bugs will actually be moving off.  Another roughly 50% of the time, the biofilm will be expanding a 
little bit, relatively stable.  For the remaining 25% of the time it will be sloughing and partially col-
lapsing.  If you want to get the bacteria in a well, you have to change the performance of that well for 
at least 24 hours.  When you do this the bacteria become stressed and leave the security of the biofilm 
and enter the water - you can now detect them.  In practice, I am lucky to be able to get people to turn 
their well off for 4 hours.  Suddenly, water has value.  

What you do is like a pump test, but instead of looking at the water coming out, you sample the water 
to look at the bacteria. You stress the bacteria when  you turn the pump on for the test.  Then you take 
a sample at 2 minutes, another at 10 minutes, another at 30 minutes, then maybe 2 hours, but you have 
to have the well running the whole time. You see in the first sample the bugs that were right in the 
well.  The second one, the bugs just outside of the well, the third one, bugs from a little further back, 
the fourth one, further out still.   Now you can start to build a picture of the cylinders of slime you are 
going to have to fight and destroy if you are going to get the well back to its full potential.  

This is just a first discussion of plugging to get you started; I will go into more detail later on.

Q:  I was investigating some iron staining.  I sent some water samples to the laboratory for testing.  
The report said there was no iron in the water.  Is it possible the microbes were eating it out of the 
ground and not out of the water?

A:  My first reaction to that would be that this is a sequential event.  When the sample was taken, it 
happened to be when the iron bacteria in the system were in a stable state.  The water came in with the 

Corrosion - the hidden killer of wells

•  Drill through the steels electrically
•  Dissolves the steels acidically
•  Pits the steels dramatically
•  Splits the steels rapidly
•  Weakens the steels for failure



Cullimore ❖❖❖ Microbial Causes of Plugging, Clogging and Corrosion                                       83

Murdoch University  11 - 14 February 2004

iron trapped into and with the bacteria.  If the pumping rate is pulsing, it means that occasionally the 
iron is released and that stains the wall.  Wall staining is a permanent encrustation that will gradually 
strengthen and harden.  What you might do is ask the people:  when did you first notice the stain?  Did 
it just gradually darken or did you suddenly see changes?  If you suddenly see changes, say, every 
six to eight weeks in summer, it means there is a sloughing.  Sloughing is releasing a pile of iron by 
the biofilms which then stains the walls.  If the whole system is stable at that time, the iron is being 
retained.  In an early stage of fouling; you will get pulses.  In a later stage of fouling, you always get 
iron releases.  

Q:  Doesnʼt this indicate that when the bacteria are happy, the iron will stay in the ground and when 
they are unhappy, the iron comes out and causes staining?

Phil Mulvey:  I disagree.  Sands on the Swan coastal plain have a small amount of pyrites as a result 
of weathering.  The pyrites variously form Fe(II) in solution.  Some of the slimes bind on to Fe(II) 
and stop oxidation so the Fe(II) could go right through your whole system and still not be analysed.  
There are issues associated with understanding complexes with Fe(II), and also the sampling issue.  
Most people sample using pre-preserved bottles with nitric acid in them, which is a big mistake.  In 
silts you normally donʼt have to worry about aluminium and acid preservation anyway.  Note that if  
you have a loss of iron, you also have a loss of aluminium.  It might be better to oxidise your sample 
before acidifying.  You can only sample the top or the bottom, and a very fine floc may easily settle 
out due to the aeration process during sampling.

Roy: You have to go beyond the sampling process to even consider extraneous influences that could 
affect the releases of iron. For example, the motor is extremely active electrically.  I would suggest 
the motor produces strong anodic fluxes and the bacteria have found ways to congregate around 
those fluxes.  It is pulsing, but they can very easily find ways to use that energy.   They are growing 
there because they are manipulating it for their purposes.

Q:  Would you put anodic protection on the motor?

Roy:  George Alford, who works with me has just talked to Goulds (pump manufacturer) about 
changing the way they make their pumps, in order to minimize the effects.  I am not aware of what 
the final outcome was, but Goulds was very aware of electrical effects and were looking to mitigate 
them.  The problem is, how do you protect the pump in order to stop the magnetic/electric effects?  It 
is something that has to be addressed, because obviously the bugs are growing there and will start to 
attack the motor and reduce efficiency.  I will have to talk to George and find out where he went with 
that one.

Q:  About the biofouling, where the slime moves from the gravel pack and into the slots.  It is interest-
ing that the biofilm makes it more slippery. In the slots, we have a couple of methods of getting rid of 
the biofouling, and it is quite different if there is sulphur.  What we are dealing with is the ... sulphur: it 
looks like it and smells like it and behaves like it.  With the iron bores, we can strip that out pretty well 
with ... so we just use normal drilling techniques.  The biocolloids and the biofilms...we take a look at 
the inorganic colloids on an weekly basis, and we keep that biofilm down so that it never thickens up.  
I know we are the only ones who do that, and it can keep the well at 100% capacity.  It is best not to 
step down the curve, because it causes trouble with your motors, trouble with your screens, and a sort 
of blistering effect and corrosion. 

Roy:   The sulphur is probably related to the sulphur bacteria that do actually store sulphur within 
and around the cells. In western Canada we have not found these bacteria to be common and have not 
seen elemental sulphur. Hydrogen sulphide is, of course, more obvious when it is in a gaseous form. 
That means the SRB are probably very active. If you have found a method that is working then keep 
using it except always remember that the microbes can adapt to changing conditions and then come 
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back to bite you! It is a good idea to changes practices to stop the microorganisms from adapting so 
quickly, that is what we keep hammering.  You keep monitoring the system and as soon as you see 
something starting to degenerate, fix it!  At North Battleford, we did some plotting as to where the 
bacteria were growing, how far they were going out away from the well.  It was a river recharge sys-
tem.  When the litigation about Cryptosporidium started, they decided to put in new wells.  But they 
didnʼt consult with us.  The engineering consultant just went and rammed in 5 new wells, often close 
to the old ones, right in the middle of the biomass mess!  Basically, it could prove to be a waste of a 
lot of public money.

Q: How can you protect your well and well equipment?  Every few weeks we have to pull everything 
out, clean and redevelop.

Other person: We want to extend the cycle of cleaning, given the extended fouling of the gravel pack.  
When you heat treat, do you jet as well?

A:  Oh, yes, you have to jet.  You want to get as much physical activity down the well as possible  (that 
is a main purpose for dispersing - or getting the biofilm off the surfaces).  Ideally you leave the heat 
going until it stabilizes, that is, when heat output equals heat input.  It depends on the size of the well, 
but when it is up at 75o, 85o, even 90oC, you will find the temperature stabilizes.  Donʼt  pump it out, 
just let the gradient slowly go down overnight.  You monitor it in the piezometers around the well.

Q:  About the motor:  in doing a really good job of cleaning out the bacteria that is causing the trouble, 
wonʼt some other problem occur with some other little beastie that normally doesnʼt cause any trou-
ble, invading the motor opportunistically?  In other words, maybe his problem is being created by the 
fact that there is not a whole ecology out there, because it is removed every week or two.  If he left it 
alone for a while perhaps the bugs will compete/cooperate and the problem might reduce.

A:  You will get a period of stabilization, but there will almost always be on-going growth.  All I 
could say is that there are so many bacteria in the system, they will all find their own position in the 
harmony of life gradually attacking the operational ability of the well.  

Bill:  I was thinking about the algal bloom problem.  We have several fairly innocuous algae that 
grow, and if you let them come through properly, blue-green algae is minimised, perhaps because the 
energy has been used up.  But if you get rid of the algae that come earlier in the succession, there is a 
bigger problem with the blue-green algae.

A:   If the algae die, then their dead cells become food for the microbial community and this can en-
hance biofouling.  There are a lot of factors involved.  Because two wells are close together and very 
similar it does not mean that they will be impacted equally. For example, one of the biggest ones for 
me was two wells in Manitoba.  They were only ten feet apart.  One was heavily fouled with Pseudo-
monas, and ten feet away, the other well performed perfectly.  Its original specific capacity was never 
affected.  So, how do you relate that?

Q:  How do you heat a bore?

A:  We started off with steam injection, then for smaller farm wells we went to immersion heaters.  
Then we went to hot water most of the time.  We used to use stainless steel heat exchangers, but now 
we are looking at going to cheaper boilers and throwing away the boilers.  It is actually cheaper to do 
that than to maintain the stainless steel.  Just generate as much heat as you can, and get it down there 
for as long as you can, once you get above 80o or 85oC.  Apart from the direct impact on the microbes, 
you also have the beautiful acceleration of the chemical reactions that are going on.

Q:  What size bores can you heat?
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A:  The smallest would be about 4 inches, the biggest about 14-16 inches.

Q:  Could you coat the metal parts with something that would stop the effect?

A:  If you look at plastic, a lot of that is electrically neutral, and it doesnʼt provide a good binding for 
the bacteria.  They have even tried experimentally using teflon to try to reduce the amount of attach-
ment; but the bugs attach anyway.  It just takes longer for them to get started.  They might come off 
a little more easily, but there is no coating that has a significant effect.  One might impress a cathodic 
charge.  In western Canada there are a few wells that are being maintained by cathodic protection.  
They have maintained their specific capacity.  I am still trying to find out what the cost of that annual 
protection is.  They tell me how good it is, but there is a high cost.  So, you see, you can do it if money 
and time are not a concern to the operation of the wells.
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Microbially Induced Corrosion and Ferric Iron Reduction: 
Bacterial Metabolism of  Insoluble Iron  Species

Abstract
Typically the iron bacteria are described as ferrous iron (Fe2+) oxidisers (with oxy-
gen) to ferric iron  (Fe3+).  Exposure of ferrous iron and sulphide containing ground-
water to atmospheric oxygen forms the well known phenomena of ferric iron and 
sulphur precipitation which typically, but not necessarily, involves iron and sulphide 
oxidising bacteria. In this process ferrous iron serves as the electron donor and mo-
lecular oxygen as the electron acceptor. The flow of electrons from ferrous iron to 
oxygen enables the respiration process of the bacteria and allows their growth. Also 
insoluble iron species allow an electron flow that bacteria can use for their respira-
tion and growth. Two such examples are covered in this paper: 
 1. Bacterially influenced corrosion of steel. The iron in steel (Fe0) is even more 
reduced than ferrous iron and hence offers a more attractive electron donor for 
bacteria. Sulphate-Reducing bacteria can utilise the electrons from metallic iron 
using sulphate, sulphite or elemental sulphur as electron acceptor. Again, this elec-
tron flow from metallic iron to sulphate provides the bacteria with a suitable energy 
source for growth. And like usual this electron flow is used for respiration, here an 
anaerobic respiration. Sulphate-Reducing bacteria (SRB) play an important role in 
the corrosion of steel in anaerobic environments, such as oilfields, marine sediments, 
treatment tanks etc. This paper covers the principle and examples of steel corrosion 
by SRB. 
 2. Bacterial reduction of ferric iron to ferrous iron. Also the most oxidized form 
of iron, ferric iron can be used by bacteria for growth. However, as it is in its most 
oxidised form it can not act as electron donor but as electron acceptor. Analogous to 
the oxygen respiration using O2 as electron acceptor for electrons derived from the 
oxidation of organic material, iron reducing bacteria can ʻrespire  ̓ferric iron. This 
reaction occurs typically in anaerobic ecosystems with organic compounds (e.g. or-
ganic acids) as the electron donor. The role and economic potential of iron reducing 
bacteria in groundwater are discussed in this paper. 

Both the above cases of iron metabolism involve insoluble species of iron. As bacte-
ria by definition can only metabolise soluble material, specific mechanisms need to 
be in place that enable the electron transfer. This paper discusses possibilities and 
implications of such electron flow by also covering other species relevant to ground-
water chemistry (e.g. elemental sulphur and chlorinated solvents).

As a microbiologist, I have an interest in microbial ecology and the role of bacteria in industrial 
environments such as oil fields.  This includes nutrient removal, ammonium oxidation and nitrate 
reduction, typically that by bacteria that live in groundwater.  Bioreactors are used for the study of 
nutrient removal and bioleaching particularly when they are controlled by a computer.  We model 
the reactions and make precise predictions how their internal conditions are affected by bacteria, and 
maybe understand and optimise the processes.

Today I will focus on two aspects that relate to iron metabolism and two iron species that are more 
difficult than other species because they are very insoluble, and yet bacteria make a living by interact-
ing with them.  I used to consult with petroleum companies about sulphate-reducing bacteria eating 
their metal pipelines; I spent several months working on Geobacter, an exciting bacteria.
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In my view bacteria make a living using electron donors and electron acceptors.  Microbes donʼt grow 
on a food, they donʼt grow on nutrients, what they all need is a donor and acceptor.  They catalyse 
redox reactions.  Oxygen, for example, is an acceptor and iron species are electron donors.  Anytime 
you observe some life activity, you should be able to say, “What is happening with the electron flow?”  
You need to have a suitable electron donor and acceptor with a redox potential between them that 
is large enough that it supplies sufficient free energy for the organisms to live.  The electron flow is 
the common energy source.  With that view, it soon becomes clear that since you need to generate an 
electron flow with insoluble species, the bacteria need to do some tricks.

A typical electron flow in a biochemical textbook is in a very simplified form: since the bacterial cell 
needs an electron donor and an electron acceptor.  The electron donor is, perhaps, ammonium and the 
electron acceptor is, say, oxygen.  The bacterial cell oxidises ammonium to nitrate.  Equally, it could 
use sulphide as the electron donor and oxygen as the electron acceptor.  Sulphate can be an electron 
acceptor.  Not all combinations are possible.  For example, we wonʼt find bacteria that oxidise sul-
phide by using sulphate as the electron acceptor, because the redox potential difference isnʼt enough 
to allow such processes.

I will quickly list a group of the major electron acceptors:  once oxygen (at the top of the list) is not 
available in groundwater, typically some of the other acceptors are still available.  Bacteria that used 
to use oxygen now do other things, perhaps use nitrate and form N2.  Some bacteria take the nitrate 
and form ammonium, which is not a desired reaction in groundwater.  Iron reduction is something 
that I will discuss later.  It is possible the bacteria might use CO2 to produce methane when there are 
sufficient organics, in bogs and swamps.  Given substrates: each possible chemical (redox) step is a 
niche inviting bacterial species to exploit it.

You ask, are bacteria going to reduce ferric iron or nitrate or sulphate or what?  There is a fairly clear 
recipe.  If you order the electron acceptors according to their redox potential, it provides you with the 
available energy.  It is not intelligence by the bacteria;  there are physical and chemical  mechanisms 
that predict that the bacteria will first use oxygen.  But if the oxygen is gone, they will use nitrate.  
When nitrate is gone, they will use sulphate, and so on.  For example, sulphate in the groundwater 
environment typically suppresses the microbial conversion of CO2 to methane.  Methane emerges 
only when sulphate is gone.  Also, in marine mangrove areas, there is not much methane production 
because the bacteria prefer to use marine sulphate as an acceptor, which gives them more energy.  In 
the same way, the presence of nitrate suppresses the reduction of sulphate.  One should be able to 
control the environment by using this knowledge and gain an advantage from the bacteria.

Life without O2 : alternative electron acceptors
Electron acceptors               Measure for Energy released with H2 

     as electron donor (log K)      
O2   -->  H2O   21                                                   
NO3- --> N2    21
NO3- --> NH4-    15 
Fe3+  --> Fe2+     8
SO4

2-  --> H2S     5
So  --> H2S     3 
CO2  -->  CH4     2 
CO2  --> Acetate    ?
HumOx  --> HumRed     ? 
     adapted from Stumm & Morgan

Observation: The sequence of use of electron acceptors according to the energetic usefulness (redox 
potential) is, first, O2, then nitrate, ferric iron, sulphate, CO2
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Once an electron acceptor is used, it is turned 
into an electron donor.  There are inorganic 
species on both sides of the table above.  To 
confuse us more, the bacteria can have an 
electron donating species and link it with 
an electronic accepting species; in theory, if 
you use that matrix, you can come up with 
a large number of possible reactions.  There 
are even more electron donors and acceptors 
that could be included (at right), including 
manganese, uranium and other metals.  Not 
all of them can be linked.  As soon as some-
thing is oxidised, for example, ammonium 
is oxidised to nitrite, the nitrate can again be 
reduced, and in some cases, go back to am-
monia.  It can be confusing: bacteria convert A to B, and then B back to A.  It is not quite that without 
compartmentalization, because that would not give any energy.  They convert A to B with the help of 
an  external electron donor, and then they convert B back to A with the help of an  external electron 
acceptor.  So it is all driven by extra, external components.

If a bug is to make use of these processes, it must 
have both an electron donor and an electron ac-
ceptor.  Often these are not present in the same 
environment.  Typically, wherever there is oxy-
gen, there isnʼt much ammonium or much sul-
phide.  So, where life happens, in many spots on 
the globe, including in the plaque of your teeth, 
the sediments of rivers, or biofilms in pipelines, 
where there is a sharp boundary layer, where the 
oxidised and reduced species are present; that is 
where the bugs make a living.  At the Black Sea, 
there is a very sharp interface of the ʻblack  ̓life, 
the lower water levels which are oxygen-free, 
with sulphide and ferrous iron, and the oxidised 
life.  This sharp interface is where the energy is, 
because electron donors and acceptors are available, driving life.

We will leave the typical electron donors and acceptors and just pick the most difficult ones relating 
to iron: they corrode iron, metallic iron, which relates to the Titanic, and the reduction of ferric iron 
back to ferrous iron.  You might wish that once insoluble ferric iron is formed in certain bore wells 
that there is some magic trick that might bring it back to the soluble ferrous form.  Corrosion of iron 
involves an electron flow from metallic iron to bacteria, otherwise, they canʼt live.  Life, as we know 
it, is based on this.  We call it ̒ respiration  ̓when we talk about us.  I present this as ̒ where the electron 
flow is happening.ʼ

The main bacteria involved in corrosion are sulphate-reducing bacteria and they play a major role in 
the oil industry.  I donʼt believe anyone has measured them nibbling away at steel constructions that 
are in aerated water.  Sulphate-reducing bacteria are anaerobes that live underground in the oil and 
in oil tanks that are free of oxygen.  Typically, one wouldnʼt find them in rusting environments, but 
if the oxygen doesnʼt penetrate the rusticles, I would think there are some oxygen-free spots for the 
bacteria to live.

Reduced E- acceptors  can become E- donors

Electron donors  Electron acceptors
organic    O2  -->       H2O
H2S  --> So  NO3

- --> N2
So  -->  SO4

2-  NO3
- --> NH4

+

Fe 2+ --> Fe 3+  Fe 3+ --> Fe 2+

NO2
- --> NO3

-   SO4
2      ---> H2S

H2 --> H+  So --> H2S
CO --> CO2  CO2 --> Acetate
NH4

+ --> NO2   CO2  -->  CH4
HumR --> HumOx  HumOx --> HumR
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Here is an image of a pipeline which has the 
characteristic pitting corrosion caused by the 
sulphate-reducing bacteria.  Oil people usually 
ignore this, but when a pipeline that was con-
structed to have a 20-year lifetime has pitting 
holes through it within two years, they are con-
cerned and want to find out how this happens and 
how it can be controlled.  This is the outside pic-
ture of the pipe.  The bacteria are thermophiles 
and are very good at eating the pipeline from the 
inside where there is a mixture of warmer water 
and oil.

This is a photograph of Desulfovibrio (second 
from top), one of the species of sulphate-reduc-
ing bacteria.  The question is, how do bacteria 
suck electrons from metallic iron?  Metallic iron 
has an oxidation state of zero; as such, it has a 
lot of energy in it.  We stick electrons into iron 
ore to make it metallic; it has more electrons 
than it normally has.  It tends to give them away 
and there are bacteria that tend to like electrons.  
What is the mechanism by which bacteria get 
electrons?  

I set up a battery and fed the sulphur-reducing 
bacteria with current from a battery.  The mecha-
nism of how the bacteria react as a slime on steel 
is shown in the diagram right.  The steel corrodes 
as it is provided some electrons.  The electrons 
form a hydrogen film that is hardly detectable 
on the steel surface.  The hydrogen keeps the 
surface polarized and bacteria are very good at 
using hydrogen as an electron donor. Hydrogen 
is the most abundant nutrient for bacteria.  It is 

very small and very rapid  in its  diffusion, and it is pure energy provided there is an electron accep-
tor with it.  These bacteria use sulphate as an electron acceptor, generating sulphide, and make a rich 
and easy living.  As they remove the electrons a positive charge is left on the metal, and that positive 
charge needs to be equilibrated, preferably by releasing ferrous iron into the environment.  The sul-
phide reacts with the ferrous iron and forms iron sulphides which stimulate corrosion further.  There 
is weight loss and a corrosion rate about 50 to 100 times faster than without the bacteria.

Cathodic protection is a nice term but I am not sure what you accomplish by cathodically protecting 
the piece of metal, which means you pump in extra electrons.  One thing you do accomplish is to feed 

Cathodic protection good or bad?
What is it?
Use electricity to allow electron flow without iron dissolution
Effects: Easy supply of electrons for SRB
Increased amounts of catalytic bacteria (can mean enhanced corrosion upon interruption of   
  cathodic protection
Depletion of suitable oxidants (e.g. sulphate) can mean stabilisation of environment
Depends on whether system is limited by availability of electron donor or electron acceptor.
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up the bacteria to fatter biofilms than without the cathodic protection.

This doesnʼt belong in the talk, but is part of 
my background.  ʻPig  ̓here does not mean the 
agricultural animal, it is the pigs that petroleum 
companies use to clean pipes, basically like a 
toilet brush.  They shoot the pig through the pipe 
with the flow.  On one of my trips I took samples 
of SRB numbers before, during and after the pig 
was shot through the pipe. The SRB numbers in 
suspension shot up very high.  This allowed me 
to calculate that most of the SRBs were sitting 
on the walls, and also to estimate what the aver-
age densities were.  The bugs cause the damage 
because they sit on some spots and drill holes 
rather than cause uniform corrosion, as one 
would prefer.

Once ferric iron is formed it is rather insoluble except at really low pH values.  There are bacteria 
that were  ʻhesitantly  ̓discovered by Lovelly.  He worked for the Geological Survey in the United 
States, and had trouble with all the geologists who disbelieved that bacteria could convert insoluble 
ferric iron to ferrous.  When I did my sabbatical with him he had five people: now he has fifty people.  
Look on the internet for geobacter.com; many programs are now underway, studying the activities of 
Geobacter.

How do bacteria interact with an electron flow and 
with ferric iron?  The electron donors that Geo-
bacters use can be hydrogen, acetate, and they 
have now found one Geobacter that uses sugar.  
Geobacters use small organic molecules that are 
typically abundant in life environments.  In one 
reaction ferric iron accepts electrons from a donor 
and turns into ferrous iron.  The reaction causes a 
change in redox potential.  Interestingly, the bac-
teria can do many reductions, not only ferric iron.  
My own impression is that they are ʻeverythingʼ-
reducers: you throw anything at them and they 
can reduce it.  They have some mechanism to pass 
electrons to insoluble species that can be reduced, 
including elemental sulphur.  Insoluble ferric sedi-
ments, magnetite, is the end product.  They con-
vert a brown sediment into a black sediment.  Go 
to the Swan River and look at the colour of the 
sediment.  The top of the sediment looks oxidised, 
brown with a high positive redox potential; lower 
down is black with a negative redox potential.  This is partly due to sulphide which colours the sedi-
ment black, and also due to the iron bacteria that convert ferric iron to magnetite, which is black.

You can see a convincing demonstration in the lab.  One of these two test tubes (top of next page) has 
iron reducing bacteria; the other has none.  The magnet pulls the magnetite they have formed to the 
side of the tube.  It makes one wonder how people have overlooked this.  In the test tube, you can see 
macroscopically that they have produced a magnetic end product.  How do they transfer the electrons 
to the iron?  I can tell you that even Lovelly hasnʼt got the answer yet.  Many people have had a shot 

Iron reducing bacteria; 
e- flow back to ferric iron

•  Organisms: Geobacter and other 
       anaerobic bacteria, no specific group
•  E- donors: mainly small organic compounds
•  Typical reaction:
  H2  + 2 Fe3+ -->  2  Fe2+  + 2 H+

•  Reaction results in lowering of redox 
        potential
•  Reduce also Manganese, elemental   
        sulphur and other metals (e.g... uranium)
•  Endproduct is magnetite (Fe3O4) and   
       other compounds (black precipitates)
•  Significance of iron reduction is still   
       being underestimated
•  Recent research: electricity production   
       using ferric iron reducing bacteria
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at it, but there is disagreement in the literature.  It is not clear how the bacte-
ria manage to transfer the electrons to the insoluble ferric iron.  There were 
ideas, for example, that they solubilize by using complexing agents, maybe 
they physically attach as in bioleaching environments and sort of zap the 
electrons over with a little wire, or something.  There are lots of resources 
going to try and understand this phenomenon.

Excretion of electron-shuttling species is very topical.  It has been shown 
that some species in the environment, such as humic acids, which are typi-
cally present in groundwater environments, are suitable electron mediators.  
It has been shown that if you give the bacteria and the ferric iron humic 
acid, immediately the electron flow becomes quicker.  The bacteria can just 
reduce the oxidised humic acids, and the humic acids, once reduced, can 
chemically react with ferric iron.  At one stage, I thought this was the an-

swer, but no, the bacteria can do without the reduced humic acids.

The species that do this are typically aromatic.  There are simple differences in oxidised and reduced 
aromatic species.  Consider hydroquinone and quinone;  The latter carries two electrons and the bac-
teria can use them.  Just out of interest, in terms of the origin of life, this is the type of compound we 
have in our cells that mediate the electron flow in mitochondria from A to B.  The humic acids and the 

electron carriers we have in our internal body are 
chemically quite similar to these compounds.

If you have chlorinated aromatics in the soil, 
Geobacter can reductively dechlorinate, which 
means they respire the chlorine.  They use the 
compound containing chlorine as an electron 
acceptor and reduce it, passing on and gaining 
from the electron transfer via chlorine respira-
tion.  I am involved with a Sydney site at the 
moment where there are 50 to 70-year-old sol-
vents leaking.  The DEP asked them to clean it 
up.  Geobacter can deal with these chemicals.
If Geobacter is present with other bacteria, it can 
pass on electrons.  Again, it is not clear how that 
is done with both bacteria coexisting.

Just yesterday I looked at the Web to see if there 
was anything interesting about Geobacter.  I will 
show you some of the headlines I found.

First headline: Bioelectricity.  If Geobacter can 
transfer electrons to inorganic surfaces, why not 
to a carbon anode and generate electricity?  Ob-
viously if an electron is transferred, one should 

How do IRB transfer electrons to insoluble iron ?
Ideas:
•  solubilise iron (complexing, acid dissolving, etc.)
•  physically attach to ferric iron
•  excrete electron shuttling species (mediators)
•  use e-carriers present in environment
•  humic acids (quinone, analogue to NADH)
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be able to use this electron, provided it has enough oomph through a little bug.  With outback batter-
ies, the driving force would be organic waste.  With the waste being oxidised to CO2, the electrons are 
transferred to a carbon electrode and make electricity.  Rhodoferax is the species suggested for this 
purpose.  It is a Geobacter that can use sugar.  The process shown is not mine; it comes from Lovellyʼs 
lab at the University of Massachusetts.

Fuel cells have been demonstrated before where there is a bacterium and a mediator, but the cells are 
rather ineffective.  Lovelly has the bacterium sitting right on the surface;  Images show that the anode 
is coated with a film of Geobacter.  Perhaps the electron flow is generated from one half cell to the 
other.  There are photos of a red LED glowing, due to the redox difference between an electrode in a 
tank of Boston sludge plus a bug and one in a tank of clean water.

Next headline: Uranium.

In nature, uranium is often present.  Uranium (VI) is the more oxidised form than uranium (IV).  
The Geobacter donʼt mind if you donʼt give them ferric iron, they will take uranium and reduce it. It 

Geobacter Headlines (Geobacter.com) :
Bioelectricity

If Geobacter can transfer electrons to almost anything, why not to a carbon anode?
Electricity generation by Geobacter 
Outback batteries
Driving force: Organic wastes
Key: Sugar degrading Geobacter type (Rhodoferax)

Geobacter Headlines 2:  Cleanup of Uranium

Geobacters capability of reducing other metal species includes uranium.

By reducing U(VI) to U(IV) which is less soluble, limitation of contamination
has been applied in situ (2003) Tod  Anderson
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doesnʼt remove the radioactivity or the uranium, but it makes the uranium less soluble, and it sticks 
in the soil and is less likely to pollute groundwater.

Here is another headline from last year: Hottest bug found so far.

Speculation about the origin of life has revolved around sulphur metabolism, the ocean deep vents. 
I think that previously 112oC was supposed to be the hottest an organism could survive.  If you put 
Pyrodictium in  the autoclave for 20 hours, you find it has multiplied during that time.  I donʼt know 
why I havenʼt used that in my lectures to cheer up the students; it pushes the edge as to the tolerance 

of life.  They call this Strain ʻ121,  ̓which means, to anyone who works 
with thermophiles, the magic temperature used in autoclaves by micro-
biologists to kill all bugs.  It comes from hydrothermal vents, which not 
only have organisms that use sulphur metabolism and methane but also 
iron species.  The strain is an archaea, so it is close to other sulphur organ-
isms.  One might question why they might be regarded as one of the oldest 
lifeforms.  Magnetite formations are geologically very old and are now 
proposed to be old biological magnetite.  I am not expert enough to com-
ment on this.  That is what the strain looks like, fairly round with flagella 
on one end (left).

Three pictures summarise the bacterial activity in-
volving sulphur and iron.  The first picture (left) 
is a little sulphur cycle. The sulphur-oxidising 
bacteria use oxygen and produce sulphate; below 
are the sulphate-reducing bacteria bringing it back 
to sulphide.  This is not perpetual motion, going 
backwards and forwards.  It is driven by the lower 
bacteria getting some organic substance, and the 
upper ones getting some oxygen.  Overall, it is ac-
tually driven by oxygen and organics.

If we switch the chemicals and put iron here, we 
have the iron cycle in a miniature form, as in the 
second picture (bottom, left).

Geobacter Headlines 3:  Hottest Bug Strain 121
Geobacters  ̓ presence of deep ocean vents (black smokers) has been shown.

Temperature tolerance to 121 degrees C (autoclave).

e
e
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d

e

d

  (autoclave)

Interesting Genome.

Suggestions of iron reducing Archeae to be one of the oldest lifeforms rather than sulphur  
reducers.
Very old magnetite formations are seen to support this view.



Cord-Ruwisch  ❖❖❖  Microbially Induced Corrosion and Ferric Iron Reduction 95

Murdoch University  11 - 14 February 2004

The third picture (right) shows the combined ef-
fect with metallic iron corrosion with the ferric 
iron reduction.  It involves metallic iron, an elec-
tron donor, and a sulphate-reducing bacterium, an 
acceptor.  The bacterium lives on it and produces 
sulphide.  The sulphide is renewed by a sulphide-
oxidising bacterium.  The ferrous iron can be used 
by iron bacteria, oxidising into ferric iron without 
oxygen, as a rusticles bug.  The bacterium would 
be a Geobacter species.

Questions remain.  The question that I asked Roy 
is this: the ferrous iron-oxidising bugs in the second picture get one electron-worth of energy, not as 
much energy as bugs would get from elemental iron to ferrous ion(Fe --> Fe(II)), which is 2 electrons-
worth.  Even better bugs might get the whole 3 electrons-worth (Fe --> Fe(III)) because they get iron 
from 0 to +2, so the whole energy might be provided in a rusting piece of iron....there is more energy 
in the step from metallic iron to ferric than from ferrous iron to ferric.  I would think that in a rusticle, 
most biomass forms from energy supplied by the metallic iron corrosion part, and my question is 
whether this occurs in rusticles.
 
Q: Was 121o the highest temperature the bacteria  could survive?

A:  They tested 130o: it survived 130o for 3 or 4 hours, but it doesnʼt grow much.  This bug was only 
discovered last October.  To me, 121o and growing is a bigger step than surviving.  Maybe in transfer 
between planets you are more interested in what they can tolerate.

Q: What is the name of the bug in that slide (page 90)?

A:  This one?  It is a sulphate-reducing bacterium, Desulfovibrio.  Next, I expect someone to say, “We 
donʼt think this bacterium converts the sulphide completely back to sulphate, maybe just to elemental 
sulphur.  This bacterium then has no problem using elemental sulphur, so it will, naturally, produce 
sulfide.  (Indeed, it is hard to see where the energy advantage lies.)

(The following are some comments from Roy)
That particular cycle, Fe --> Fe(III), I would suggest, would be done by a consortium of more than 
one species.  Sulphate-reducing bacteria love to work with iron bacteria.  We can speculate that that 
was done by such a consortium.   A general comment was, we talked a lot about sulphate-reducing 
bacteria in the oil industry. In Canada, the oil industry is becoming paranoid about corrosion from 
acid-producing bacteria.  Over the years, Iʼve been trying to define what an acid-producing bacteria 
really is.  Once the pH threshold is past, how does it react to the SRB?  A general comment on that 
is, when you look at the redox gradient, when you get down below minus 150 mV, the methane pro-
ducers dominate (this is for the acetate).  As soon as you get above minus 150 mV, the SRBs become 
dominant.  When you go above that (there are two groups, one above the other)   you then start to see 
the methane degrading.

About the electrical battery.  If you go the reverse way and put electricity in on broad, mild steel, 
and this is what we did as part of learning how to grow rusticles;  we found that we could use the 
consortium and drill through mild steel at 0.4 mm an hour.  The bacteria are obviously, radically, re-
moving the iron.  Anodes they love, cathodes they hate. Whenever we used combinations of various 
organisms in rusticles they just went straight through it.  I tend to work with communities rather than 
individual species.  You can find much of this information on my website at dbi.com.ca.
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Catalysis by Bacteria: Opportunists at Work.
A Contentious Story

Abstract

Looks at the ways catalysis can occur through the action of bacteria. With billions of 
years of evolution, bacteria have taken every opportunity to direct and optimise the 
reaction coordinate. One model is a staircase with step sizes, shapes, and direction 
such that there is piecewise control over the whole reaction.  Steps of a single size 
are appropriate; the effect of a series of reactions of smaller activation energies is 
explored; an optimal number of steps is found, with an individual step being RT. 

Specific data on Fe(II) oxidation and inoculation with ochre sludge were mined (from 
Stevenson, 1991); the data are for a controlled pH of 5.8, oxygen at 0.023atms and 
without nutrient limitations. It seems that 3 to 5 steps are involved in increasing the 
oxidation rate 3.3 to 7.6 times.  

A catalytic kinetic model involving protein as a surrogate for cells is used to fit the 
data. Two simultaneous differential equations evolve and are fitted to the initial and 
final concentrations of Fe(II) and protein.  The observed trends are incompletely fit 
by the model but the parametric values give some insight into bacterial catalysis. 
The fractional mass increase in oxidation of  Fe(II) per µg/litre of cell protein was 
around 0.7 at low protein concentrations. 

This is an adventure: just about everything I have done here has been contentious.   By no means am 
I a biologist, nor a very applied hydrologist.  Keeping that in mind, I have been teaching groundwater 
hydrology for 20 years, but teachers tend to talk about things rather than do.  While other people have 
been doing, I have been exploring and playing with mathematics.

I have two looks at some data, which, for the most part, comes from David Ralph and Judith Steven-
son who worked on this around 1990 - 95.  A little story here, because it shows the diverse linkage that 
exists.  Without knowing that David was working in this particular area, only that he had an  interest 
in bacteria, and also knowing Ralf Cord-Ruwisch was in the iron oxidation area, I went to the library 
and asked for a search on a few words.  When the printout arrived, there were two theses on the top 
of the list, honours theses from Murdoch around 1990.  As far as I know, Ralf Cord-Ruwisch didnʼt 
really know about David Ralph, or vice versa, and I certainly didnʼt know about either one, and these 
theses are fantastic bits of work.

My talk is going to look at a theory about organisms as opportunists, at populations of organisms, 
consortia of organisms.  A lot of my background is in physical chemistry, and I looked at it as a physi-
cal chemist; I really donʼt care if there are organisms there or if we need to identify any.  I am only 
saying, “What would they do?”  if we are looking at this idea thermodynamically.  Thatʼs all.  They 

Theory interlinked with Data 
   Theory      Data

 • Billion years of experience, evolution  • Ralph & Stevenson
 • Trial & Error      • Fe(II) => Fe(III)
 • Regular steps     • Sterilized oxidation
 • Predictions      • Add bore sludge

      • Oxidation rate 
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have had billions of years of evolution to work on it.  As far as I am concerned, they will get it perfect.  
I canʼt believe that some organism working by trial and error, the most effective tool for learning, 
wonʼt have gotten something right after a billion years, or close to right.  If it is possible to get it right, 
they will.  What will they do?  I put forward the hypothesis that whatever they do, they will do it in 
regular steps.

I can make some predictions of what I expect in 
terms of physico-chemistry in regard to bacteria 
and oxidation, mostly of iron, Fe(II) to Fe(III), 
but it could be almost any situation.  I have some 
data on Fe(II) to Fe(III) oxidation from Ralph 
and Stevenson.   They did an experiment on the
sterilised oxidation of Fe(II);  then they added 
some bore sludge and looked at the oxidation 
rate as enhanced by the ochre.  I donʼt know the 
reasons, but there must be some real objection 
from any scientist to bore sludge.  Itʼs nasty and 
they donʼt want to deal with it.  David seems to 
be one of the few people in the world who has 
taken a sterilised environment and added a bit of 
yuk to it.

Anything that exists in the world, chemicals, 
molecules, must exist in this environment: they 
are sitting in a well of energy and they have to 
have a dike around the outside.  If they donʼt sit 
in that well, they will fall out and become some-
thing else; they will lose their identity.  If they 
do lose their identity, they no longer exist.  In 
this simplest of models, they must live and have 
their existence in such an energy environment.  
This is just a picture, of course, of a situation of 
extreme complexity.

Further, consider the energy requirements for 
change, the ʻactivation energy  ̓ for reaction.  
Strictly speaking, this is not thermodynamic en-
ergy - this is an extra energy to get out of the 
well, to get over the dike: from the outside, to 
get inside, to change things around, make it into 
something else.  It is a requirement for extra en-
ergy, an activation energy.  We take hydrogen 
atoms and add them together; they are living in 
this well with a dike around it.  When they come 
together, there is a problem.  We have added 
both of these dikes up in terms of energy and 
now we have a double hike there in the middle 
for the atoms to get together.  We get them to-
gether eventually and they meld together and are 

back in another well with a dike.   The reaction is complete; the combining process has to go through 
an ʻadded energy  ̓or ʻactivation energy  ̓state.  The energy indicated by the green arrows is thermody-
namic energy generated or consumed during the ʻequilibrium reaction.  ̓ The atoms have to have extra 
energy to get over the hump, as shown by the white arrow..  Often, this energy is huge, independent 
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of the thermodynamic energy.

This has been described variously in history.  
Henry Erying, in the 1930s, created this Reac-
tion Coordinate.  The diagram (previous page, 
bottom) shows the ʻreaction coordinate,  ̓ the 
energy states during the reaction process.  Note 
the requirement of an extra energy in pulling the 
reactants together, the activation energy.  For the 
reaction to occur we must get over the activation 
energy hump; afterwards, we can ̒ roll downhill,  ̓
releasing energy while making products, differ-
ent compounds.  I think the best analogy might 
be with scrambling eggs.  You start out with eggs 
and they are in one form, but they are not going 
to remain in that form.  You use some energy to 
scramble the eggs, mix them up, then you fry 
them so you can eat them.  They are still eggs, 
but in a different form.  Scrambled eggs donʼt 
just happen on your plate; you have to work at it.  
The Erying Coordinate goes from here to there 
- it is all conceptual; it is not something you can 
easily plot.  It gives you a logical mechanism for getting there.

The reaction proceeds by going over this hump.  Another analogy: we are going up a mountain.  We 
will step up the mountain and down the mountain to get to the other side.  Isnʼt it a little easier to go 
up a mountain if there are steps?  Now, these wonʼt be real steps: they will be energy steps, but the 
bacteria are going to make some kind of steps.  A stepped process would be a good one.  Each little 
step is easier to do, you have more control, you wonʼt fall so easily, you can stop and rest.  You can go 
in different directions.  You can create intermediate chemicals which you can use in your metabolic 
processes.

This is one of the little things that came out of a 
biochemistry book I looked into (bottom, right)*.  
It gives you some idea of metabolic processes in 
the substrate in oxidation, free energy that you 
can use.  You can see that organisms or the bio-
chemists are thinking of steps.  There are steps in 
useful energy, free energy.

Now I will frighten you with equations.  We go through a simple computation and the simplest case 
of equal steps.  If you accept steps and that it is easiest for them to be equal - the reason I am say-
ing equal steps is that if there is one big step, and it is an energy step, it will become dominant and 

*Lester, J. N. and J. W. Burkett  Microbiology and Chemistry for Environmental Scientists and 
Engineers, 2nd Edition, Routledge, p. 167, (1988).
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difficult.  The boxes to the left show the sort of 
energy equation we are looking at.  I have writ-
ten it as enthalpy rather than free energy, but it 
can be free energy, if you like, as a logical con-
cept.  Each of the steps would divide that energy 
into n parts to make smaller energies with a final 
composition can give an optimal result, as an 
increase in the rate of reaction.

I am not going through the details, but we have 
smaller steps, all of equal energies.  ∆H is divid-
ed by n.  You add the steps up to find n, you will 
end up with an increase in the rate given by this 
equation.  It turns out there is an optimal number 
of steps. With an optimal number of steps and 
an increase in the rate when you do a reaction 
with the beasties throwing sludge, you should be 
able to apply this equation.  You can calculate 
the ∆H and the ∆G to see what the energy should 
be.  The result can be checked by measuring the 
increased reaction rate with increase in tempera-
ture.  We havenʼt done a thermal experiment, but 
we get a thermal result.  The logic is a little dif-
ficult; the picture shows the enhanced reaction 
rate and an optimal value.  The different colours 
are for different values of ∆.

The result is a reaction rate enhancement fac-
tor.  I just picked some arbitrary numbers. Two 
competing effects produce the optimum or maxi-
mum.  One is that you are lowering the energy 
for each individual step, which makes it easier; 
but there has to be a large number of steps.  Each 
step should be equal, from the logic of it,  Next, 
we  go back and recalculate, based on data; the 
data comes in, mostly from David Ralphʼs and 
Judith Stevensonʼs work.

Ralph and Stevenson did an experiment with 
inorganic reactions of Fe(II) going to Fe(III), 
measuring the reaction rate and then putting a bit 
of sludge in the reaction vessel, keeping every-
thing constant: substrate; nutrients; temperature; 
pH.  The reaction rate increases with the addition 
of sludge.  I put together a model which predicts 
the change in the iron concentration with time 
and, secondly, predicts the cell formation rate 
change.  The graphs shows a kinetic model for 
cell protein; they measured cell protein as a sur-
rogate for cells or cell mass.  The model allows 
that two things run side by side, two differential 
equations that are reasonably soluble.  They pro-
ceed to predict how the iron changes with time 

Assumptions

 •  No substrate limitations--plenty of nutrients 
 Nutrient concentrations held constant
 •  Protein concentrations are indicative of cell  
 concentrations
 •  Competition, predator/prey, and death 
 effects  are small
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and the cell protein changes with time, simul-
taneously.  And it somewhat fits the data, and 
I can go ahead and say how many steps were 
involved and what activation energy was also 
involved.

There are several arguments here.  Firstly, you 
are looking at the pressure of oxygen as an im-
portant factor.  Iron concentration is a factor.  
Any reaction has to be more or less propor-
tional to the amount of material, the probabil-
ity of finding it present.  The more material, the 
more reaction rate is possible; a general chemi-
cal principle.  Reaction rates increase with the 
amount of oxygen; we are just oxidising ferrous 
iron.  There are two possibilities of hydroxyl 
species; ions, perhaps.  If you wipe out the term 
next to the one, the equation becomes appropri-
ate for a sterile situation; the other term is for 
the activity of the bacteria.  The graphs shows 
the concentration of bacteria in terms of their 
protein.  The iron and protein interact to pro-
duce the coloured curves.  The top graph shows 
the concentration of iron as a function of time.  
The bottom graph shows the protein generated 
by the bacteria.  The bacteria are introduced at 
the start and grow.  Only the iron concentrations 
are plotted here, not the bacteria.  The iron is 
oxidising and going away as a function of time.  
The curves are drawn for different values of kp; 
kp is just a parameter, the effectiveness of the 
bacteria.  There is a hint of a twist in the curves.  
It doesnʼt fit a single value, so it is not a good 
model, but it does give an idea.

At long times, the enhanced reactivity  is bet-
ter than would be expected; a simple, first-order 
reaction rate constant, itself, is not a good fit.  
There are population effects - the bugs are more 
effective than you would expect.  The mecha-
nism is more complex, but it does work.

The lower graph shows the actual protein in-
crease.  These are similar curves to the above, 
but it was difficult to get even one value for the 
protein concentration to fit the model.  There is 
one datum for the protein existing in the bacte-
ria as a function of time.  It is not possible to say 
much with only one data point.

Fitting kp
  •  Hint of the twist in the curves
  •  Does not fit a single value
  •  At long times, conversion is larger than this 1st order 
 model
  •  Mechanism undoubtedly more complex

Protein Production
   • Integrated datum --> 1 protein measurement
  • Little statistical validity
   • suggests best value of kp is around 0.7

There is about a 70% increase in the reaction rate 
with the addition of sludge with a bacterial protein 
mass of 1 µg in a litre of solution.
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It suggests that the best value of kp is about 0.7, which means one microgram/litre of sludge in the 
experiment creates about a 70% increase in the observed rate.  One microgram of sludge protein per 
litre of solution creates a 70% increase in the oxidation rate.

In summary, bacteria are effective catalysts; the specifics and the mechanisms remain obscure.  I have 
a longer, more extensive paper on this.

--o0o--

Q:  I am curious about the 70% reaction rate increase .., pretty amazing, relating to primary bacterial 
concentration....  what concentration do you end up with ....circular argument.

A:  It is circular, but it is a good question.  In the first plot, we were plotting just the iron oxidation 
rate.  This is for a certain value of the parameter, which I believe is equivalent to about 0.4 in the kp 
that I am speaking of.  But you see it is coming down - effectively it can be in the 0.7 region.  There 
is something going on here which is self-infecting, self-inflicted, recursory, if you like.  It represents 
bacterial reproduction or new consortia forming, or something.  It is more effective with time.  This is 
why I see a problem existing.  Everyone, men, especially, have a linear mind, and when we encounter 
something which is not linear, we canʼt add it up; it is synergistic.

David Ralph: It is a problem that we donʼt have temperature     .... in terms of getting estimated protein 
in the sludge samples..... which explains the paucity of data in the area.  Your model with the steps in 
the activated complex concerns me a little bit.   I am quite comfortable with the idea that the reaction 
progress shuttles the electrons between the donor and the acceptor, takes place through a series of .....
intermediates which act as mediators. I see that more as a series of steps, each with their own activa-
tion energy rather than down through the cascade as you have put it.  .......  You seem to come up with 
a number that comes close to the number of components in the electron chain, well, what we think 
there are, and that is an unlikely juxtaposition. I am not yet comfortable with the way in which you 
are representing each of the individual steps, that is, steps up the activated complex.  I am comfortable 
with the idea that the electrons' energy up here where they are being donated, first go to a slight acti-
vation complex as they are handed to the first of the neighbours and then another activation complex 
before being handed on to the second, shuffling right through the way to oxygen.  I am not yet at the 
stage where I can marshal my arguments.

A:  I see each step as having its own little hip in it, otherwise the ʻpartially reacted reactants  ̓would 
not sit on the steps; the steps have to have a little hip, an energy well.  What you say is correct, but 
I think the difference in our opinions is that you are always thinking of going down.  The reality is, 
that doesnʼt happen.  The reality is that every time the reaction proceeds and the reactants make their 
way along the reaction coordinate, they go through a large activation energy in-between.  The large 
energy in-between is what I worry about.  An efficient mechanism would divide the energy into steps: 
that is one point.  One other point is that the chemical species can go up and down.  They might go 
up and down several times, as well.  When they do that, the most effective way is with equal-sized, 
controlled steps.

Conclusions
Arrhenius/Erying    Fe/Protein Model
• Time-tried, general   • Intermediate protein levels needed
• Equal steps optimal   • Complete data sets
• ∆G or ∆H     • High order at long times
• Optimum number    • pH, O2, and T need to be considered
• May estimate activation energy 

Bacteria are Effective Catalysts--specifics and mechanisms remain obscure!
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Ralf Cord-Ruwisch:  (several sentences, not understandable)  From a biologistʼs point of view, ...first-
order assumption, you would assume...   kinetic factor versus .....

Bill:  You are talking about a monon technique.  I disagree with that.  At low concentrations, hoping 
that everything that is happening in terms of concentration is dictated by Davidʼs experiment - itʼs 
wrong, I know - that is, he doesnʼt have a problem with limitation of substrate or anything else in his 
batches.  The chemical reaction model that is put forward is all done at low concentrations or signifi-
cantly excesses of reactants so that there is no limitation.  In fact, you are quite right, if there is any 
limitation, we would see that.  I just donʼt know.  David, do you know if you ever got to what you 
would consider high concentrations in the substrate or the protein?

David Ralph: Not in this, because our major drive was to see whether the acceleration that you get 
from the sludge could provide enough kinetic rate to precipitate the amount of junk in the area of a 
bore that was bringing them to a close inside of a couple of weeks.  The sterile background rate, ac-
cording to the information we pulled out of the literature, couldnʼt do this, so there had to be some 
form of acceleration.
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Indicators of Iron and Other Bacteria in the Field

Extended Abstract

This paper is a hydrogeochemistʼs look at the environment associated with and 
caused by iron and sulphur microbes and is not intended to be an application of 
microbial identification techniques.

Natural iron chemistry, in the shallow geosphere, is complex and made more com-
plex by introduction of bore casing which provides zero valence iron.  Iron chemis-
try is controlled principally by the redox state.  Below ground, this is usually heavily 
influenced by the presence or absence of oxygen and organic matter, and the result-
ant microbial populations. Bacteria, often in association with algae, use or affect the 
chemical speciation of iron and other metals, and are often dependent on the sulphur 
and/or carbon cycle.  Such things do not act alone and should not be interpreted 
outside their environmental setting.  The measurement and behaviour of iron, sul-
phur and carbon together with other redox-dependent species such as nitrogen and 
manganese and the behaviour of ion-exchangers help define the environment and 
thereby indicate the likely species present.  This is useful, as traditional plating and 
fluorescence techniques do not identify density and activity of microbes present in 
environments where redox changes sharply.

Baas Becking et al (1960) observed that there is virtually no environment anywhere 
at or near the surface where the pH and Eh conditions will not support some form 
of organic life.  In a modern context, with the advent of extremophiles, we would 
also add temperature.  Fairbridge (1967) concluded that there is no near surface 
environment that is not in some way modified by metabolic processes.  Biological 
transformation of material usually hastens geochemical processes.  Biomineralisa-
tion is now thought to be substantially more important than previously understood, 
with magnetotactic bacteria potentially being responsible for a significant portion of 
the deposition of ferrihydrite, magnetite and greigite, FetS4, the precursor of pyrite, 
(Frankel et al, 1983).

Until recently, it was thought that microbes did not affect the direction of any reac-
tion that results from thermodynamic constraints of the system, but merely affect 
the rate of reaction (Hem, 1961).  More recent data have allowed the same authors 
(Hem, 1992) to reassess their earlier opinions and conclude that, apart from the cat-
alytic effect speeding reactions, when the conditions are favourable thermodynami-
cally, microbes can undergo processes that contribute energy from another source 
to alter the iron status.  These reactions can be promoted by bacteria that consume 
some other substance as a source of energy.  An example is the fermentative bacteria 
acting symbiotically with sulphate reducers to reduce sulphate and in so doing, re-
ducing iron and precipitating greigite in an environment that was initially not capa-
ble of reducing iron.  Furthermore, immature magnetosomes appear to contribute 
the reactive structure that provides the energy for reactions that occur naturally, at 
much higher temperatures (Taylor and Barry (2004).  There is evidence to suggest 
that in some environments the oxidation of greigite and other monosulphides to py-
rite in a reduced environment cannot occur without microbes. 
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The magnetite and its precursor, ferrihydrite, laid down by the magnetosomal 
matrix are likely to do so by polymerisation of soluble polymeric hydroxy cations 
(Fe2(OH)2

4+ etc.) in the lipid of the immature magnetosome.  During the polymerisa-
tion process of aluminium and iron in the presence of silica and organic complexes, 
crystalline clay minerals have been observed to form (Hem and Durum, 1973), and 
Hem and Lind, 1974).  Currently the author is undertaking research to evaluate 
whether a mechanism similar to magnetosomes in microbes, but utilising alumini-
um, iron and silica may result in the precipitation of clay minerals within the cyto-
plasm.  This could explain why the clay-mineral-poor parent material of estuarine 
deposited muds and uplifted coral reefs climax, become a fertile soil, apparently 
substantially enriched in clay minerals compared with the starting material.  This 
work is being undertaken by evaluating the maturation  mechanisms that create the 
acid sulphate soil profile.

At a processing plant in far north Queensland, a pond of some 350 hectares fre-
quently records a drop in pH from 6.8 to 2.8 - 3.0 in a week.  Given the right weather 
conditions, without the outside addition of alkali, the pH rises to its former level in 
less than six weeks.  Iron response lags about a week behind pH.  The massive hy-
drogen neutralisation required to shift a body of water this size four units in pH, is 
provided microbially by respired carbon dioxide.

Alterations in dissolved carbon dioxide can be measured in the field together with 
temperature, Eh and pH. Other indicators used in the field are odour, colour and 
the appearance and texture of particles.  Colour and odour of the formation during 
drilling are also important.  Relative reductions in sulphate, nitrate and phosphate 
can be measured by comparison with a stable ion such as chloride.  The appearance 
of iron, manganese and ammonium displaces native cations from the colloids and 
alters the relative ratio of native cations here.

My talk is not just about iron bacteria, but about 
microbes that involve iron; algae and blue-green 
algae.  Along the SW coast of WA, we find algae 
blooming because of phosphate issues, dying 
and falling to the base of the shallow lagoons.  
Carbonate rich waters help bacteria to develop 
colonies with autotrophic organisms.  The green 
autotrophs fix that carbon to create simple sugars 
that cause things like Desulfovibrio to develop 
within the organic and eventually anaerobic en-
vironment.  In this, they use sulphate as an oxy-
gen source and end up laying down bisulphides, 
that then have to be dredged.  The problem be-
gan on the coast with agricultural drains installed  
in the 1880s and 1920s; it has now been exac-
erbated by the need to have ʻmodern  ̓develop-
ment right next to estuaries.   The first example 
of what I am talking about  is a filamentous iron 
bacteria-algal association.

In the second example (left), this red pond is 
about pH 1.8.  The filamentous bacteria do not 
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grow filaments, but grow monocells (the green around the pond), because of the unusual conditions.  
The pond was part of a clean-up program that was not all that successful back then.

My first degree was in  Soil Science, which in-
cluded two units of microbiology.  My second 
degree is in hydrogeology--no units of microbi-
ology.  Conclusion:  I know so little about mi-
crobiology, I donʼt realise I know nothing.  What 
I am now is a geologist.  The image to the right 
is a well I put down in 1981.  We were drill-
ing in sand, just like around here, and put in a 
fibreglass casing because we had assessed the 
groundwater as ʻaggressive.  ̓ Proper assessment 
up front can always be the best solution for the 
long life of the well.  It is my understanding that 
this well, made in 1981, is still producing even 
more water than we had expected, and it contin-
ues to supply the resort.

I am going to quickly review the iron mineralogy and geochemistry a geochemist usually knows.

Iron Mineralogy

The primary minerals are not a great concern for us; we are more concerned with the secondary 
minerals.  The secondary minerals occur in two classes; reduced and oxidative.  There is increasing 
evidence that most of them are of biogeochemical origin.

Iron Geochemistry

Ferrous iron, reduced iron, doesnʼt exist in oxygenated waters normally, so you are looking at Eh 
below +50 millivolts   It does, however, form complexes with organic matter which will keep it in an  
oxygenated environment for a long period of time.  Without this particular mechanism, life would not 
exist.  The transfer of energy to the human body, relates to transfer of oxygen by an iron complex, 
haemoglobin.

Primary Iron Minerals
Include: pyroxene, amphibols, biotite, olivine and magnetic sulphides

Formed in magma

Secondary Iron Minerals
Include two types, reduced and oxidative

 Reduced: siderite FeCO3; pyrite FeS2; marcasite FeS2; greigite Fe3S4; mackinawite FeS.

 Oxidative: magnetite Fe3O4 (does not weather with water); hematite Fe2O3; goethite;   
  FeOOH and ferrihydrite (variable formulations!).

Typically these minerals are a result of weathering, geochemical and/or biogeochemical  
reactions.
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Ferrous iron also relates to transfer of energy within the plants, and the whole photosynthesis/meta-
bolic cycle within the plant.  Conversely, from the standpoint of water and water treatment it is a pain 
in the arse; some complexes are very long and complex and can hold the ferrous iron for a long period 
of time, perhaps 10 days or more - depending on the organic matter involved.

Several sorts of chemistry are involved, which is assisted by bacteria; the chemistry produces quite 
different results in the bore than in the environment.  The first stage is oxidation.  Notice that it has 
to consume a hydrogen ion, and that is generally best done within the cell, because proton activity 
is high and conditions inappropriate.  Most ferrolysis occurs at pH neutral, and requires oxygen to 
proceed.    Just looking at it, there are two types of microbes that I work with:  biologically induced 
mineralisation where the bugs alter the environment which affects the chemistry; and biologically 
organised biomineralisation, where, within the body of the cell they precipitate the mineral, due to 
various and unusual requirements within the cell.

There are two entirely different types of precipitation occurring.  The first type produces large particle 
sizes or very variable particle size with lots of impurities.  The second type is very pure and the par-
ticles are all of nearly the same size.  What really happens is that the ferrihydrite (or iron hydroxide) 
is preferentially ejected by the iron complexes and precipitates variously and almost randomly in the 
cell.  Outside the cell, in the near environment or the water, the precipitation of Fe(III) is less encum-
bered and precipitation occurs more consistently following simpler physical chemical principles.  As 
soon as you get Fe(III) present in water as a solvated ion, it is not in its correct surrounds; it goes, “I 
canʼt survive, Iʼm in disequilibrium.” Itʼs like an 80-year-old listening to a rock band, “I hate it, get 
me out of here.”  So they leave the room (the cell) straight away.  Fe(III) says, “Give me some water!” 
and precipitates as ferrihydrite.

Iron Chemistry
Fe2+ ferrous ion, reduced iron.  Chemical does not normally exist in oxygenated environments.         
Except oxidation is considerably delayed when complexed with organic material.  This is exploit-
ed by organisms to be used as transfer of energy in life processes such as photosynthesis and 
haemoglobin.  Conversely it is extremely difficult and a major problem in water treatment.

Iron Chemistry -- Ferrolysis
Should ferrous iron be exposed to oxygen and water then it is oxidised to ferric iron. 

Fe2+ + H+ + 1/4O2  -->  Fe3+ + 1/2H2O
Reduced iron is present in groundwater usually at Eh below +50mVolts when  the pH is neutral; 
it increases as the pH lowers and the solution becomes more acidic. The reaction proceeds 
more quickly in the presence of iron microbes and is known as ferrolysis.

Biological Chemistry of Iron and Ferrolysis
There are two types of biological induced mineralisation that result in a different mode of mineral 
precipitation:

1.  Biological induced mineralisation – the microbes alter the environment resulting in extra-cel-
lular chemically precipitation.  Particles formed have no unique morphology and cover a broad 
particle range;

2.  Boundary organised biomineralisation  – where inorganic particles are grown within an organic 
matrix of a microbe.  Particles formed are small and all of the one type; 

Ferrolysis may be the result of the latter.
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Iron Minerals and Environmental Acidity

In the presence of sulphates below pH 3.5, 
jarosite precipitates: below pH 3.0, nothing 
precipitates.  Fe(II) and Fe(III) can remain in 
solution together.  The top picture shows pre-
cipitating ferrihydrite - the typical sort of slimy 
response you get at the surface during bacterial 
completion of the oxidation process.

Then, in the long term, above pH 3.5,  you get 
a fairly fine form of ferrihydrite occurring.  Fer-
rihydrite is, to all intents and purposes in the 
mining world considered to be non-crystalline.  
The nature of this amorphous mineral has only 
been agreed in the last few years.  In this in-
stance (centre picture), we are dealing with pH 
below 3,  the water has been filled with soluble 
Fe(III);  it doesnʼt have a precipitate flocculate, 
but is coloured by the dissolved iron. 

The bottom picture shows a whole series of 
minerals between pH 3.0 to 3.5.  Jarosite is 
the yellow in the back, the orangey-yellow is 
schwectmanite, a mineral only recently discov-
ered.  In typical geological systems, there is a 
whole range of different colours, depending on 
what particular mineral phase.  You can do a lot 
of identification by colour.

A brief description of the colours of iron fol-
lows.  A red-brown colour at pH higher than 3.5 
is generally goethite, and at low pH is generally 
schwectmanite.   Goethite forms in the presence 
of oxygen and low water.  Iron floc in streams 
are usually ferrihydrite.  When the stream dries 
out, the ferrihydrite converts to goethite.  When 
left for a long time, it becomes hematite, which 
in the soil is red.

The Iron Disequilibrium -- Ferrolysis
Should pH be above 3.5 ferric iron reacts with water to produce  ferric hydroxide (ferrihydrite) and 
acid

    Fe3+ + 3H2O  -->  Fe(OH)3 + 3H+

When the pH is below 3.5 and SO4
2- is present, jarosite is produced.  Later, when the pH is below 

3.0 the ferric ion stays in solution initially

Goethite from Ferrolysis
In situ in the ground,  ferrihydrite oxidises to form goethite (FeOOH) at pH above 3.5. Below 3.5 
jarosite is formed.

Goethite is distinguishable as a red-brown floc. With long time (or heat), goethite produces he-
matite (Fe2O3). In water, its oxidation is slow and the amorphous floc persists for a long time in 
streams.



Mulvey  ❖❖❖  Indicators of Iron and Other Bacteria in the Field 110

Murdoch University  11 - 14 February 2004

The example at left was seen on mine tailings  in 
which a timber railway sleeper had been burned.  
The black is charcoal remnants from the timber 
sleeper; at depth, there is the yellow matrix of 
jarosite, above is the brown of goethite, and 
where the goethite has been heated, hematite 
occurs.  A lovely little example of geochemistry 
in action.

The picture at centre left shows a situation which has 
been discharging for years and years.  The mine discharge 
has a pH of 7; notice the ferrihydrite is still reacting as it 
emerges.  The mine water is rich in Fe(II) which oxidizes 
when it discharges from the mine, causing the iron floc to 
form (ferrihydrite) during periods of low flow, and around 
the edges the ferrihydrite is altered to goethite.  Goethite 
occurs where there is more exposure to oxygen.

Ferrihydrite and Dieback

Interestingly, it is hypothesized that some of the die-
back on sandstone in Sydney is caused by the ferrihy-
drite precipitation process.  When you disturb sandstone, 
you hydrolyse ferrous iron.  With the hydrological lag of 
throughflow in these catchments, the ferrous iron comes 
out of the creeks about five years after a disturbance on 
the hill.  It then continues to bleed into creeks for years.  
After about 20 years the ferrihydrite in the stream goes 
from yellow-orange to green, because ferrihydrite scav-
enges phosphate and metals.  The scavenged phosphate 
comes from fertilisers as runoff; the algae live in the iron 
floc using the phosphate as a food source.  The algae turn 

the floc green. 
 
This is a ridge in the Hawkesbury sandstone ar-
eas in Sydney which has plenty of healthy, ma-
ture trees; but further along the ridge you can 
see the dieback.  The dieback is occurring on 
mature trees, not young trees, near areas of de-
velopment.  I believe what happened, and this 
needs more exploration, is that the acidity came 
out during the drought. When you lower the wa-
ter table, you get oxidation of Fe(II) released by 
the excavation of sandstone on the ridges, which 
causes acid water which kills the trees.  Alter-

natively, the mycorrhiza on the roots are damaged by the iron floc and are not able to provide the 
necessary nutrients to the mature trees.  It is only mature trees that have roots that are deep enough to 
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be influenced.  This particular form of dieback is yet to be explored in terms of the effect of the iron 
cycle.

Iron Minerals and Geobacteria in Acid Mine Drainage

Leaving the oxidation-reduction aside, the whole range of secondary iron minerals we have been 
discussing can be found to cause major environmental impact, that of acid sulphate soil and in mine 
drainage.  In this problem, the hydrological disturbance of the mine initiates sulphide oxidation re-
sulting in acid mine drainage and the whole reaction, the whole thing, is catalysed by bacteria.

We understand that we canʼt stop it, so we have 
to manage the environment with the bacteria as-
sociations.  When you dig up pyrite in a mine, or 
make a drain through sulphidic material, there 
will be acid effects.  One can expect that there 
is, in reality, no full solution (including poison-
ing, etc., bacteria) at the site of a drain, a cut, 
or a water well.  In this cutting (right) you can 
see jarosite, you can see the yellow colouring of 
this mineral.  The acid drainage is attacking the  
foundation of the bridge.

  

Ferrihydrite and Tree Dieback
There is a strong association between development and death of mature trees down slope.  It is 
postulated that the appearance of ferrous iron after disturbance either affects root uptake or acidi-
fies the water during drought, causing dieback of mature trees.  

 Fe2+ + H+ + 1/4O2  --> Fe3+ + 1/2H2O
 Fe3+ + 3H2O  --> Fe(OH)3 + 3H+

 Fe2+ + 5/2H2O + 1/4O2 -->  Fe(OH)3 + 2H+ 

Iron Chemistry -- Oxidation of Sulphides
When sulphide minerals are exposed to air and water, oxidation of the sulphides occurs:

  FeS2       +    31⁄2O2   +    H2 O   -->    FeSO4        +        H2 SO4 
  (pyrite) + (oxygen) + (water) --> (iron sulphate) + (sulphuric acid)

Iron produced by this reaction is further oxidised to ferric iron, ie. Fe3+.  When pH <4 pyrite is fur-
ther oxidised rapidly to

    FeS2  + 2Fe3+ --> 3Fe2+ + 2S
And catalysed by Thiobacillus ferrooxidans at low pH and Ferrobacillus ferroxidans at near neu-
tral pH.*

 *Editorʼs note  Thiobacillus ferrooxidans has been renamed Acidothiobacillus ferrooxidans.  
(See  International Journal of Systematic and Evolutionary Biology (2000) 50 , 513.)  Also, these 
bacteria will operate in different pH ranges with reduced activity and/or varied metabolisms.  See, 
for example: http://www.dep.state.pa.us/dep/deputate/miners/Districts/CMDP/chap15.html  which 
points to methods of amelioration using anionic surfactants such as sodium lauryl sulphate, SLS.
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You can also see the colouration of jarosite at 
pH 3.5 going to goethite (pH 6.0), occurring in 
the lump (left).  The reactions proceed from the 
inside, starting at the centre with pyrite, then 
proceeding to jarosite, ferrihydrite through to 
brown goethite.

This is in Tasmania (left), though not Queen-
stown.  You can see a steep, natural denuded 
slope.  Downslope we have the colours of  
jarosite and goethite precipitating on the rocks 
as a result of acid flow downslope.  As pyrite 
oxidations progress, the microbes evolve, they 
associate, and they have issues.  As an example, 
there is that algal-bacteria association which I 
have found everywhere from 1000 m elevation  
(0oC) in Tasmania in a mine all the way to dis-
charge from a mine in Queensland at 40oC (as 
shown in the photos on page 106 and in the pho-
to to the left, where the green algae is evident 
on the jarosite coated tailings..  

In this image ( right) we have water seeping out 
below the feet, oxygenated with a low pH. This 
oxygen input is what this algal-bacteria association 
means; water is coming out here and dropping out 
the iron.  The pH here is about 3.5 to 4.0.   As it 
proceeds, it is green, it is rising in pH to over 4.  I 
was particularly interested in these tailings in the 
background; the water is pH 2.  Anywhere you get 
aeration you get the association which lifts the pH 
and scavenges heavy metals.
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I would like to talk about the development of pyritic mud to acid sulphate soils via neutralised mud 
to acidic mud through to mature, neutralised soil profile. There is increasing evidence that most of 
the pyrite in sulphidic profiles is deposited by magnetotactic bacteria.  The framboids are typically 
between 2 and 5 µm and they contain platelets or microcrystals that are always universally the same 
size, which immediately suggests bacterial origins - the framboids may be formed inside the organ-
isms through boundary organised biomineralisation.

There is microscopic evidence that suggests you get multiple celled procaryote bodies of magnetotac-
tic bacteria which forms pyrites; the procaryotes come together and die, forming framboids.  There is 
still a lot of work to be done on this.

Water Body Disturbances

We recently investigated a dam over 300 hectares in size for a mining company because the dam wa-
ter went from a pH of 6 to 2 in the space of a week.  Think about the amount of acid that generated.  
It is impossible for us to pollute a waterway that quickly.  It took about 3 months for the pH to come 
back up again.  I asked if, like all mines, they put their sewage and septic system into their tailings.  
They did.  So, there was ammonium and there was phosphate and sulphates.  There was organic mat-
ter, not that it was necessarily needed, coming from the sewage as well.  I have never seen a water 
body so microbially active; it had everything you could think of.  They all bred and died and fell to 
the bottom.  The bottom was as rich in monosulphides as you could find.  There was a one-metre layer 
at the base of the dam.  This was an area where trade winds occurred every year.  Every year, after a 
certain period of storms and heavy wind, that dam would end up with sufficient mixing to promote 
bacterial activity, as shown in the diagram on the top of the next page..

Here is the dam.  Water level varies seasonally 
and with usage, as well; this is the sort of sliding 
scale we are dealing with.  Here we are looking 
towards the smelter in the back, and these are 
200 m high stacks.  So you are dealing with a 
large-scale situation.  I am not kidding when I 
say a fall of pH 6 down to 2 is a huge amount 
of acid.

Pyritic Mud to Acid Sulphate Soils
There is increasing evidence that most of the pyrite in sulphidic sediments could be deposited 
by magnetotactic bacteria in multicelled procaryote particles aggregated in deposits of framboi-
dal pyrite.  These are in the micron size range and are made up of platelets of less than 0.1µm.  
These are suggestive of boundary organised biomineralisation (inorganic particles grown within 
an organic matrix of an organism). 

Pyrite Deposition
The reason for having cellular bodies that form magnetosomes in special iron bacteria is that, 
when disturbed,  the downward component of magnetism allows microbes to migrate downward 
to more favourable conditions.  However, taking advantage of this capacity requires regularly 
large scale disturbances over prolonged time, an issue not resolved until recently.
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Now magnetotactic bacteria: the Carboniferous era had shallow seas susceptible to convection cur-
rents caused by wind.  A persistent, steady wind will not rip the bottom up.  If you put a bottom-dwell-
ing obligate, anaerobic bacteria in this system, with a magnetic iron particle built into it, you end up 
with the bugs that know when they have to dive to the bottom again.  Thus with a repeated seasonal 
cycle of trade winds it is easy to see how anaerobic organisms that have an inbuilt mechanism to go 
down would survive.

Options for Neutralization of Acid Soils

The actual neutralisation techniques that we are exploring include the possibility of neogenesis.  The 
precipitation of clay minerals removes aluminium, allowing algae to consume the acidity. Magneto-
somes could also be a possible neutralisation mechanism that would ʻconsume  ̓acid.  

Though limestone neutralisation is common and cheap now, here in Perth, consider the long term con-
sequences of putting down a limestone base as a soil remediation technique.  Steve Appleyard didnʼt 
mention that there is such a big demand on this stateʼs limestone resources that the prices for agricul-
tural lime have gone up and the farmers are screaming.  Here in the west you have a situation similar 
to that they have on the east coast: farmers versus developers versus fishermen versus everyone else.  
It is a community at war over the issues caused by draining or developing acid sulphate soils.  Just 
because you put a limestone base down which may neutralise the acidity, doesnʼt mean that the kinet-
ics are correct at the point of reaction, and preferred pathways of discharging acid could result.  

Acid Sulphate Soil - Oxidation of Sulphides
Exposure of acid sulphate soil has the same environmental response as the acid mine drainage 
only faster

FeS2       +    3½O2   +    H2O   -->   FeSO4       +        H2SO4
(pyrite) + (oxygen) + (water) --> (iron sulphate) + (sulphuric acid)

Acid is created, catalysed by iron bacteria, Thiobacillus ferrooxidans, and exported offsite.
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Also, you can oxidise acids on the site, not just 
by moving acid, but floating it out!  The location 
(right) was coated with monosulphides moved 
from the bottom of drains during floods or a big 
king tide.  When the water recedes, the mono-
sulphides are oxidised  right there on the banks,     
This is not due to acid drainage; this was black 
a few days earlier.  This is due to disturbance of 
particulate monosulphides by flood waters.

In the mines, most of the bacteria we are dealing with are very fastidious, which means they are very 
particular about their environment. Indeed, they are very hard to plate out and identify.  So I concen-
trate on characterising the environment in which they occur, and microbiologists donʼt like me very 
much.  I say the environment tells you more about the bugs than the current laboratory techniques 
used.  You control the environment using various techniques, then you control the bugs.  Identifica-
tion of the bugs is less important than identification of the environment.  I know Roy Cullimore will 
probably take me to task about this.  He comes from a different background; this shows how impor-
tant it is to be multi-disciplinary in this field.

As OM becomes available in a soil, bacterial populations bloom, and  oxygen is consumed first, then 
nitrate and sulphate and phosphate decrease in groundwater.  Iron, manganese, bicarbonate and dis-
solved CO2 initially increase.  Only initially.  So, by monitoring ionic balances  and using ratios and 
working out the sulphate decrease, there are effects seen relative to a static ion like chloride.

As degradation continues, fermentation proceeds to methanogenesis in which methane is respired 
instead of CO2.  At this point, because you are in very reduced conditions, and in the presence of 
sulphides, you must, in the presence of iron, be removing iron from solutions as a pyrite precipitate. 
So, what else happens?  Iron now decreases,  sulphate and CO2 decrease, and HS- and ammonium 
and methane increase.  What happens to sodium, calcium, potassium, magnesium?  Well, they also 
change.  Why do they change?  In the first stage, ammonium, manganese and iron are exchangers, and 
far more effective exchangers than calcium, magnesium and sodium or potassium, the less charged 
cations.  The ratio of the cations changes as you go through the cycle.  When you are at the first stage 
of fermentation to sulphide, or sulphate reduction, you will find that the ratio  of these will increase 
because of ammonium ion-manganese displacement.  When you go to the next phase, you get co-pre-
cipitation of the manganese and ammonia with iron, so these species decrease again.

Acid Sulphate Soils --  Oxidation of Sulphides
Acidity is also exported as monosulphides (greigite) during flooding. Magnetosomes donʼt help 
anaerobic bacteria survive in this instance.

In many environments, particularly OM (Organic Material) rich, groundwater chemistry has been 
altered by the microbial activity and groundwater monitoring can be a useful tool for recording the 
presence of fastidious microbes.

As OM decay occurs by fermentative bacteria, electron acceptors are consumed. 
Thus O2, NO3, SO4, PO4 decrease, While Fe, Mn, HCO3, and dissolved CO2  increase.

Fermentative bacteria excrete simple sugars which are used by S-reducing bacteria (desulfovi-
brio) to reduce sulphate, producing sulphides while other bacteria (magnetotactic?) produce 
monosulfides.
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One of the most extreme examples of organic 
matter-driven chemical reduction really comes 
from pollution because you alter the environment 
substantially.  This is a service station located 
over an estuarine creek at Coffʼs Harbour (map 
below).  Its site has been filled before construc-
tion, and underneath is all this lovely mangrove 
mud, located over a sulphate-rich area.  The up-
per half of the service station is on alluvial de-
posits and the lower half is on estuarine deposits.  
You can see it is still close to the Coffʼs Harbour 
Creek.  One clear memory I have of this site is 
the characteristic colour of the estuarine mud 
which had been permanently anaerobic.  As soon as you see grey, or gley, think ʻsulphides.  ̓ Colours 
in nature are there for a reason: use them.  Black means the presence of monosulphides.

It was interesting that benzene was a major component of the TPH in this downgradient well (BH4),  
so we had to work out why.  In the upgradient well (MW2), the whole pollution mixture had decayed, 
but the downgradient well hadnʼt.  The source was close to the upgradient well.  So then you start to 
look at the chemistry I was talking about before.  Here we have a high chloride to sulphide ratio, and 
the whole thing is in disequilibrium, which indicates a huge sink for oxygen consumption by biologi-
cal sources.  If you look further at CO2, the CO2 here is 300 ppm, and in the centre where the activity 
is, it is less than 100 ppm.  So we are dealing with a lot of biological activity at the edge and none in 
the centre of the plume.  This means that due to a lack of electron acceptors in the centre of the plume, 
bacterial growth is stymied.  We proposed to add ferrihydrite, sulphate, phosphate and nitrate; we 
couldnʼt add aggressive oxidisers because that would oxidise the pyrite, potentially releasing acid to 
the harbour.  We couldnʼt add what we usually use: we had to use a less active oxidation system. We 
measured sulphate as an indicator, and as soon as we added sulphate it was being consumed.  If you 
looked at the levels of O2, it is zero in there and increases as you go out.  The likely explanation of this 
unusual plume  some distance from the source is that the benzene and ethylbenzene are preferentially 
absorbed onto the peat at the base of the fill and the microbial communities are different.
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After addition of sulphate, iron floc and nitrate, CO2 in the centre of the plume rose to 700+ ppm be-
cause we stimulated the microbial environment: we have completely changed the microbial response.  
Analysing CO2  is a titration method that must be done at the well head.  Before any installation of 
screens or actual testing, you should titrate for CO2 , and you titrate twice.  The first time you find the 
approximate end point, and the second time you rush to the end point to get it exactly, because you 
lose CO2  so quickly.  The old rule of thumb: anything above 60 is ʻaggressive water.  ̓ That means, 
you have a problem with scale, that is, the deposits of mineral salts in pipes and pumps.  There are 
also hardness indexes, but if you havenʼt done the CO2, you are really buggered.  CO2  is about the 
most useful indicator; but unfortunately, it has to be done by titration in the field; there is no other 
accurate method available. Then you get things like manganese.  Manganese changes in the ground 
with the redox chemistry: in a reducing environment manganese has changed from the 4 state down 
to the 2 state, so you then have manganese (II) in solution; this is a more mobile species, interacting 
with iron.

There is a contaminated site just down from Dalkeith where we plotted the acid front.  pH ranges 
from 9 down through to 7, down to 6 through to pH 3.5.  That shows you the micro scale.  When you  
put this indicator across acid sulphate soil, you can have a pH 3 within a centimetre of pH 9.  We are 
dealing with microclimates.

The iron microbes are yet to be fully explored; we are only just beginning to understand the associa-
tions and the impacts of geochemistry.  There is a lot of work to be done on these associations to actu-
ally extract minerals.  This particular association (bacteria and algae) has been evaluated to biologi-
cally precipitate pure manganese dioxide since 1985, to try to extract manganese.  The microbes were 
here first.  If we want to have a productive association with them, we have to change the environment 
to suit them, or change the environment to get rid of them.  Sometimes a direct understanding of the 
microbes is important from a research point of view.  From a practitionerʼs point of view, understand-
ing environments and associations in environments and how to make changes, is more important.

--o0o--

Q: (from Roy)  You mentioned about where clays come from.  There is a growing body of evidence 
that clays are produced by microorganisms.  One standout case was a lake bed.  The  clays down there 
were dissimilar to any clays in the river bed or upstream.  The only place those clays could have come 
from was an environment which was microbiologically very rich.  

A:  This is actual PhD students trying to resolve how acid sulphate soils go from pH 3 to 7 as they 
recover from acidification after disturbance.  There is no doubt microbials climb the weathering ther-
modynamic system; rather than go the way of spontaneous chemical decomposition, they go back up.  
That would have to be microbially just because the energy is needed to be harnessed to the process to 
get back up.  I canʼt find an evolutionary reason to do it.

Roy:  Some things we do not consider is mutations in microorganisms.  Once microorganisms have  
magnetotactics, this gives them a tremendous advantage in being able to follow communications with 
other organisms, and recognise minerals.

Colin:  You are saying they actually ʻschool  ̓by magnetic alignment on the dipole, or that they could 
develop a more sophisticated transmission system.

Roy: Itʼs too early to tell much of what is ʻin there  ̓in a magnetotactic bacterium.  Letʼs reclassify 
North and South: there are cathodes and anodes.  When you look at any microbial structure, it is elec-
trically very, very active.
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Phil: A comment on that: that would explain framboids.  The evolution of framboids, the fact that they 
contain microcrystals of the right size ... and then agglomerated to form framboids.  The framboids 
only occur in 3 to 5 orientations; it is completely unexplainable without iron bacteria.

Roy: Magnesium nodules on the bottom of the ocean have a similar structure.
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Causes and History of Acidification of Wetlands on the Gnangara Mound, Perth

Abstract

Traditionally, the acidification of wetlands is associated with coastal, marsh and es-
tuarine settings where the disturbance of iron sulphide bearing sediments, termed 
acid sulphate soils (ASS) has caused major environmental problems.  

The acidification of inland freshwater lakes, such as those situated on the Gnan-
gara Mound in Perth have only recently been recognised as a problem because the 
properties, origins and distribution of inland ASS are not well understood.  Several 
wetlands on the Gnangara Mound have experienced varying levels of prolonged 
and episodic acidification.  Lake Gnangara has been permanently acidified (pH < 4) 
since 1978, and Lakes Mariginiup and Jandabup have both had short-lived acidified 
events.  The historical record of water level variation and pH in these lakes shows a 
strong link between a dry lakebed and acidification.   

My PhD study has tested the hypothesis that acidification is due to the exposure of 
iron sulphides, mainly pyrite, when the lakes dry out.  Using fossil diatoms sam-
pled from sediment sequences extracted from the lakes, and a statistically derived 
relationship between modern diatom distribution and low pH conditions, I have 
reconstructed an acidification history for these three lakes.  Radiocarbon dating of 
the sediments suggests that acidic events, similar to those experienced by the lakes 
today, occurred about 8000 years ago.  I am currently applying this acidification his-
tory to deciphering the palaeohydrology of these lakes so we can achieve sustainable 
management of the groundwater resources of the Gnangara Mound.

These are some of the results of my PhD thesis, which is near completion.  I am trying to determine 
the causes and history of acidification of three wetlands that are situated on the Gnangara Mound.  
While the causes of acidification have been relatively simple to determine experimentally, namely 
the exposure of acid sulphate soils, most of my work has been on determining the history of the 
acidification of the lakes.  What I hoped to do by 
deciphering the history was to place the current 
problems of acidification of these lakes in the 
context of geological time and the life history of 
these lakes, so that we can assess the impact that 
land-use change, the pine plantations to the east 
and groundwater extraction, has. An historical 
look may assess the magnitude of impacts from 
our activities.

Another objective of my study is to use the his-
tory to get an understanding of climate change 
in the south west of Western Australia over the 
last ten thousand years.  Because the acidifica-
tion of the lakes is linked to a dry lake bed, hence 
fluctuating water levels, and the water levels are 
maintained by groundwater, which is primarily 
maintained by rainfall, the acidification history 
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is also a tracer of rainfall or climate history.

The three lakes I am looking at are Lake Gnangara, Lake Mariginiup and Lake Jandabup, just north 
of Perth.  These lakes lie in interdunal depressions between the Bassendean dunes and the Spearwood 
dunes to the west.  Because of the geology and topography, they intercept the regional groundwater 
system, the Gnangara Mound.   They can be thought of as ʻwindows  ̓to that regional aquifer.  The 
fact is, recharge of the aquifer, pumping and land use, rainfall and climate, ultimately affect lake lev-
els.  These three lakes experience varying levels of acidification.  Lake Gnangara has been acidified 
for thirty or so years.  Lake Jandabup and Lake Mariginiup have had episodic phases, or periods of 
acidification.

This is a graph of the relationship between water levels in Lake Gnangara and pH.  The blue line is 
water levels; before the late 1960s the lakes were monitored only intermittently.  The highest peak 
shown reflects the removal of the natural vegetation in the ʻ60s, when they burned the banksia wood-

land to the east of the lake, and then planted it to 
pines.  The water levels responded dramatically.  
The up-and-down pattern shows seasonal fluc-
tuations of water levels.  Since about the 1970s 
there has been a general decline in water levels; 
this is due to the maturing of the pine plantation, 
the extraction of groundwater from the aquifer 
and also the reduced rainfall  over the past few 
decades.  The red line is monitored pH.  Once 
the decline started, there was a switch-over to 
really low pH conditions which have fluctuated 
around 4 since 1970.  In the ʻ60s, a portion of 
the lake was mined for diatomite.  The assump-
tion was that the mining and disturbance of the 
sediment exposed the iron sulphides trapped in 
the sediments, and that it was the exposure of 
the iron sulphides that caused the acidification.

The second graph is for Lake Jandabup, which 
has a similar trend with an abrupt water level 
rise in the ʻ60s when the natural vegetation was 
removed, with a similar decline in water levels 
from that time to now.  The points that indicate 
that low pH occurred when the lake levels dried 
out.  It was assumed that low pH values at Lake 
Gnangara were due to the mixing and exposure 
of iron sulphides in the sediment but Lake Jand-
abup has shown that the sediments donʼt need to 
be disturbed for acidic conditions to occur.

The third graph (bottom) is a detailed presenta-
tion of water levels and water quality in Lake 
Gnangara. The blue line shows water level fluc-
tuations.  Iron (black), nitrogen (green) and am-
monia (red) are shown as vertical sticks. There 
are real extremes of water quality going on in 
this lake, seriously affecting the biodiversity and 
productivity of the lake.  Not much lives in Lake 
Gnangara today.
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While such data is very good for letting us get a grip on what is happening in the lakes today, it 
doesnʼt really tell us what happened to the lakes in the past, in pre-European times, before we started 
monitoring water levels and looking at the water chemistry.  The crux of my thesis is to look at the 
indicators that are stored in the sediments to try to answer the historical questions.

To answer these questions, I used sediment from the lakes.  The picture shows a representative core 
from Lake Gnangara; a photo of the core and a log used to describe it.  The lithology of sediments 
from all three lakes is fairly similar, only differing in thickness.  There are two basic units in a core: an 
upper, organic-rich silt, a boundary region joined with a lower, very organic-poor, diatomite.  Within 
the organic-rich silt, there is a very distinct laminated unit: above and below that there are thinner, 
homogeneous units with no structure at all.  The surface of Lake Gnangara commonly has a lot of iron 
oxide precipitate, a sort of salt crust and typically, a very thin, wavy sort of algal mat is associated 
with these surface sediment features.  At the moment, I am looking at these laminations microscopi-
cally, to see if the features are preserved within 
the sediments.  My analysis has shown that there 
are actually very fine wavy laminations that pos-
sibly represent former algal mats.  And there are 
very thin iron oxide-type layers.  My interpreta-
tion is that this unit does represent fluctuating 
water levels, but probably water levels that were 
a little bit higher than today, because the lamina-
tions have been preserved.  The diatomite unit 
has been quite baffling.  I have dated the various 
portions of the core; the boundary between the 
organic layer and the diatomite layer in each of 
the three lakes is about 8000 years old.  So far, 
no organic material has been found in the dia-
tomite, so it probably represents some ancient 
deposition.

To determine the sulphur content of the sedi-
ment, I chose the method of Sullivan et al. 
(2000); they used the chromium reducible sul-
phur method to determine the inorganic  sulphur 
content of the soil.  My analysis shows about 
40% organic material in the sediments.  Other 
methods, using hydrogen peroxide, may over-
estimate the amount of sulphur in the sediment; 
sulphur may be tied up in organic compounds.  
I am interested in the inorganic sulphur tied up 
in iron sulphides and monosulphides.  The table 
shows the result of that analysis.  It may seem 
quite a low percentage of sulphur, but, according 
to the DEP, these levels are significantly higher 
than the action criteria for the sulphur content in 

Some Questions
What is causing the acidification?
Have the lakes acidified naturally in the past?
Can/have the lakes recovered from these events?
What does acidification history say about past hydrological and climatic conditions?
How can we use this information to manage water levels in the lake?
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acid sulphate soils, very high in acid producing potential.  On the right side, is a Scanning Electron 
Microscope image of pyrite framboids and the corresponding X-ray spectra that shows it is, in all 
likelihood, pyrite.  Those sorts of segregations are very common throughout the lower depths of the 
organic material in the cores.

My conclusion is that acid sulphate soils and exposure of iron sulphides, are the cause of the acidi-
fication of these lakes.  But what of the history of acidification?  I have used biological indicators 
sampled within the core through depth, the diatoms.  Diatoms are microscopic, unicellular algae that 
live wherever there is water.  They are very common in lakes.  They are short-lived so they respond 
rapidly to their environment, and they produce cell walls made out of silica.  That makes them very 
resistant to break-down.  When they are deposited in a sequence in a lake, they are usually preserved, 
especially in conditions ranging from neutral to very acidic.  In alkaline conditions, the silica may 
dissolve.

The pictures show some images of diatoms.  The scale bar is 10 microns.  
This particular diatom is the only diatom that lives in Lake Gnangara today.  
There are about six species of these diatoms and 80% of them are this one, 
so it is an important indicator for extremely low pH.

There are other, various types of acidophilous 
species that can tolerate very low levels of pH.  
These are another type of acidophilous diatom, 
but this particular type only likes clear, nutri-
ent-poor water.  We donʼt find this type in Lake 
Gnangara.

There are aerophilous diatoms that can with-
stand exposure to air.  You find those in Lake 
Gnangara, and these polyhalobous diatoms that 
can tolerate wide fluctuations in salinity.  When 
the water in the lake dries up, there is evapora-
tive concentration of salt; the water can become 
quite salty, and these diatoms can flourish.
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The alkaliphilous diatoms donʼt like acidic con-
ditions.  These round, planktonic diatoms prefer 
much deeper water.  

I collected three cores from the lakes and sampled down the cores at very fine increments, processed 
the samples, extracted the diatoms, counted a certain number of diatoms per interval, identified them, 
and then worked out the relative abundances of each diatom taxa.  The following diagram is a simpli-
fied biostratigraphy log of the different types of diatoms I found in the core at Lake Gnangara;  you 
could think of this as going down with depth or time.  Each of these shapes is a percentage or relative 
abundance of the diatoms.  The first group is the very acidic diatom that only lives in Lake Gnangara 
today.  The spike at the top represents the surface of the lake.  It is interesting that there are other 
spikes of that particular diatom present at depths in the sediment.  The date at the bottom of the chart 
is 8000 years.  So there have been other events in the lake, when conditions have been quite acidic.  In 
the diatomite layer, beneath the organic sediment, there is a huge increase in the planktonic diatoms, 
the round ones, that only prefer deeper waters.  I think this may be an indication of reworking in the 
sediment; a lot of the diatoms in that unit are extremely smashed up, there are lots of little bits, and it 
is mainly the small, round diatoms that have been preserved, so the big, light green blob in the chart 



McHugh   ❖❖❖  Causes and History of Acidification of Wetlands on the Gnangara Mound 124

Murdoch University  11 - 14 February 2004

is probably somewhat misleading.

There is an interest in quantifying pH change; I have done this by deriving a statistical relationship 
between known water chemistry variables and known diatoms, and quantitatively inferred pH using 
the biostratigraphy of the core to reconstruct pH.  I did this with conductivity, as well. Using that 
method, I have reconstructed the pH of Lake Gnangara over the past 8000 years and further on into 
the past.  The last graph shows us that relative pH (and probably water levels) have fluctuated in this 
lake throughout the past 8000 years.

Even though there have been periods when pH has 
been as low as 3.5 to 4, the model tends to  overes-
timate pH.  These results suggest that the impact of 
groundwater extraction and pines and other land use 
changes, has caused the most acidic conditions that 
this lake has ever experienced.  The other two lakes I 
looked at donʼt show such a severe and pronounced 
impact of European activities.  I hope to use this 
model to make some decisions about water manage-
ment: how much water should be allowed to persist 
in these lakes.

To summarise:  lithostratigraphy suggests that previ-
ous drying phases and water level fluctuations have 
occurred and this is confirmed by the diatom stra-
tigraphy and reconstruction of pH history.  At the 
moment, I am undertaking some groundwater flow 
modeling to try to determine what has caused the 
water level fluctuations over the past 8000 years.  I 
am working with the groundwater modelers at Water 
and Rivers, and manipulating parameters such as sea 

level.  We know that sea level was probably about 20 m below the present level.  I am interested to 
see how the change in that boundary condition changes flow dynamics of the Gnangara mound, and 
how that will affect water levels.  With this simulation it will also be interesting to see how rainfall 
and the rainfall distribution relate to water levels.

--o0o--

Q:  Did you look at changes of pyrite down the profile of pyrite and how they relate to your estimates 
of pH?

A:  I tried.  Because sedimentation rates were so low in those lakes, the increments of sampling and 
matching have been very difficult.  There is an indication that some of those wavy algal mats are 
composed entirely of a particular type of acidic diatom and there are pyrite distributions around those 
samplings.

Summary
 •  Geochemistry shows that acidification is caused by the oxidation of pyrite which occurs  
     when the lakes dry out.
 •  Sedimentology suggests that an extended dry period persisted in the past, as indicated by  
     diatomite.
 •  Diatom stratigraphy suggests pH conditions and hence water levels have fluctuated in the  
     recent past. 
 •  Groundwater-flow modelling will help determine the causes of water level fluctuation.
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Q:  The second part of the question is, was it possible to quantify the amount of pyrite needed to pro-
duce the acidic conditions?  This may show that the acidity isnʼt just from pyrite, because the mass 
balance isnʼt right.

A:  Iʼm not a chemist.  Still, I am sure it requires not only determining the presence of pyrite but spe-
cifically how much and what specific form, determining the neutralising capacity of the system.

Q:  I believe you quoted 30 cm of algal mat which works out to be 0.04 mm per year, which sounds 
a fairly comfortable figure, but arenʼt those laminations varves?

A:  It is an interesting possibility.  There are breaks in that core that I suspect are erosional breaks.  
Comparing the depth of the sediment at each lake, Lake Mariginiup has 2 metres of organic material 
with laminations.  That sedimentation rate is extremely low; we would expect it to be low as there 
is no surface run-off into the lake, with the only sediment that is accumulating in the lake coming 
from within the lake itself.  I feel it is probably not a continuous record, with only three comparisons  
through the thickness of sediment in the other lakes, where each system is quite similar.  The lithol-
ogy of each lake is very similar.  I have thought about that a lot, and I donʼt think the laminations are 
varves. 
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Soil Problems and Catchment Issues

Abstract
Detailed mapping of the extent of wetlands on the Swan and Scott Coastal Plain (Hill 
et al, 1996, VCSRG, 1997) and the described 50 and 200 m buffer zones of critical 
and secondary influence when used in tandem with wetland or river environmental 
protection policies, remain critically useful policy mechanisms, not only for WAʼs bi-
odiversity hot spot protection, but also for Acid Sulphate Soil problem prevention. 

Precaution and prevention of soil problems and water pollution in situ is almost 
always better and orders of magnitude cheaper than paying for distant end-of-pipe 
pollution treatment solutions. This sensible approach characterized water and drain-
age planning and leading sustainability work in water sensitive design in Western 
Australia (WA), a decade ago.
 
If WAʼs wetland and strategic drainage planning work were not currently in a state of 
neglect, and instead 1990ʼs strategic drainage planning approaches or wetland pro-
tection practices been used in a recent wetland development in Perthʼs City of Stir-
ling, it is probable that the acid sulphate pollution resulting from wetland drainage 
would not have occurred.  Instead, protection of wetland habitat and water regime 
and the diligent use of Average Annual Maximum Groundwater Levels (AAMGL) 
as a drain invert design imperative (GB Hill & Partners (1995), Evangelisti (1994), 
Rockwater (1995)), would have ensured that the wetland habitat or water regimes 
were protected, that water was kept in peat and underlying soil profiles, and that 
acid sulphate soils remained benign and as a result, that acid, nutrients and heavy 
metals are not mobilised.
 
Unfortunately State interagency focus has been redirected for many years on to the 
best remaining wetlands in Perth and on the long negotiated major wetland protec-
tion policy described in the Perth Bushplan report (Government of Western Aus-
tralia, 1998), leaving vulnerable even these 20% of the best remaining Swan Coastal 
Plain wetlands, now being cleared and drained predominantly for low cost housing 
at a rate of 10-13 % per year. 

These valuable wetlands were the focus of much of Perthʼs internationally signifi-
cant biodiversity and their loss reflects a little-discussed ecological catastrophe (Sed-
don, 1972; Bala, 1993; Hill et al, 1996).

Wetlands were described in 1990ʼs water planning as the kidneys of our catchments. 
The loss of ecological services provided by all  wetlands and the subsequent poor 
design of the drainage schemes that are subsequently placed in many of these areas, 
lowering groundwater far below AAMGL, compounds the tragedy of recent and 
past wetland habitat clearing with the likelihood of perpetual seasonal acid sulphate 
soil pollution. This does not need to happen.

When a large community is lucky enough to live in and near beautiful wetland areas it should not 
come as a surprise that some common sense rules are required to be adhered to in the interests of 
both the health and productivity of the surrounding wetland environment and protection of the com-
munity.
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For many thousands of years Perthʼs Nyungar community have followed such laws. One old Wajuk 
Nyungar law is ʻDonʼt tamper with the old manʼs beardʼ, a reverent admonishment against removing 
or damaging fringing vegetation of reeds and rushes in Perthʼs living waters (Hayden C, Pers. Comm. 
2001).

This talk was subtitled ʻTrouble in a wetland paradise: Act responsibly or be damned !  ̓ I hope you 
find the Nyungar wisdom above and the ironic Garden of Eden symbolism useful in encouraging 
more sensible water management in Perth, and making sure that we take the sensible steps to avoid 
being damned with decades of acid sulphate soil problems in our beautiful City of Wetlands.

Perspectives of the Author
My work with the Metropolitan Water Authority in Perth started in 1982, initially as a salinity and 
hydrology researcher in the eastern hills and coastal plain catchments of Perthʼs Jane, Susannah and 
Ellen Brooks. 

I welcomed an opportunity from 1986 to 1993 to join a new executive group in the Water Authority 
of Western Australia to work on a number of innovative strategic water planning projects. This work 
included regional water allocation planning, water planning for the environment, recreation, culture, 
detailed wetland mapping classification and evaluation, water sensitive urban design, sub-regional 
water resources planning, water sensitive urban design, water conservation and strategic drainage 
planning.

From 1993-1996, I worked for a period in a strategic drainage planning team providing strategic 
stormwater planning advice in the south of Perth, and coordinated subregional water resources man-
agement and strategic drainage planning in these areas.

I returned to the Water and Rivers Commissionʼs strategic water planning section to complete the 
publication of a decade of wetland Mapping Classification and Evaluation of the Swan Coastal Plain, 
Hill et al, 1996 and oversaw the editing and publishing of similar work in WA̓ s Busselton Walpole 
catchments (Pen, 1997) and the Scott Coastal Plain (V& C Semeniuk Research Goup, 1997). 

For most of the 1990s I was also working on protecting these mapped and assessed wetlands in a 
inter-government agency review of Perthʼs conservation reserves called the System 6 update and then 
Perthʼs Bushplan and Perth Bush Forever. 

For the last few years I have enjoyed being a part time staff member and PhD student at Murdoch Uni-
versity looking at diverse cultural mechanisms for the protection and sustainable use of wetlands. 

Wetland Protection, Stormwater Management and Water Planning in 2004 and considering 
Acid Sulphate Soils in Western Australia
At a soil and water management for urban development conference attended in Sydney in 1995, I 
saw the potential acid sulphate soil (PASS) mapping that was being done along the eastern Australia 
coastal plains. What immediately struck me, was the parallels with and similarities to  the 1:25 000 
scale wetland folio maps project that the Water Authority, with the Department of Environmental 
Protection, had previously published in 1993 and distributed in large folios to Local Government 

A review of causes, effects and future needs through the eyes of  a
Darling Range Salinity Researcher Strategic Drainage Planner
Strategic Water Planner   Environmental Planner
Coordinator of Wetland Inventory   Catchment Management Worker
   Wetland Protection Researcher 
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authorities. 
 
I brought the Eastern States acid sulphate soil literature back to WA from that conference and opened 
files on the subject in the Water Authority. I reflected then on what it meant to the wetland protection, 
water management, development control and strategic drainage planning advice that we were then 
giving. Our existing drainage planning approach was respectful to groundwater and wetlands and no 
drastic modification was required to our recommended best practices.
 
Unfortunately the approaches and advice given on urban water management in 2004 are now quite 
different than then and the results are not as benign.  A February 2004 situation analysis of water man-
agement in Perthʼs wetland environment, now in its third decade of drought, is presented below. 

Failure to Protect the Wetlands and Waterways and Hydrology of the South West
Evident disrespect for wetlands and waterways and hydrology of the South West
Excessive wetland loss from clearing, drainage, filling, nutrients, rising water levels and 
 salinity
Little recognition of wetlands as filters or kidneys of the catchments as an ecological service
Inadequate societal response to moderate wetland and waterway loss and to protect and 
 restore natural hydrologic processes
Wetlands Protection Culture almost non-existent and laws and enforcement inadequate
State wetland inventory and protection expertise has been lost
State suffers absence of advocacy, awareness and community support for addressing wetland   
problems 

 Failure to protect the catchments and their life support processes
Evident disrespect for catchments of the SW
Excessive catchment deterioration from clearing, salinity, drainage, nutrients, sediment and   
 acid sulphate soils
Inadequate societal response to moderate drainage on the SW coastal plains, Darling Scarp   
 and in the wheatbelt, and to work instead to restore processes, maintain the high existing 
 values from the range of beneficial uses of water in the landscape
Federal money used to promote the drainage of saline waters to lower points on landscape,   
 often wheatbelt wetlands in conservation reserves
Wetland and catchment protection laws seldom used across SW
State environmental protection and strategic water planning culture and expertise is now 
 relatively weak and ineffective
State suffers absence of advocacy, awareness and community support for addressing these   
 critical problems 

 Failure to Protect Natural Habitat and the ʻOther life  ̓of the South West
Evident disrespect for the spectacular ʻother life  ̓of the South West
Excessive vegetation and wetland clearing causing rise in groundwater
Inadequate societal response to moderate clearing and restore habitat 
Habitat protection culture and laws are not strong or being adequately enacted
State protection expertise under resourced
State suffers absence of advocacy, awareness and community support for addressing habitat   
 protection

Too much fundamentally unsustainable behaviour in WAʼs SW Catchments
Characterised by apparent alienation to natural SW environment    
Greed/ self-interest determine actions  
Tendency to betray and exploit SW environment and deny resulting problems 
Current irresponsible time of wetland destruction and drainage
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Situation Analysis February 2004
ʻBy their fruits shall you know them.  ̓ The state of monitoring of stream water quality is so abysmal 
that people do not know how bad and incomplete it is. When we cause  pollution it is quite unlikely 
that it will be monitored.  It is quite likely that there is little or no background data.  For instance, if 
we apply the question ʻAre we doing no harm?ʼ,  we see that we are doing appalling harm in Febru-
ary 2004.

Drainage of Groundwater and Wetlands on the Coastal Plain
Ten years ago - requirements for drainage inverts to be placed not below ʻAverage Annual Maxi-
mum Groundwater Level (AAMGL)..., a 1980s and 1990s good and common practice.  It protected 
groundwater in storage, wetlandʼs water regimes, and receiving waters from pollution, including 
water discharge from acid sulphate soils.
 
Reports and maps were produced and advice given which reviewed ground water levels and sug-
gested the AAMGLs required for sustainable development.  After several years of good relationships 
and collaborative work with the housing sector, the results were higher standard developments and 
protection of water in the landscape, soils and receiving water bodies and greater flood protection of 
homes on sand pads between 1.2 and 1.5 m above AAMGL 

Unfortunately, more recent developments on Perthʼs wetland areas once again reflect lower cost, 
lowering of groundwater using deep drainage of wetland areas and  ʻModifying the  AAMGLʼ!!  This 
recent 2002/2003 drainage practice will result in many cases of the discharging of pollutants from 
acid sulphate soils, loss of water for private supplies, damage to high biodiversity areas, and due to 
absence of sand pads 1.2 m above AAMGL, increased risk from flooding.

A need for better models to encourage a fundamentally more sustainable and 
positive response to these living systems

“to preserve, defend and extend” the values of wetlands, water and catchments – use of a ʻdo   
 no harm  ̓approach

to rigorously apply the ʻSo What  ̓Test to consider more thoroughly the importance and 
 veracity of information, usefulness of policy initiatives and possible consequences 
 of decisions

Are we doing no harm?
Unfortunately, we are doing appalling harm in 2004. 
We appear to have reduced our capacity to support sustainable wetland managemnt in WA
WA is now systematically destroying its priceless natural wetlands at unprecedented levels, and   
 is installing drainage systems that lower water levels, and is exposing wetland sediments to  
 air and receiving water bodies to serious ecological degradation
Our leading water-sensitive design work has also stalled
Very inappropriate wetland destruction and drainage is happening across the SW region 
 particularly on the Swan  Coastal Plains and in the Wheatbelt

Too little fundamentally sustainable attitudes in WAʼs SW Catchments
Characterised by still only starting to learn an Aboriginal sense of ʻCountryʼ
Little evidence of concern to protect ʻother life  ̓of the SW
Critical need for more advocacy and acting responsibly
Little use of laws to protect wetlands and water
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Poor use of river environmental laws
Recent use of the Swan-Canning Rivers EPP to protect the catchment from issues such as wetland 
loss and acid sulphate soils and encourage best practice environmental planning, water-sensitive de-
sign and stormwater management has been inadequate, preliminary, clumsy and unsophisticated. 
The quality of monitoring, policy analysis and use of protection laws work must be improved, given 
higher levels of resourcing and public scrutiny.

Lack of nominations for protection of SW Ag Zone Wetlands: 
Inadequate funding and resourcing mean that after many years in existence, only two of tens of thou-
sands of wetlands in the SW  Region are protected by the law called the SW Ag Zone Wetlands EPP 
from the drainage of saline water and resulting acid sulphate soils discharge in the Wheatbelt.  These 
SW Ag Zone Wetlands EPP nominations must be developed urgently to protect the catchments of 
hundreds of remaining wheatbelt wetlands, particularly those in conservation reserves from saline 
waters and acid sulphate water discharge.

The Swan Coastal Plain wetlands protection policy prepared in 1998 was never released.
Only 20% of Swan Coastal Plain wetlands remained natural or mostly natural and valuable   
 enough to attract a conservation (13%) or resource enhancement (7%) category
Publication of regional and detailed wetland inventory in WA has ceased
Recent habitat loss of Perthʼs remaining precious natural wetlands is now reported at 10-13% per  
 annum and reflects our current crisis in this area 
The release of the accompanying wetland protection policy for Perth s̓ remaining natural 
 wetlands after many years of Water Agency contribution and compromise in the Bush 
 Forever project did not happen because of intense single Agency lobbying in1998
The application of Perthʼs leading water-sensitive design work, particularly on or near the bal-
ance of degraded wetlands, was similarly undermined by the same sector of government 
Protection of homes built on wetlands in current dry period risks are no longer minimised by 
 building approximately 1.2 m above AAMGL as was systematically recommended in the   
 1990s
 The result is loss of wetland habitat, loss of good water in storage, increased risks of home   
 flooding and discharge of acid sulphate soils

Conclusion 1
Good science, 
Water and environmental planning and environmental policing are required to move us towards  
 doing less harm to the values of ʻcountry  ̓that remain. 

Conclusion 2
Wetland Inventory, 
Conservation through reserves,  
Sub Regional Water Resource Planning and
The effective use of existing and planned Environmental Protection Policies 
 are valuable initiatives that should be expanded to protect our special SW Australia 
 biodiversity hotspot and its catchments from current acid sulphate soil problems.

Conclusion 3
 Prevention and avoidance of acid sulphate soil problems is possible through good wetland   
 and water protection and management work.
This work will preserve and defend special  important values in the South West of WA and   
 save money. 
These issues are important and it is time to act.
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Discussion
Seddon (1995, p120) in  Swan Song: Reflections on Perth and Western Australia 1956-1995 recalled  
Barbara York Mainʼs (1971) Twice Trodden Land and her appreciation in this work that our land “is 
no mere passive receiver of what is dealt out to it. It can answer back as the rocks do in The Scapegoat 
or as the Land does in The Betrayal: He had betrayed the land for silver - but the silver was ground 
gone salt.”

Unfortunately it has become clear we are witnessing another betrayal of the land, with the recent 
drainage of water from wetlands, which is the real cause of acid sulphate soils. 

It is important that the proposed policies for acid sulphate soils actually address the cause of this very 
important problem with an appropriate response for when and how development should proceed, on 
or near, natural or cleared wetlands.
 
The failure to recognise and protect water regimes and AAMGL and to use 1.2 to 1.5 m fill above this 
level is a key failing of current practice leading to acid sulphate soil discharge. 

Placing drainage inverts not below AAMGL and requiring house sand pads normally 1.2 to 1.5 m 
above this level on all development on degraded wetlands to reduce risks of property flooding was a 
precautionary approach developed in Perth and used in the 1980ʼs and 1990ʼs, initially as a response 
to understandings about nutrient mobilization described in research in the Peel Harvey catchment, 
but also as a sustainable urban water management practice for allowing development and maintain-
ing Perthʼs wetland habitat, water balance and water quality (Cargeeg et al., 1987, Tan & Loh, 1989, 
Metropolitan Drainage Review Project Steering Committee, 1992, Evangelisti & Associates, 1994). 

This work was supported in key areas such as Perthʼs North East and South East corridors with sub 
regional reports which included indicative estimates of AAMGL (GB Hill, 1995; Rockwater, 1995).

It is time that these precautionary best water management practices and in particular the wetland and 
river protection policies were used to protect properties and wetland values, and to ensure drainage 
maintains groundwater at not below Average Annual Maximum Groundwater Levels (AAMGL). 

These activities need to be revitalized, well resourced and used strategically again to protect wetland 
ecological services, to protect groundwater and prevent acid sulphate soils becoming a problem to all 
the life that depends on our receiving water bodies. 

** Post Script
In July 2004, the Western Australian Government released vegetation clearance regulations that will 
protect 15% of the best remaining wetlands on the Swan Coastal Plain, and wetlands of the Scott 
Coastal Plain, and wheat belt wetlands of the Busselton Walpole catchments.
 
They also released a draft of the long awaited Swan Coastal Plain Wetlands Environmental Protection 
Policy, and a proposed framework for managing acid sulphate soils. The timing of these policies may 
allow consideration of complementary policy responses for relatively natural and cleared wetlands 
which may be very valuable in prevention of acid sulphate soils in the future.
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Development of Techniques for the Analysis of Acid Sulphate Soils

Abstract
The significance of  acid sulfate soils (ASS) in the eastern states of Australia has 
been known for some time.  The significance of ASS in Western Australia has only 
been appreciated more recently.  Recent instances of problems associated with ASS 
in  Stirling, Ashfield and the Mandurah region have brought the ASS problem to the 
attention of the scientific community, the public and the media. 

The economic impacts of poorly managed ASS are substantial. ASS impacts threat-
en land utilisation and the provision of basic infrastructure far beyond the areas 
currently identified.  It has been estimated (QDPI) that the direct costs associated 
with current ASS problem areas in Australia may exceed $10 billion.  A better un-
derstanding of the extent, and therefore appropriate management of potential ASS 
areas will minimise this cost. 

The Chemistry Centre has a long history of assessment of environmental samples.  
This has included a considerable amount of work with government and industry 
on the problems associated with Acid Mine Drainage (AMD), acidification of ag-
ricultural areas, metal contamination of the environment and related surface and 
groundwater issues. 

The Chemistry Centre has worked with researchers in the field to develop tech-
niques to measure ASS along national guidelines but with particular relevance to 
Western Australian conditions.   This has led to an increased capacity to assess ASS 
in Western Australia and increased understanding of the ASS problem.  While the 
acceptance of assessment techniques has been an important step forward, a signifi-
cant amount of work remains to be carried out.  This includes studies of techniques 
to measure the kinetics of ASS, a more holistic view of treatment options and greater 
collaboration between key researchers.

My talk fits in nicely with that of the previous speaker (Sandie McHugh) and I will be speaking about 
some of the tools that can assist these studies.  The techniques are evolving.  It is fair to say that we 
are oversimplifying what is really quite a complex system.  Part of that is driven by the regulators; 
they want a number defined as ʻgood  ̓or ʻbad,  ̓too simplistic a view to work in actual practice.

My interest in acid sulphate soils relates back to an interesting little anecdote where we were ap-
proached by some people in Collie who had been using Lake Stockton, an old mine void which is now 
a freshwater lake, for recreational purposes.  They found that their eyes were occasionally stinging.  
What sparked me to action was that their aluminium dinghy, which had been used one week end, had 
holes in it on the following weekend, as a result of the water sitting in it over the week.  Some of the 
sumps surrounding the lake had pH as low as 2.5.  The lake looks beautiful, because all the aluminium 
has flocced everything out; beautiful clear water, very picturesque, but not a nice place to swim.

What are acid sulfate soils (ASS)
The common name given to naturally occurring soil and sediments containing iron sulphides 
(commonly FeS2).
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What are acid sulphate soils?  An oversimplifi-
cation is to say that it is iron pyrites in the soil.  
Pyrites may usually be a large portion of the acid 
sulphate component, but other species can con-
tribute.  ASS are naturally-occurring.  At left is 
a schematic that presents what is expected in a 
mangrove situation (source: Queensland DPI).  
You need water containing sulphur, organic ma-
terial, bacteria and a source of iron.  
        

I think it is rather cute that the term ʼframboid  ̓
comes from the French for ʻraspberryʼ; you can 
see why in this picture (left).
 
For pyrites we need sulphur, an oxygen-free or 
reducing condition and some form of energy 
input.  The energy input is through bacterial ac-
tivity via rotting organic matter.  Some sort of 
input and output for the system, and that can be 
tidal or seasonal variations.  A source of iron, 
which is so abundant in a lot of WA soils, and 
temperatures greater than 10oC.  These condi-
tions are so prevalent in the Australian situation; 
the problem is likely to be quite widespread.  
And it is.

The acid sulphate soils that are most prevalent 
were probably formed about 10,000 years ago, 

which, in a geological sense, is not too different from 8000, in the example Sandie discussed.  They 
commonly occur in coastal wetlands where marine muds can form.  While it is relevant to say that 
some of them were formed some time ago, they are still being formed now.  You can see in the Man-
durah-Peel region a living history of what is going to be a growing area of acid sulphate soils.

When acid sulphate soils are exposed to air (i.e. no longer in a anaerobic nor reducing environment), 
the process of formation is somewhat reversed; the iron sulphides in the soil react with oxygen and 
water to produce a variety of iron compounds and sulphuric acid. Initially a chemical reaction, the proc-
ess is accelerated by bacteria.  A simplified chemical equation summarises the oxidation process in 
acid sulphate soils. From relatively small volumes of pyrites you can get quite large volumes of acid.  
Pyrite is not the only villain; compounds such as jarosite, KFe3(SO4)2(OH)6 ,which is an intermediary 
to acidity problems, can be  produced.

 It is also important to know that the acid is not the only part of the problem, which is a multi-pronged, 
or medusa type problem.  Aluminium mobilised at low pH is phytotoxic; it makes the water look 

4FeS2   +   15O2   +   14H2O     -->   4Fe(OH)3  +   8SO4
2-   +    16H+

 
pyrite  oxygen (air)     water      ferric hydroxide           sulphuric acid
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pretty because it drops all the sediment out of it.  The problem is exacerbated as the generated acid 
reacts with clay present in the soil, resulting in the release of soluble forms of aluminium (Al) which 
can then move into groundwater, drains and water bodies.  The acid can also solubilise manganese 
and other heavy metals (as in Stirling and Balcatta), resulting in a toxic brew being released into the 
environment.  Exposure of the acid sulphate soils as a result of housing development resulted in a 
lowering of the pH in the surrounding waters, which freed up naturally-occurring arsenic.

The presence of acid sulphate soils in WA has been known for almost 100 years.  The acid sulphate 
soil problem was highlighted in 1983 in the Ashfield region, but people are in a state of denial.  
ʻThatʼs an eastern states problem--let those guys worry about it.  Our situation in the west is differ-
ent.  ̓  That sort of attitude has done a disservice to the scientific community in Western Australia, 
because you donʼt solve problems by denying they exist.  You go out and measure and see if they 
do.  It has become quite apparent that we do have acid sulphate soils.  It is also fair to say we donʼt 
understand  the true extent of the problem.

The mix of potential sulphur compounds is quite varied.  It is an interesting process to look at the 
difference between acid sulphate soil formation and gypsum deposit formation.  Potentially, it may 
be possible to force the equilibrium in a different direction, but that is another story altogether.  It is 
important to say that not all of these sulphur compounds will result in acid sulphate soils.  One of the 
very early techniques used to determine if there was likely to be an acid sulphate soil problem, was 
to look at a total sulphur analysis; very cheap, very quick, but it doesnʼt really tell you a great deal.  
You can have high amounts of sulphate compounds in your soil and no acid sulphate problem, but 
you could well have a potential problem, depending on what the species are.

The significance of acid sulphate soils: they are a real problem and will not go away if we ignore 
them.  ASS impacts threatens land development and the provision of basic infrastructure beyond the 
areas currently identified.  It has been estimated (QDPI, 2003) that the direct costs associated with 
current ASS problems in Australia may exceed $10 billion.  This figure would surprise many people.  
It is not only an environmental problem, it has real impact on social issues as well.  The sugar cane 
industry in Queensland has a problem to convince their politicians to allow development and irriga-
tion in areas that are potentially prone to acid sulphate soils.  There is an impact on infrastructure; 
there are bridges that have had to be pulled down and remade as a result of acid sulphate damage to 
concrete.

Some of our work in acid sulphate soils evolved from the mining industry.  At the Chemistry Centre 
we do a lot of work associated with mining rehabilitation.  Many of the techniques we have developed 
are suited to acid mine drainage, which has a lot of similarity to ASS, but problems are evenmore 
gross.  A lot of mineral deposits exploit sulphide ores in which the sulphide content is very high.

Other sulphur compounds
organic compounds
readily soluble sulphates (eg Na, K, Mg)
sparingly soluble sulphates (eg gypsum)
nearly insoluble sulphates (eg jarosite, natrojarosite)
disulphide minerals
monosulphide minerals
elemental sulphur

Known areas of occurrence in WA
•  SW between Perth and Busselton
•  Estuarine, floodplain and wetlands
•  NW, Pilbara and Kimberley
•  Scott River Plain
•  Wheatbelt (where land salinisation has occurred).
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Salinity is not necessarily as ancient 
as the acid sulphate issue. If you look 
at the first two dot points, the message 
you should take home is that these 
are areas where the greatest popula-
tion lives.  The southwest between 
Perth and Busselton is a pretty big 
piece of the state, and is also the high-
est population density. It is a problem 
that is going to affect a large part of 
the population of Western Australia.  
This map was taken from the Western 
Australian Planning Commission Bul-
letin, which is an excellent document 
to look at for some background in acid 
sulphate soils.  It tries to present a rela-
tively logical, simplified argument to 
what is a pretty complex problem, and 
does a pretty good job.  Everything in 
red is considered as an acid sulphate 
soil; anything in orange has quite high 
potential for acid sulphate soils.  This 
map highlights the problem around 
Woodmans Point through to Hillarys.  
If a developer wants to undertake any 
development which involves excava-
tion or drainage in any of the coloured 

areas, it is necessary for them to get prior planning approval.

In terms of field testing, one of the problems associated with acid sulphate soil chemistry is that as 
soon as you disturb the acid sulphate soil, you start processes in motion which change the nature of 
what you are trying to measure.  One way of combatting that issue is to try to do as much as you can 
in the field.  You limit the exposure, you limit the amount of time, and you do as much testing as you 
can.  This is not always practical.  You can do things like measure the texture of the soil, and this is 
important information.  You can measure the pH and you can also do a  peroxide pH.  With the per-
oxide pH you are measuring the pH of a soil suspension after you force the oxidation of the sulphide 
material by putting peroxide in it.  The field tests give you a bit of a handle on what, potentially, is 
going to happen.  They are robust, rough and ready.

In the field, you have to try to preserve the sample in its natural state as much as you can.  You avoid 
exposure to air; typically the examples are taken by a drill rig which extracts the core material in a 
plastic sleeve which is capped and potentially kept under an inert atmosphere.  You try to prevent 
oxidation as much as possible.  You keep it cold and generate the chain of custody.  We want to know 
where the sample has come from!  We want to make sure that what we get in the lab is what you think 
you sent in.  As recently as yesterday, we had some samples come in where not all the samples were 
received.  The person submitting them got home and realised he had left one sample on the seat of his 

Field Considerations

Avoid exposure to air
Avoid moisture loss
Keep cold (<4oC)
Chain of custody
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car.  We can only give you an analysis if you give us the samples.

In terms of the laboratory sample handling, it needs to be delivered quickly; the more it sits around, 
the more it is changing.  The second point is something which I didnʼt fully understand when the sug-
gested protocols came through.  They are oven-dried in an oven at 80oC for 48 hours.  My thinking 
originally, was that if you have material which is pretty sandy, you can dry it at 80o for a much shorter 
time, which would seem to make sense if time of exposure is an issue.  But the more biologically 
inclined scientists tell me that part of the rationale for that is that you try to knock off the bacteria that 
are in there.  You canʼt heat it too much or you increase rate of oxidation of the material.  You canʼt 
heat it for too short a period while you still have active bacteria.  I certainly encourage any debate on 
that issue.  (See comment at end by Roy.)

Seal the sample; freeze it on site or at least refrigerate it on site.  Once we prepare the sample, a drying 
and grinding process, we put the sample under an inert atmosphere, most commonly, argon.

The tools for doing assessments of acid sulphate soils are taken from the Acid Sulfate Soils Labo-
ratory Methods Guidelines manual, Method Code 23 – SPOCAS (Suspension Peroxide Oxidation 
Combined Acidity and Sulphate), which is currently in the final draft, as of August, 2003.  It has 
been unofficially adopted as the Australian standard.  It is a useful document, put together largely by 
researchers in Queensland and New South Wales.  The SPOCAS (Suspension Peroxide Oxidation 
Combined Acidity and Sulphate)  method is a standardised set of procedures useful in assessing the 
environmental impact of soils suspected of containing pyrite and other iron sulphides which might lead 
to an acid sulphate soil problem if disturbed.  SPOCAS is a multi-step procedure.  ʻMulti-step  ̓tends to 
be equated with ʻmulti-dollarsʼ; it isnʼt a quick or cheap technique. The biggest component of these 
sorts of tests is labour.

We start off by doing a potassium chloride extraction which effectively takes the non-sulphidic sul-
phur out of the sample and allows us to measure the titratable acidity.  It is interesting to point out 
that potassium chloride-extractable sulphur is used agronomically for bio-available sulphur for plant 
growth.  The procedure tries to mimic what is environmentally available.

Sample Handling (laboratory)

Delivered within 24hr
Oven dried 80-85oC, 48 hrs
Sealed sample (inert atmosphere)
Freeze

Test Procedures
Step 1: Determination of Potassium Chloride Extractable Sulphur (SKCl %) and Total  
   Actual Acidity (TAA)

The extraction with potassium chloride is used to determine soluble and absorbed sulphur 
(non-sulphidic sulphur) and the titratable actual acidity of the sample (TAA). 

The pH, acidity, and sulphur content of the resultant solution are reported as pHKCl, TAAKCl, 
and SKCl respectively.

Step 2: Determination of the Peroxide Oxidation Sulphur (SP%), and  Titratable 
  Peroxide Acidity (TPA)

This step involves oxidation of the sample with hydrogen peroxide to produce maximum 
acidity from any reduced sulphidic material.  The sulphur content (SP%), the Titratable Perox-
ide Acidity (TPA), and pH (pHox) of the oxidised solution are determined. SP% will include 
the soluble, absorbed, and sulphide, sulphur species.
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The peroxide oxidation sulphur and titratable peroxide acidity are separate analyses involving a hy-
drogen peroxide solution; you try to force the oxidation as much as you can, and you end up with 
measures which are used to assess acid sulphate soil.

You get the impression that each step is adding time to the analysis and also cost; I will come back to 
that.  We are now doing a hydrochloric acid extraction of the sample after the digestion with perox-
ide; it is a related test, not a separate one like the previous one.  One starts to follow a decision tree 
approach: if your sample is less than pH 4.5 on one test, you donʼt necessarily have to go through the 
next test; a few pieces of the jigsaw puzzle start to come together.

  
The acid neutralising capacity is an optional test, but it can be useful.  There are some instances where 
you get acid sulphate soils which contain high pyrites, but by their nature, they also contain shell ma-
terial--one can neutralise the other, so it is necessary to look at the problem more holistically.

Peroxide Oxidisable Sulphur is a measure taken empirically from Steps 1 and 2; once again there is 
interaction.  Up to that point there has been enough empirical data to comply with legislation.

The acid-base accounting approach is a little bit out of favour; it came from acid mine drainage situ-
ations.  SPOCAS really contains all the information that you would get in an acid base accounting.  
Once again, it is trying to get a handle on whether there is any inherent neutralisation within the soil 
itself.

Step 4:   Determination of the Acid Neutralising Capacity (if applicable)
This determination is optional depending on the peroxide solution pH.
If the solution pH after the peroxide step is >6.5, the material may have an acid neutralisation 
capacity.

Step 5:   Peroxide Oxidisable Sulphur (SPOS)
This step involves calculating the differences between the extracts from Step 2 and Step 1.  
The peroxide oxidisable sulphur is used to predict the potential acid risk from non-oxidised 
sulfur compounds. 
Peroxide oxidisable sulphur:

 SPOS = ( SP – SKCl )%

Acid Base Accounting (ABA)
The acid base accounting is used to predict net acidity from the oxidation of sulphidic 
material. The SPOCAS method is in essence a self contained ABA.

In soils that are self-neutralising (ie TPA=0), then the HCl titration step in SPOCAS allows 
calculation of the excess acid neutralising capacity (ANCE)

Step 3:   Determination of Residual Acid Soluble Sulphur (SRAS)
Existing acidity in acid sulphate soils includes ʻactual  ̓acidity as total actual acidity (TAA) 
and ʻretained  ̓acidity (acidity stored in largely insoluble iron and aluminium sulphate 
minerals). A dilute HCl extraction performed on the washed soil residue after peroxide 
digestion will give the residual acid soluble sulphur (SRAS ). For soil samples with pHKCl<4.5 
the SRAS must be determined.
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What do all these numbers mean, and how do we apply them?  If you are a developer, you might say, 
“How do we manipulate these numbers so we can go ahead and do what we want?”  This is a cynical 
approach, but probably true in a lot of instances.  On that particular point, there are a number of ways 
in which acid sulphate soils can be managed.  It has been heartening to hear some of the Queensland 
researchers, particularly Col Ahem, that the best way to manage an acid sulphate soil is to avoid it; it 
is not doing any damage where it is, it is a naturally occurring thing.  The only damage that is going 
to be done is if you start disturbing it.  If you can leave it where it is, do your development around it, 
well and good.  Once the genie is out of the box, it is difficult, and therefore expensive, to try to fix 
it.  It is also difficult in the sense that you can put a band-aid on the problem today, but the problem 
will still be manifesting itself in 10, 20, 50 years down the track.  So, if you can, leave it be, but that 
seems too hard for many people.

The point I make here is that there is no one single method, including SPOCAS, that will provide all 
the answers to the complex chemistry involved in reactions of acid sulphate soils.  People, by their 
very nature, want a yes or no answer.  They want it black or white, when the only answer is a shade 
of grey.  Results from SPOCAS test procedures will provide guidance to identification of potential 
ASS issues, but still has failings.

The chromium reducible sulphur technique is separate from SPOCAS.  Developers like it; it is a much 
cheaper analysis, just one stage.  The SPOCAS technique tends to overestimate potential acidity by 
looking at sulphur compounds which may not be contributing to the overall acidity, such as organic 
sulphur compounds.  SCR avoids reacting with organic matter and gypsum.  It is not a new technique, 
it goes back to 1978, but it is a new tool that is being used.  It is based on the conversion of reduced 
inorganic sulphur, pyrite materials, by hot, acidic chromium chloride solution.  I have apprehensions 
when I ask people to carry out SCR analysis because it evolves the pretty nasty H2S,  and also uses 
potentially carcinogenic chromium compounds.  It might be cheap, it might be quick, but if you are 
trying to look at the whole picture, it lacks the information supplied by the SPOCAS method.  This 
information is very useful in dealing with the problem.  The current SPOCAS method is less likely to 
overestimate potential acidity than the earlier method.

I hope I have been able to illustrate a brief overview of some of the techniques used to assess acid 
sulphate soils.  I have basically compressed what is really a two-day workshop.  The other point is 
that motivation for the tests is two-fold.  One is the need to get a handle on what is happening in a real 
situation, the other is to produce a cost-effective procedure.  We can offer you a Rolls Royce service 
at a Rolls Royce price, but a lot of people are not willing to cough up, particularly when you are look-
ing at relatively large areas.

The other issue that is going to come to the fore, and I am hoping that this forum will get into some 
of the debate, is to get some sort of predictions of what is potentially going to happen.  All of the tests 
that are done up to the present are very much forced to an end-point.  While it is useful information, 
it is not really telling you how long it takes to get to that end-point.  If you are going to manage acid 
sulphate soils, you need that information.  You want to know if you are likely to get one big slug of 
acid coming through, and if you will need a management practice to deal with it, or if you will have 
to be dealing with an acidifying environment fifty years down the track.  These two extremes require 
quite different management techniques.

Chromium Reducible Sulphur (SCR Method)
Largely employed to overcome an overestimation of potential acidity from the SPOCAS 
method.  The SCR does not measure the acidity ʻcontribution  ̓that occurs from the SPOCAS 
estimation as a result of species such as organic matter and gypsum (Zhabina and Volkov, 
1978).

Based on the conversion of reduced inorganic sulphur to H2S by hot acidic CrCl2 solution.
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That brings us to the point where we develop some form of kinetic test, not finally assessing an end-
point potential but how long it takes to get to that end-point.  There are difficulties with time-depend-
ent effects.  The box summarises the parameters involved; a whole range of parameters come into 
play.

The temperature of the samples is not going to be the same as the temperature when you assess it in 
the laboratory.  Rainfall events come into play.  The porosity of the soil has an effect on kinetics.  The 
supply of oxygen, wetting and drying cycles, the current pH, hydraulic conductivity....  The oversim-
plification of the problem in terms of the soil mineralogy; it is not just pyrites you are dealing with, it 
is not just jarosite.  It is a combination of a large number of chemical and mineral forms.  One of the 
earlier speakers today discussed a bacterial problem where there is a population of different bacteria.  
You are not just dealing with one species.  Similarly, in a chemical sense, you are not trying to deal 
with one problem.  A chemistʼs life would be much easier if he could go out into the field and get pure 
reagents coming from the ground.

There is the bacterial interaction, there is self-neutralisation, and there are the reaction by-products; 
these can be particularly important.  Occasionally there are iron hydroxides that can coat the pyrite 
material, effectively passivating the surface.  One point about these pyrite ʻraspberries  ̓is that they 
have huge surface areas; the surface reactivity is huge.  It is not a smooth sphere, but has huge con-
volutions. 
 
The problem we have in addressing this in the laboratory is that as soon as the samples come out of 
the ground, all the variables change.  With the sample in the laboratory, we are not measuring some-
thing that is representative of what is in the field.  Coming to grips with that is difficult.  The only real 
way of using the kinetic pathway approach is to look at in situ testing, where you set up a reaction 
chamber in the field, in the soil.  But, you come up against the economics problem.  What develop-
ers want is a quick and cheap test they can  use on hundreds of samples to get a good picture of what 
is there.  We are still coming to grips with the limited-minded approach and may be able to draw on 
some other experiences in terms of trying to understand the kinetics.  Sometimes the approach to that 
is to look at which variables can be forced to be constant, and therefore, manipulate the others.

I think there is still some work to be done on the national acceptance of the guidelines.  We would 
certainly be keen to see some changes to make the laboratory work more practical.  I donʼt think it is 
disrespectful to say that some of the work to date has been great, but I donʼt think it translates well 
into the situation which is carried out in the laboratory.  There is also future work to be done on the 
Planning Bulletin and the DoE Guidelines.  The Planning Bulletin might be a very valuable docu-
ment, but it is a work in progress.  Those red and orange areas on the map are still subject to change.  
The Department of the Environment is currently undertaking a lot of work to ground-truth identified 
areas to see if the problem is as extensive or more extensive than the indications.

temperature          soil texture (clay content)
rainfall           soil mineralogy
porosity           organic content
oxygen supply          sulphide content (amount and size)
wetting and drying cycle extent and durations      bacterial population
current pH          self-neutralisation (e.g. shell content)
hydraulic conductivity         reaction by-products (especially coatings) 
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Q:  Have the red and orange mappings been done for the area between Harvey and Busselton?  There 
are bits around Bunbury where readings for manganese, aluminium, iron etc. are just off the top of 
the map.  And, has anyone looked at the situation for alpha emitters?  Especially around Capel, there 
are some very high levels.

A:  In terms of your original question, the red and orange areas on the map, I should have mentioned 
that this classification was based on geosurvey data.  They know that acid sulphate soils occur in par-
ticular geological areas.  It is very much a desktop study.  What they are doing now is ground-truthing 
this analysis.  The study will take about 3 years and $600,000.

Q:  (inaudible, about the association between hydrology, ASS, mangroves)

A:  The mapping they have done is based on ʻbest guess  ̓and hydrology.  Part of the aim of the Plan-
ning Bulletin is to publish maps and also to say to developers that they need to have an acid sulphate 
soil management plan, approved by the Department if they wish to carry out certain types of excava-
tion and development, and also if they are doing dewatering.  The other thing that is a potential can of 
worms is that legislation is going through, looking at contaminated sites.  Acid sulphate soils are con-
tained in that legislation.  This potentially brings problems, not just for developers, but also land hold-
ers.  (Comment from Colin: there is a Guideline on their website, and the legislation is through.)

Q:  I worry about the arsenic......our lack of knowledge.....isnʼt it possible it had something to do with 
things that happened a long time ago? 

Roy:  When you have a massive system developing, so far as nitrates are concerned, they have some 
ability to buffer pH, the encrustations are a good example of where you get a system that is now sta-
ble. It is only stable while the system exists; it is unstable in the sense that it could break down at any 
time.  Within the stable crust, the pH can remain high, the microbes can still carry on their functions 
which could include the production of arsenic; it could be a big part of that.  But I would say if you 
now have a surge of acidic conditions, then the crust breaks down.  The biomass underneath is torn to 
the point where it breaks down, and lots of different metals could be released.  The prime concern is 
what  pH change occurs at the same time these other things are happening.

Bill:  Looking at it from the standpoint of a chromatograph, and the eventuality of things happening 
in response to something quite removed from anything we are presently doing, maybe just digging a 
hole....

Colin: You are thinking that the advancing wave of acid will elutriate a whole sequence of varying 
toxicities.  

Bill: We are seeing the arsenic now; it might come from some industry, but I think it is more likely 
something natural.  Maybe it is a result of people drying up lakes in 1900.
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Peter: I think the other message there is that we are working in a very dynamic situation, and any 
simplification has to be qualified by an understanding of what you are taking out of the equation to 
get a handle on what is happening.  The further you get away from the real situation in measurement, 
you have fuzzy figures.  If you try to say something like “this reaction causes this result,” in isolation, 
things start to fall apart, because nothing in that situation is happening in isolation.  It is a dynamic 
environment, and any one change you make can set off a domino effect of other changes.

Bill:  My real concern is that we tend to look at the symptoms and analyse the symptoms and talk 
about the symptoms and invent techniques like SPOCAS, and forget entirely about the cause.

Roy:  I would like to make a point about this.  You mentioned chain of custody, which is becoming a 
very big factor in regulations.  Itʼs a big headache.  I think it is a very good thing but it is a headache 
in that you have to make sure that everyone is following that same sample, because there are litigation 
risks.  You also said the idea was taking the laboratory and putting it right there in the soil.  I think in 
the next 10 or 20 years, that is going to be a major initiative.  In fact, we changed the mission state-
ment of our company: taking the laboratory to the sample, not the sample to the laboratory.  You are 
going to go up against laboratories that are not going to like this; quite the reverse.  Putting a labora-
tory in the field involves a simpler set of concepts.  There is going to be a lower level of precision.  
You can, however, eliminate some from the need for a laboratory investigation.  We are negotiating 
with a geotech institute in Chicago where, if the test we use for the sulphur-reducing bacteria triggers a 
positive, then the complete analysis can be done.  We are not in a condition to do complete analyses.

About the 80 to 85oC:  you are going to lose, on average, two orders of magnitudes of population.  
They will be severely stressed.  If you leave them for 48 hours, it is long enough for some of those 
organisms to possibly start to adapt, so you are going to get a biased sample.  The other thing, you 
used a temperature above 10oC.  In the sulphur work we are doing now, this minimum temperature 
is being treated like gospel. Where the hell did it come from? 10oC from a microbiological viewpoint 
is a very bad temperature to choose.  You would be better off to use either: the 13 to 15oC range, as-
suming there is no biological activity when it is cold; or you have to go down to 5 or 6oC.  I have a 
headache in Canada now because in some textbooks it states that if it is below 14oC nothing happens.  
Your regulator has to be driven by accurate information.  10oC made me very nervous.

Peter McCafferty:  I would welcome your thought on an unrelated subject.  We are going to get access 
to a gamma irradiation unit: can that be used to sterilise samples?

Roy:  Gamma radiation screws the bugs up.  You heard about Deinococcus earlier on.  That is a classic 
because it was growing in a surge pond with nuclear waste all around it.  We do not know what the 
sensitivity of most microbes is.  We make naive assumptions that they are, say, ten times or a hundred 
times more resistant.  You ask about microwaves: I think the heat that the microwaves generate have 
an effect on the organisms, even bacterial spores, which still have moisture inside,  So microwaves 
can be pretty efficient.  The problem with microwaves is the risk of sudden explosions, so I am ner-
vous about suggesting microwaves.
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Acid, Arsenic, Rust and Red Slime

Abstract
Acid sulphate soils are naturally occurring soils that contain significant amounts of 
iron sulphide minerals, predominantly as the mineral pyrite.  The disturbance of 
these soils and oxidation of sulphide mineral by drainage, dewatering or soil excava-
tion can cause significant environmental and economic impacts including:
 
•fish kills and loss of biodiversity in wetlands and waterways;
•contamination of groundwater resources by acid, arsenic, heavy metals and other 
     contaminants; 
•loss of agricultural productivity, and;
•corrosion of concrete and steel infrastructure by acidic soil and water.  

Limited chemical data suggest that the lowering of the water table by urban drains 
constructed in acid sulphate soils in the Perth metropolitan region is causing sul-
phide minerals to oxidise, and that the export of iron monosulphide black oozes and 
dissolved aluminium in drains is a significant source of water quality problems in the 
Swan-Canning Estuary.

In some areas on the Swan Coastal Plain near Perth, shallow groundwater is becom-
ing acidic due to a combination of increasing groundwater abstraction and a pro-
longed period of low rainfall.  Groundwater acidity near the crest of the Gnangara 
Mound is reducing aquatic biodiversity in wetlands, and in some areas has killed 
garden plants irrigated with groundwater with a low pH (as low as 2.4) and high dis-
solved aluminium concentrations (as high as 230 mg/L).  Acidic groundwater com-
monly contains high concentrations of arsenic (up to 7300 µg/L), and there is a risk 
that people using shallow groundwater for drinking water in semi-rural areas near 
Perth could be exposed to health problems caused by high arsenic concentrations in 
drinking water.

I want to talk about what acid sulphate soils are, and why we should be worried about them, and why 
we need to manage them actively.  It is an issue that the rest of Australia has been dealing with for the 
last ten years.  WA has had an on-going state of denial that it isnʼt a problem here.  Every CEO and 
every government agency that has gone across to Canberra has said, “Itʼs not a problem in WA.”  But 
in actual fact, the issue was first discovered in Australia in WA  on the south coast in 1917.  It was 
described in 1917 as a problem caused by the oxidation of pyrites in soils due to the lowering of the 
water table and excavation of the soils.  The government geologist of the day said you  had to either 
lime-treat or raise the water table again.  If you put all that stuff into modern English and put it in a 
pamphlet, it is exactly the same thing you would say today.  Basically, we are reinventing the wheel, 
and we like to forget what we did 10 or 20 years ago.

Essentially, ASS are soils or sediments that form under waterlogged conditions.  They contain lots of 
sulphide minerals, predominantly pyrites; not the nice chunky pyrites you see in igneous and meta-
morphic rocks with nice big brassy crystals.  This stuff is microcrystalline, framboids, little tiny rasp-
berry-shaped clusters of crystals, which might be only 1 or 2 microns across.  Because these crystals 
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are tiny and have a huge surface area to mass ratio, they are incredibly reactive.  They mostly occur in 
coastal areas, predominantly in very low-lying coastal areas which were under the sea, or have been 
under water since the last ice age, and they are harmless. If you leave them where they are, they are 
not going to hurt anyone.  They have been sitting there quite happily for thousands of years.  The only 
problem is, those areas along the coast are now prime real estate, and there is incredible development 
pressure on those areas to start draining, excavating, building houses, making canal estates, marinas 
and the like.  This is where all the problems start.  We havenʼt had many problems up until now be-
cause, generally, most of the development that happened up till now has been in nice, dry sandy areas.  
Now, the urban development pressure is such that we are moving into these wet, soggy bits.

When this stuff is excavated or drained, we expose the pyrite to the air and start generating a whole 
series of oxidatiion reactions which release sulphuric acid, which in turn leaches metals and arsenic 
from soils, and we get all sort of ancilliary environmental problems.

This map was drawn by people in a pub one 
day with texta colours and a map of Australia.  
Essentially, where acid sulphate soils occur is 
anywhere less than 5 m above sea level, very 
low-lying, estuarine areas, especially along the 
east coast, associated with mangrove areas.  
The mangrove model has been pushed for the 
last 10 or 15 years, which is another reason why 
we havenʼt really taken the issue seriously in 
WA, because there arenʼt many mangroves in 
the south west of WA.  But we have exactly the 
same problem in low-lying coastal areas here.

The areas we are most concerned with are on 
the Swan coastal plain, where about 80% of 
the population of the state live.  Estuaries are 
very popular urban development targets at the 
moment.  In fact, where these areas have been 
drained, we are getting colossal amounts of 
iron in the drainage water going into the estu-
aries.  We are actually regrowing new pyrites 
in the estuaries as a sort of black goop.  This is 
causing more problems, because people like to 
get their flash boats into canal estates, and they 
need to get the black goop out to keep the wa-
ter level down.  They have been dumping it on 
the sides of estuaries and creating more acidity.  
They are creating iron stockpiles on the sides 
of estuaries.

More importantly for us, we are seeing groundwater-related pyritic materials forming in WA which is 
quite different from the rest of Australia.  The cut-off of 5 metres above sea level, which applies on the 
eastern seaboard, really doesnʼt apply here because we have problems right to the top of the Gnangara 
Mound, about 70 m above sea level.  Potentially, we have a much bigger problem because of impacts 
on our groundwater.  Especially with arsenic: arsenic is the big concern for us.

Go back to our coastal model and consider the conditions we need to form lots of pyrites.  A low-tem-
perature sedimentary environment needs an on-going supply of sulphur; seawater sulphate is the big-
gest reservoir.  We need nice, anaerobic, oxygen-free conditions.  We need still, quiet water. We want 
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an on-going supply of organic matter; near-shore estuarine conditions where there is lots of coastal 
vegetation dropping gunk into the estuary.  And we need a little bit of tidal flushing just to remove the 
bicarbonate which is a reaction product of the formation of pyrite.  If there is too much bicarbonate 
in the system, it will neutralise the reaction and stop it from happening.  And we need an on-going 
source of iron.  This is why colossal amounts donʼt form off shore, because there isnʼt enough iron.  
The ferriginous material could be dust from the continental interior, or material washed in streams, 
which contains a lot of iron.  With these conditions and ingredients and sulphate reducing bacteria, 
pyrite is produced as a sort of waste product.  The problem is caused by the reaction of pyrite with air.  
Essentially, we have one molecule of pyrite produces 4 protons.  We get a lot of acidity for our buck, 
in terms of this material oxidising.

Unfortunately, the reactions arenʼt very straightforward.  There is not a nice, neat, straightforward 
process like this, but a rogueʼs gallery of reaction products we have to be worried about.  A byproduct 
of the first stage oxidation of pyrite is a lot of soluble metals in the soil profile, especially aluminium.  
Aluminium is the real killer; aluminium and aquatic environments just donʼt mix.  Anything with gills 
is very sensitive to aluminium toxicity.  Aluminium is also incredibly phytotoxic to plants.  Another 
thing of concern is arsenic which is locked up in the crystal lattice of the pyrite.  We are getting colos-
sal concentrations of arsenic in Stirling in the pyrites; levels of arsenic in groundwater in a couple of 
places are five times the amount they are worried about in Bangladesh.  Really quite hefty amounts 
of arsenic.

The other one which is underrated is selenium; it  really hasnʼt been looked at in much detail.  Se-
lenium is very similar to sulphur in its chemistry, and substitutes for sulphur in the crystal lattice.  
Selenium is incredibly toxic to wildlife because of its bioaccumulation capacity, especially in birds.  
Being at the top of the food chain, eggs and embryos of birds can really get zapped by high levels of 
selenium.  ʻHigh levels of selenium  ̓is only 5 parts per billion, causing environmental problems.

The other beastie we get in the soil profile is jarosite, 
an iron-aluminium sulphate mineral, which is an-
other form of stored acidity.  It sits there waiting for 
rainfall or other water to flush it through.  We also 
get lots of iron-oxyhydroxide minerals in an aero-
bic environment.  In an anaerobic environment, the 
process tries to reverse itself, and starts forming the 
black goopy things called iron monosulphide black 
oozes, which are a precursor to the formation of py-
rite.  It is a dynamic geochemical process, a natural 
geochemical process: all we have done is speed it 
up by a few orders of magnitude.

When I talk about acid sulphate soils, I am really talking about the whole soil profile.  Below the 
water table there is material that hasnʼt reacted yet.  In the terminology that has grown up in Austra-
lia, we call these potential acid sulphate soils.  A better term would be ʻsulphidic  ̓materials.   This 
is the black goopy stuff.  On the east coast it is clays, mostly; on the west coast, it is mainly silt and 

Reaction of pyrite with air (caused by drainage, digging)

FeS2    +   15/4O2   +
    7/2H2O  --> Fe(OH)3  + 2SO4

2-  + 4H+

pyrite  +  oxygen  +  water   --> iron (aq)  +  sulphuric acid (aq)

The term ʻacid sulphate soils  ̓(ASS) may include both: 
Actual acid sulphate soils (AASS), and 
Potential acid sulphate soils (PASS)



Appleyard  ❖❖❖  Acid, Arsenic, Rust and Red-Slime 150

Murdoch University  11 - 14 February 2004

sand.   The grey colour is due to large amounts 
of pyrites in the mixture.  The picture is of ex-
posure at Yunderup, south of Perth.  You can see 
the grey; the yellow mineral just above the water 
level is some jarosite forming.   A real tell-tale 
sign that you have a problem is when you start 
seeing this bright yellow stuff, jarosite, a potas-
sium-sodium-iron-aluminium sulphate.  That co-
lour and mineral only forms at pH less than 3.5.  
You donʼt necessarily have to have jarosite pres-
ent, but it is the most clear indicator that there is 
a problem.

This is what the soil profile often looks like (cen-
tre left).  There is a grey goop below the water 
table and lots of jarosite, often in the soil profile 
above the water table, and a few iron mottles.  
The actual acid sulphate soil is at the top, and at 
the bottom is potential acid sulphate soil.  You 
often donʼt see the jarosite; just a grey goop with 
lots of iron mottles in it.

When water leaches through the soil profile and 
discharges into the environment the result is 
acid mine drainage.  This is the Yunderup ca-
nal estate with a nice little stream wandering 
through the suburban estate, but you could be 
on a mine site anywhere.  The water is pH 2.5, 
full of iron, full of aluminium.  It is very acidic, 
with jarosite on the surface.  Nothing will grow 
there.  There wonʼt be any termite problems.  It 
is not a good place to live.  These are all resi-
dential blocks ready to be sold.  There is a major 
problem.  God knows what that house is built 
on.  There have been cases in Canada, in Que-
bec, where houses were built on pyrite mate-
rial.  After about 10 years because of expansion 
due to the oxidation of pyrite, the cement slabs 
cracked and the government inherited huge li-
abilities for maintenance and repair.  Thatʼs the 
problem with this issue of awareness: because 
it is a residential development, it couldnʼt pos-
sibly be acid mine drainage!

Aluminium is leached out of clay minerals by 
the acidity.  Quite often when excavation is be-
low the water table and the water is extremely 
acid, you will see this wonderful turquoise blue 
colour, which is due to very fine aluminium floc.  
Because the pH is so low, most of it is sitting on 
the bottom as a jelly-like material.  The pH of 
this pond is 2.5 to 3.  You will also see lots of 
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alum-like salts on the surface, aluminium sulphates and magnesium sulphates and  a whole bunch of 
different sulphate minerals; a sort of mineralogistʼs dream.

This is the black goop, iron monosulphide black 
ooze sitting on top of an acid-burned area on top  
of the Leschenault Inlet. It is stable at the surface 
because it is growing beneath a cyanobacterial 
mat.  It is protected from a direct exposure to the 
air.  This is a seasonal thing; these scalded areas 
go jet black in winter, then it oxidises and the acid 
is released and mobilised and moves in summer.  
This stuff actually grows in a matter of days at the 
bottom of drains and you get black, slimy, oily-
looking goop.  It looks like it should be organic, 
but most is actually sulphide.

Why should we be worried about it?  Because it is going to cost us lots of money if we donʼt manage 
it properly.  Environment Australia reckons there is probably about 10 billion dollars worth of liability 
sitting out there in terms of potential impacts on urban infrastructure, agricultural land and fisheries.  
There are very large reductions of productivity for agriculture with large amounts of soluble alumini-
um in the soil profile; aluminium and crops donʼt really mix.  The real driver in the whole process are 
fisheries.  This stuff knocks out juvenile fish breeding grounds.  The fishing industry is lobbying very 
hard to get a national strategy on the board to manage this issue.  At one stage there was almost civil 
war between sugar cane farmers in Queensland and the fishing industry.  The fishermenʼs livelihood 
is being hard hit by the amount of acid killing their fishery.
Looking down at the microlevel of management, Queensland reckons they spend about 190 million 
dollars a year managing this issue, basically trying to fix up the problems that have already been 
caused, and then trying to manage new development to make sure we donʼt create the same problems 
again.

It hits local government very hard.  For example, when you have a stormwater drainage system that 
has a design life of 100 years, and you have to replace your drains every 5 to 10 years, there is a big 
problem.  The Shire of Tweed has spent $4.5 million dollars replacing their stormwater drainage 
system.  Aquaculture is a problem; shellfish are sitting in the direct path of acid discharge and there 
are huge problems with productivity loss.  Even our little problem in Stirling has cost the developers 
about $25 million to manage, so far.  It is not a trivial issue at all.

Economic Impacts

•  Potential impacts on $10 billion urban, agriculture development
•  Urban – effects on infrastructure, increased development costs
•  Agriculture – greatly reduced productivity, high costs of drainage, remediation
•  Fisheries – major impacts on fisheries oyster production on eastern seaboard

Economic Costs of Management

•  Overall annual management costs, Qld = $189 million
•  Shire of Tweed, NSW = $4.5 million to replace stormwater drains
•  Oyster production, NSW = $2 million per year
•  Management of problems in City of Stirling = $25 million so far
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This is what is happening to this stormwater 
drain; it is disappearing before your very eyes 
(top, left).  

Here is a bridge pylon being chomped out (sec-
ond from top).  A bridge in Kakadu National Park 
collapsed a couple of years ago when the pylons 
eroded right through.

Bitumen wonʼt stick to acidic road base very well 
(second from bottom).  There is a problem with 
the bitumen constantly lifting, another infrastruc-
ture maintenance cost for councils from acid sul-
phate soils.

This is an acid scald on agricultural land (bottom, 
left).  They look a bit like salt scalds, but when 
you measure the pH, it is very low; these are acid 
sulphate effects.
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The other issue is that lots of iron is being discharged into estuaries through groundwater and surface 
drainage.  Then the process starts to reverse because now we have the iron and the sulphate in the 
water, and where there are very eutrophic estuaries, like the Peel-Harvey estuary, there is any amount 
of organic matter to react with; iron monosulphide starts forming, which then recrystallises to form 
pyrite again.  We just complete the cycle, and then we go and dig it up and chuck it on the side of the 
estuary, and it acidifies again and leaches acid back into the estuary.  It is going to cost the shire of 
Yunderup a pretty penny to rehabilitate, because now it becomes a contaminated site if not managed 
properly.  If you dig into the dredge spoil, you can see the pyritic black goop with bits of jarosite.  
This stuff starts off as really gelatinous, but by the time it is completely cooked and lost its organic 
carbon and sulphides, there is no structure left.  It looks like mine waste, a structure-less, aluminium-
rich gunk.

From an environmental point of view, there are big problems.  Fish are killed in a number of ways.  
Deoxygenation is one of them, because when lots of iron and aluminium discharge into waterways, 
hydrolysis reactions take place which suck the oxygen out of the water.  The monosulphide black 
ooze itself has a very high chemical oxygen demand; it can deoxygenate a water profile around it for 
tens of metres within minutes, as fast as a fish can swim.  The aluminium destroys and damages  fish 
gills, so even if there was a full saturation of oxygen, the fish would still be suffocated.

This, in turn, causes loss of biodiversity, particularly of macroinvertabrates, tiny animals, things that 
people donʼt really care about.  The whole ecosystem on the wetlands of the Gnangara Mound is sim-
plifying, as the water table drops and the lakes 
acidify.  

This is the nasty disease called ʻRed Spot Dis-
ease,  ̓or epizootic ulcerative syndrome.  Accord-
ing to Fisheries WA it is caused by something 
else; but according to the rest of Australia it is 
caused by the mucous membranes of the skin of 
the fish being stripped by the acid water, then 
secondary fungal infections come in, causing 
massive sores.  Even if the fish are still healthy 
and swimming around, no one is going to eat fish 
like that, so it is a major problem for the fishing 
industry.

From a human health point of view, the only thing 
that lives in water with a pH of 2.5 are mosquito 
larvae.  Everything else is killed.  If you are wor-
ried about Ross River Virus and the like, we re-
ally do need to manage this issue.

There are particular algae that grow at low pH, 
and most of those cause severe dermatitis.  The 
heavy metals and arsenic in the water supply are 

Environmental Impacts

•  Fish kills, reduced fish spawning, ulcerative fish diseases
•  Loss of biodiversity – especially macroinvertebrates
•  Loss of riparian vegetation
•  Causes – Al toxicity, low pH, deoxygenation by iron, sunburn, increased water 
 temperature, gill damage by acid,  flocs
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a critical concern.  This particular nasty algae grows in areas where there is lots of iron discharging.  
Its main outbreak areas are Moreton Bay in Queensland and the Peel-Harvey Estuary here.  This 
causes great problems with dermatitis and septic ulcers.  Wading around in pH 2.5 water does hor-
rible things to peopleʼs skins.  A child with chickenpox went for a swim in a lake of pH 2.5 and leaped 
straight out again.  That is about the same pH as lemon juice.

When the water table is lowered, whether due to low rainfall or heavy extraction or drainage, the oxi-
dation and acidification appears both above and below the water table - with oxygen enriched water 
and water movement - the shire of Stirling is getting high levels of arsenic as a result of that.  The 
biggest impact is probably on groundwater-dependent wetlands which use water near the water table 
with the acidity and contamination.

This is an area of Stirling where, sometime in the past, a certain water utility dumped a pile of dirt 
near the NE corner of the park (shown as greenish-brown.  See the red contours).  Over a period of 
10 or 15 years, there is now an invasive plume extending about 800 m through those wetlands which 
are pH 2.5, and affecting the bores down-gradient; acidic groundwater with high levels of arsenic.  
Every single one of those houses has a bore.  What I am saying is that, for us, a very small disturbance 
potentially can cause a massive problem.  There are a lot of people out there queuing up for legal help 
- to sue.

Effects on Groundwater

•  Acidification at the water table- low pH, high Fe, Al
•  High heavy metal levels
•  High Arsenic levels
•  Potential health effects
•  Impact on Groundwater-dependent wetlands
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What are we going to do about it?  There is actually a national strategy for dealing with it and we have 
tried to get a state strategy up and out for public discussion, which basically mirrors the measures in 
the national strategy.  There are pretty common sensible things to do.  First, we need to know where 
the stuff is; it canʼt be managed without information.  We are currently in the process of starting risk 
mapping with soil mapping and drilling programs, especially across the Swan coastal plains, to create 
risk maps for future development.

A second measure, and a main control, is in the planning process.  If we can avoid disturbance, we 
should; itʼs much easier to avoid building on top of this stuff.  It doesnʼt mean you donʼt do develop-
ments; it may mean you replan developments.  In particular areas, if you have identified ʻhot spots,  ̓
and the acid sulphate soils are usually ʻspotty  ̓and of limited extent, you put public open space or 
whatever on that area housing somewhere else.  We need to think around the acid sulphate problem 
rather than just have one development strategy which fits all landscapes, as we have at the moment.  
There is but one model that the developers have and they just plonk it wherever they go, without even 
thinking about what is underneath.

If we have to disturb this stuff, it has to be disturbed ̒ mindfully.  ̓ We really need to know what is there 
before we do anything, particularly with our pyritic sands, because these will oxidise within about 4 
or 5 hours.  You really need to know what you are doing before you start digging this stuff; you canʼt 
just dig it out and then think, “Oh, I better do something with that,” two or three weeks later.  Thatʼs 
too late.  There are guidelines on our website.

The other part of the strategy is to clean up the mess that we have already, and education, training, 
and getting out there and getting the message across that this is an issue we have to manage.  We can 
develop, but we really do have to manage it, and not ignore it like we have for the last 80 years.

Risk mapping is underway.  The Planning Bulletin is in place now that says that in these areas you 
have to at least do a preliminary assessment to find out if there is a problem or not, before starting 
development.  That is a major step forward to keep new developments under control.  The bigger 
problems are managing historical situations and groundwater usage; we still have to gain control.  In 
some areas we donʼt want huge drawdown cones; we have yet to work out where those areas are.

In conclusion, yes, they do have significant environmental and economic potential health impacts.  
We really do need to know where the stuff is before we can manage it.  And it is only going to get 
worse because everybody wants to live by the sea at the moment, and the development pressure is 
such that we canʼt ignore the problem.  To finish on a positive: it is not a fatal issue.  It can be man-
aged.  But if you are going to develop in these areas, you put your real cost of development right up 
front, and not have the local government, taxpayers and ratepayers picking up  the on-going man-

Progress

•  Risk mapping is underway
•  Planning Bulletin is in place – moving towards a policy
•  “Hands on” training workshops are being carried out for community groups

Proposed Management Structure -State Strategy

1. Identify distribution of ASS (mapping program)
2. Avoid disturbance wherever possible (planning measures)
3. Manage disturbance (BMPs for soil management)
4. Rehabilitate affected areas
5. Awareness, education, training
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agement costs forever.  It is usual for development to occur, then the developers disappear and leave 
a mess for someone else to deal with.

--o0o--

Q: What are the measured levels of arsenic at Stirling in borewater: there is a suggestion that gold is 
present in these waters?

A:  Up to 8 mg arsenic per litre.  Thatʼs right, we should be going to extract gold from this water as 
well.

Q:  You showed an example where there was a hot spot from sulphidic waste near a park: what hap-
pened there?

A:  When they made that park there was a lot of peaty soil.  I think some infrastructure was dug up in 
the path; they needed extra fill so they brought in some soil for that corner, just that one area, a few 
tens of metres.

Q:  Does the arsenic  come from natural sources, or from agricultural sources?  Have you looked at 
trace elements?

A:  John Angeloni did his thesis looking at this stuff.  Trace element measurements and a mass bal-
ance can match all the arsenic to the pyrite; you donʼt need another source.  We estimated levels in the 
soil of 250 to 300 ppm, and the actual level was 320; nice, linear correlations between the sulphur, the 
arsenic, the iron and everything - it all fits together.  You do an EDS spectrum of each pyrite framboid 
and you get the same message.  You couldnʼt get that much arsenic from a horticultural source.

Q:  (inaudible)

A:  No, below the water table the sulphides are sitting there, basically inert in an anaerobic environ-
ment.  Things do grow there, waterlogged, wetland type of vegetation.  As far as they are concerned, 
the arsenic is not easily bio-available; everything is locked away nicely in the pyrite crystals.  It is 
just not a problem.

The Good News

 •  Acid sulphate soils CAN be managed, but we need to change how we do some things
 •  New development CAN go ahead in areas with acid sulphate soils
 •  Life DOES continue in areas with acid sulphate soils – affected country shires in Qld and NSW
 have been managing the issue without ill-effect for 10 years
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Abstract 

An early analysis of data for Acid Sulphate Soil ASS detection uses field based meas-
urements of pH and laboratory based measurements of Cl/SO4  and SPOCAS at 
Ashfield, Western Australia.   Statistically, no test is outstanding and the tests are not 
necessarily the same.   Field pH testing is inexpensive and worth doing but statisti-
cally Field pH and Cl/SO4 are insignificantly related (P = 0.045)  Fisherʼs Exact Test.  
Cl/SO4 testing rarely gives a negative result.   When the Field pH gives a negative 
result, Cl/SO4 is unlikely to confirm it.   Field pH and SPOCAS are significantly re-
lated (P = 0.022, Fisherʼs Exact Test);  large numbers of positive and negative results 
lend power to this statement.   It is particularly concerning that when the Field pH 
and Cl/SO4 agree,  the SPOCAS only gives a positive result 68% of the time, a figure 
not statistically different to 50%.   The follow-up suggests numerical readjustments 
of the cutoff for the tests and the protocol for ASS in Western Australia,  in the shape 
of a decision tree.

The Problem 

Acid sulphate soils, ASS, are soil-like strata with significant amounts of sulphides which, when 
oxidised in the presence of water, produce sulphuric acid.  ASS may be of recent or ancient geological 
origin and are usually associated with marine or wetland deposits from the anaerobic metabolism of 
iron and sulphur bacteria.  On exposure to the atmosphere or oxygenated water, acidity in associated 
water and soils may approach a pH of 2 and is harmful in its own right but such acidity also corrodes 
and erodes steel and concrete structures as well as mobilising heavy metals, arsenic, and the aluminium 
in clays.  At risk are activities which expose the layers, including canal developments along the coast 
near present or ancient waterbodies where the water table is close to the surface.  There are many 
types of acid sulphate soils*:

1) Ancient or coastal regions with the groundwater < 5 m above sea level;

2) Wetland areas, particularly those filled in or with groundwater < 2 m below the   
   ground surface;  

 3) Industrial sites which have imported sulfphidic materials, perhaps mined pyrites in 
piles;

4) Paleowetlands, which may contain sulphides deep in the profile, perhaps deeper than  
   10 m. 

Note that most of the original wetlands in Perth have been filled and contain significant amounts of peat 
and organic material which must contain sulphur from the constitution of the original proteins.  Also, 
the clay material, mostly spoil from the Darling Scarp and the Yilgarn Craton and lateritic profiles is 
heavily laden with iron.  This means that the normal situation in swales with the dune system would 
 * From ASS Workshop, 2003 and Fitzpatrick et al. (2002)

‡ Paper not presented at ISBW because of time constraints.  Comments by reviewers at end.
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create ASS strata but also one expects a significant amount of acidity from oxidation of the peaty 
organic materials. 

Nonetheless, much of the Swan Coastal Plain is underlain by layering of marine sediments from its 
recent geological past.  Such layers may be close to the surface or deep, perhaps more than 10 m 
below the surface.  The development in East Perth exhibits effects from the very recent past, only 
a metre or two below the surface.  Deep excavations as are made for freeways and the Northbridge 
tunnel may well be affected even though they are removed from the coast. 

The situation in regard to ASS in Western Australia is now being defined, in terms of severity and 
extent. Scientifically it is unclear how the measurements should be made and it is unclear how they 
should be interpreted. Generally the techniques used in eastern Australia are not necessarily right for 
the conditions in the West. Here we attempt to assess the tests and the protocol involved in a special 
series of tests set up by the Department of Environment in 2002 and 2003.

Specifically, there have been continuing investigations of pollution in borewater, surface waters and 
soils in Ashfield (Kellenberger, 1998) which identified industrial sources with associated, mobilised 
heavy metals.  In 2002, arsenic, heavy metals and acidity were found in borewater near several homes 
on the south side of the industrial park bordering Ashfield, Bassendean and Bayswater.  A sampling 
regime was set up that involved the drilling of a number of monitoring/sampling bores across and 
along the regional groundwater flow.  In terms of sample coverage, the sampling effort is a small 
part of the whole region.  This, of course depends on the local variability or consistency from its 
geological past and alterations by man.  Nonetheless the sampling, including private bores and drains, 
would cover an area around 1% of the total and might represent, perhaps 10% of the whole.  It is 
known that ASS tend to be in ʻhot spots  ̓and the sampling that was done actually tried to pinpoint the 
hot spots, based on earlier information and history, the perceived risk and the geology. 
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Soil Samples 

Soil samples were collected through the profile to depths of about 10m. A total of 270 samples were 
screened for pH in the field at 22 sites.  The samples were collected in 600mm-long, clear plastic 
tubes with a hydraulic rig (above).  The sampling protocol and chain of custody follows advice from 
the Queensland Guidelines (Ahern et al., 1998).  The soil was logged for its colour, texture and 
fibre content; a small portion of each sample was immediately removed from the tubes for field 
investigation and the tubes were capped.  The remaining soil samples were stored in a styrofoam box 
in ice and delivered to the laboratory within 24 hours where the samples were frozen until oven dried 
at 85oC for 48 hours.  If monosulphides were suspected, the samples were submitted without delay 
and frozen until further analysis.  Some water samples were also collected, from groundwater during 
the drilling operation, from monitoring wells and backyard bores as well as drains but the results are 
not reported here 

Field pH Testing 

 The guidelines do not allow that these field analyses substitute for laboratory analysis, but they are 
considered a useful additional tool.  The Field pH uses two separate measurements of pH to make 
an assessment as to whether the sample is an Actual Acid Sulphate Soil, AASS, or Potential Acid 
Sulphate Soil, PASS.   Measurements were made on the 1:5 soil:water paste or a saturated soil SS 
paste.   One aliquot is mixed with water and the pH is measured as pHf;  another aliquot is mixed 
with a 30% hydrogen peroxide solution and, after reaction, the pH remeasured: the pHfox value.  The 
intent is to oxidise reduced forms of sulphur and pyrites.  The intensity of the oxidation by peroxide 
is qualitatively assessed as low, medium or high where low signifies only a notable reaction and high, 
a near-to-violent reaction.  The Queensland regulations suggest that tests be conducted on the time 
required for the oxidation reaction to be completed by monitoring the change in pH.  In the sandy 
soils encountered, a time period of 10 minutes was found to be sufficient (Loos, 2003). 

A combination of three factors is used; (a) the strength of the reaction, (b) pHfox–pHf > 1 and (c) pHfox 
< 3.  The judgement is that, if (b) applies, the material may be PASS.  The greater the difference in 
pH values, the more indicative of PASS and a positive result.   If  pHfoxis less than 3 following (c) and 
there is a substantial reaction as in (a) and (b), there is a strong case for PASS.  A pHfox of 3-4  requires 
further laboratory testing to confirm the presence of sulphides.  A low pHf and pHfox would indicate 
that the material is simply acid or AASS, but does not rule out PASS.  That is because the sample may 
simply react slowly or contain carbonate or basic material that would be able to neutralise the acid 
formed during oxidation.  Low values of pHfox may be due to the production of organic acids without 
the presence of reduced forms of sulphur.  Sands with a low sulphur analysis (<.03 % S -- as on the 
Swan Coastal Plain) are a particular problem, as are organic layers, peat and coffee rock.   

The Field pH technique is robust, quick and inexpensive while giving an on-site, early estimate of 
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ASS.  In the context of this paper, it is good for guiding further analyses.  Nonetheless, the regulations 
require that field measurements alone cannot confirm or deny the presence of ASS.  In this study 
soil samples with a pH less than 5 or a unit difference between pHf and pHfox were submitted to the 
laboratory for SPOCAS analysis. 

Table 1  Interpretation of Cl/SO4 ratio in relation to pH 
Class pH Cl/SO4 

ratio
Other Factors Sulphide Behaviour Appropriate Management 

Response
1 6 to 8 5 to 9 All ratios similar to sea Sulphide absent or never oxidised Preliminary soil study
2 7 to 8.5 >9 Rotten egg gas smell SO4 converted to sulphides Preliminary soil study
3 <4 >5 All ratios similar to sea Acidity due to other causes Find acidity source
4 <4 >5 No similarity to seawater 

ratio
Acidity due to other causes Find acidity source

5 5 to 8 <4 Other ratios similar to sea
HCO3 elevated

Sulphides oxidised, neutralised by 
shell grit

Preliminary soil study

6 4 to 8 <2 Other ratios similar to sea, 
HCO3 highly elevated 

Abundant sulphides Detailed soil study

7 2 to 4 <2 Other ratios similar to sea Some sulphides, little buffering Detailed soil study

Chloride to Sulphate Ratios 

The Cl/SO4 ratio is an indicator of the presence of seawater (Webb, 1983).  The association between 
marine origins and ASS tends to be close, particularly near the coast.   Chloride is chemically a good 
tracer but sulphate (which is a reasonable tracer) decreases with distance inland.  Hence, if the Cl/SO4 
ratio is less than 7.2, the sample has an enhanced sulphur content and may be an ASS.  A Cl/SO4 ratio 
less than 2 is considered an indication of pyritic oxidation.  If the pH is neutral to basic,  the sample 
has neutralization capacity (shells).  Suggested interpretations of measured Cl/SO4 ratios are listed in 
Table 1 (Mulvey, 2003).

The Cl/SO4 ratio is an indicator simply because of the marine association and should be used with 
caution.  Not all ASS are from marine sources.  Also, the degree of oxidation of the soil is critical 
in an ASS.  The testing process is valid if all the sulphur becomes oxidised, provided there is not 
an alternate (industrial) source of sulphate.  The Cl/SO4 ratio can be significantly affected if water 
lacking in chloride (fresh water) is present.   

Suspended Peroxide Oxidation Combined Acidity and Sulphate SPOCAS 

For the most part, SPOCAS is a combination judgement based on pH and oxidised sulphur.  As 
presented by the Queensland Department of Natural Resources and Mines, (Ahern et al., 2003) the 
technique allows for 2 short digestions by hydrogen peroxide.  After the first digestion, if pH > 6.5 
and the undigested soil has a positive fizz test, the sample is back titrated with dilute HCl to a pH of 4.   
A further peroxide oxidation is followed by a back titration to a pH of 6.5.  In alkaline situations with 
excess carbonate, peroxide oxidation of pyrite is inefficient (coatings and low iron in solution); the 
SPOCAS procedure allows oxidation at a low pH.  Following McElnea et al. (2002) an improvement 
allows that the soil solution ratio is increased to 1:40, the titrations are performed in suspension, 
and the digestion stage is shortened.  With fine grinding of soils an efficient oxidation of sulphur is 
achieved with no loss, despite milder digestion.  It remains that highly sulphidic and organic soils are 
difficult with either the improved method or the chromium method.  They recommend the improved 
peroxide method combined with the chromium method and a 4 M HCl extraction for a best, informed 
decision.



Loos, Scott & Taplin  ❖❖❖  A Best Protocol for Acid Sulphate Soil Detection, Ashfield 161

Murdoch University  11 - 14 February 2004

The Chemistry Centre (see McCafferty, 2004) has produced a number of analyses that may be variously 
interpreted.  The percent Suspension Peroxide Oxidisable Sulphur SPOS follows the sulphur trail and 
the Suspension Total Potential Acidity STPA follows the acidity trail.  A 1:40 suspension of the sample 
is extracted with KCl solution for 4 hours and allowed to stand overnight.  The suspension is then 
titrated to pH 5.5 and filtered to a standard volume for determination of sulphur, calcium (optional) 
and magnesium (optional).  The extraction with KCl is used to determine soluble and absorbed, non- 
sulphidic sulphur and the actual acidity STAA of the sample.  SPOS is the sulphur extracted after 
oxidisation with 30% hydrogen peroxide minus the sulphur extractable by the KCl .  STPA is defined 
by titration of total acidity to pH 5.5 after oxidation with 30% hydrogen peroxide, moles of acid per 
tonne of soil, converted to equivalent oxidisable (pyrite) S% for comparison.  Suspension Total Actual 
Acidity STAA is a measure of the acidity prior to oxidation of sulphidic material and is determined by 
titration of a 1M KCl solution extract to pH 5. 

Following Mulvey (2003) the Net Acid Generation Potential*, NAGP = STPA - STAA is a measure 
of sulphidic oxidation and is the expected liming requirement in moles of lime per tonne of soil.  
AASS, however, have been oxidised and their liming requirement is STPA in moles of lime per tonne 
of soil.  On low pH soils STPA may vastly underestimate environmental risk if shell is present.  Peat/
swamp, coffee rock and podzols with high organic matter may have high STAA from organic 
acids.  Peroxide digestion may also remove acidity from organic matter and make STSA negative; 
then STSA is reported as zero.  Note that the extraction removes water soluble sulphates and oxidised, 
non-water-soluble sulphates such as jarosite KFe(OH)6(SO4)2 or natrosite NaFe 3(OH)6(SO4)2.

Table 2   Hazard   Classes (after Mulvey, 2004) 
kg H2SO4/tonne of soil (%S) 

Texture Group No Sulphides No Risk Moderate Risk High Risk
SPOS NAGP SPOS NAGP SPOS NAGP SPOS NAGP

1-sands and gravels 1(0.03%S) N/A >1 <3 >1 >3 >10 >5
2-sandy silts and silts 2(0.06%S) N/A >2 <6 >2 >6 >20 >10
3-sandy clays, silty 
clays & clays

3(0.10%S) N/A >3 <9 >3 >9 >30 >15

Note:
Table altered to accord with Chemistry Centre analyses.
SPOS is the Suspension Peroxide Oxidisable Sulphur.  Mulvey considered this as TOS, Total 
Oxidisable Sulphur, though it is dependent on the analysis method.
NAGP is the Net Acid Generation Potential which is similar to STPA, the Suspension Total 
Potential Acidity.
Except for barren soils, all samples need both SPOS and NAGP for assessment.

Table 2, from Mulvey(2003) defines the classes of ASS according to the given texture classes, as no 
sulphides, no risk, moderate risk and high risk, depending on SPOS and the Net Acid Generation 
Potential NAGP.
As an example, sands are judged to be ASS if SPOS > 0.03%S and NAGP > 3. 

*  As used with suspensions NAGP would be the Suspension Total Sulphidic Acidity STSA
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Table 3  FIELD * Cl/SO4 Cross Tabulation
Cl/SO4

Totalpos neg
FIELD      pos      Count 27 1 28
                 neg      Count 5 2 7
Total                     Count 32 3 35

Table 3  ASS identified with the Field pH and Cl/SO4 tests 

Field and Cl/SO4 comparison  

Following the above criteria, the soil samples from Ashfield were identified as ASS.  These data 
are presented in tables by Loos (2003) and are not presented here.   In this case two methods were 
used to determine ASS, Field pH and Cl/SO4 ratios.  Is one of these two methods better at predicting 
ASS?   The results are presented as a cross tabulation in Table 3.  Importantly, these results are not 
quite significantly related (P=0.095, Fisherʼs Exact test).  That is, the data are not (significantly) 
inconsistent with the hypothesis that the Field pH and Cl/SO4 test give independent results.  A reason 
for this lack of a statistically significant relationship between these two tests is the fact that the Cl/SO4 
test rarely gives a negative result (only 3/35 = 8.6% of cases) and this results in statistics with low 
power.   The field test gives a higher proportion of negative results (7/35 = 20%) but the tendency for 
the two tests to give a different proportion of negative results is not statistically significant (P=0.212, 
McNemarʼs test). 

Note that when the field test gives a positive result, the Cl/SO4 test agrees 27/28 = 96% of the time but 
when the Field pH gives a negative result, the Cl/SO4 test only agrees 2/7 = 29% of the time.  These 
proportions (96% and 29%) are significantly different (P<0.001, chi-squared test).  Thus the Cl/SO4 
test is more likely to confirm the result of the Field pH when the Field pH is positive and therefore 
of less value.  When the Field pH gives a negative result, the Cl/SO4 test is unlikely to confirm the 
result.  We would suggest that the Cl/SO4 measurements are calibrated differently, perhaps so they do 
not give as many negative results.

Table 4  FIELD * SPOCAS Cross Tabulation
SPOCAS

Totalpos neg
FIELD      pos    Count 18 7 25
                 neg    Count 1 5 6
Total                   Count 19 12 31

Table 4  ASS identified with the Field pH and SPOCAS tests 

Field and SPOCAS comparison
 
Comparisons  between Cl/SO4 and SPOCAS measurements show that they are not significantly related  
(P=0.374, Fisherʼs Exact test).  Now the probability that the SPOCAS test agrees with the Cl/SO4 test 
is approximately 60% no matter whether the Cl/SO4 test is positive or negative (these percentages are 
not significantly different, P=1.000, chi-squared test). 
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Table 5  Cl/SO4 * SPOCAS2 Cross Tabulation
SPOCAS2

Totalpos neg
Cl/SO4     pos      Count 17 10 27
               neg      Count 2 3 5
Total                   Count 19 13 32

Table 5  ASS identified with the Cl/SO4  and SPOCAS tests 

Cl/SO4 relative to SPOCAS comparison 

Once again, this result could be due to a calibration issue caused by the Cl/SO4 result being positive 
too often.  We suggest that the 10 results where Cl/SO4 is positive but SPOCAS is negative are due 
to Cl/SO4 values being close to a cutoff which should be changed.  Put simply, the Cl/SO4 test is of 
little use because it almost always gives a positive result (and even if it does give a negative result 
this is not correlated with the other two tests)!  Alternatively, the Cl/SO4 ratios simply measure some 
other effect.

Three-fold comparison: Field pH and Cl/SO4 relative to SPOCAS 

Although comparisons between all three tests result in small numbers for each combination of test 
results, a few observations are worthy of noting:

1.       When determinations from Field pH and Cl/SO4 agree and both give positive results, SPOCAS 
only gives a positive result 15/22 = 68% of the time.

2.       When determinations from Field pH and Cl/SO4 agree and both give negative results, SPOCAS 
gives a negative result 2/2 = 100% of the time.  The SPOCAS agrees with both other tests but note 
the very small numbers!

3.       When determinations from Field pH and Cl/SO4 disagree (with the Field pH positive), SPOCAS 
gives a positive result 2/3 = 67% of the time. The SPOCAS tends to agree with the Field pH more 
often. Note very small numbers again!

4.       When determinations from Field pH and Cl/SO4 disagree (with the field test negative), the 
SPOCAS test gives a negative result 3/4 = 75% of the time. Once again, the SPOCAS tends to agree 
with the Field pH more often.  Still--small numbers again!

Observation 1 is concerning.  When both Field pH and Cl/SO4 tests agree, it is expected the SPOCAS 
test will give a positive result also.  It only does so 15/22 = 68% of the time, which is not significantly 
different to 50% (P=0.134, Binomial test).  This again could be a calibration issue: perhaps the Field 
pH and Cl/SO4 tests are giving too many positive results or the SPOCAS test too many negative 
results?  Again, an investigation of cut-off values is in order. 

Observations 3 and 4 are consistent with the higher correlation between the Field pH and the SPOCAS 
test as compared with the Field pH and Cl/SO4 test (as above).  When the Field pH and Cl/SO4 tests 
disagree, the SPOCAS test agrees with the Field pH 5/7 = 71% of the time, but this is not significantly 
different to 50% (P=0.453, Binomial test). 
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Discussion 
Two elements seem to have been given little regard in the decision process; the 3-fold nature of the 
decision process and a logical protocol, in the form of a Decision Tree.  It seems that the judgements 
should include at least three categories of judgements PASS, AASS, and NASS, and specifically 
include Non Acid Sulphate Soils NASS.  Mulvey(2003) identifies NASS—and they are important in 
the logic.  The regulation (Stone et al., 1998) defines ASS but also non acid sulphate soils, NASS.

No

Below action 
criteria*

Exceed action
criteria*

NASSPASS
pH > 4 

AASS
pH < 4 

��Acidity
 (pH < 5) due to 

another  cause; 
e.g., organic 
matter, heavily 
fertilized soils, 
other

Randomly
selected
samples

Analytical
testing SPOCAS 
(SCr - for sand 
with low action

criteria)

Note:
Cl/SO4 ratios are not included in this decision tree; they were not available for all results

If pHFox < 3 
or more than a unit
change from pHF to pHFox

pHF � 4 

Selection of sample sites and samples:
Presence of: 

��Scalded or bare areas 
��Stunted/dying vegetation 
��Water: acidic, unusual clear or milky 
��Water: blue-green, iron-

staining/deposits

��Jarosite, iron oxide mottling 
��Structural damage/corrosion
��Corroded shell 
��Sulfurous smell (e.g., hydrogen 

sulfide)

SPOCAS
positive

SPOCAS
positive

* Reference: Table 2 in
Guidelines for Sampling
and Analysis of
Lowland Acid Sulfate
Soils (ASS) in 
Queensland, Ahern et al
(1998)

Field
pH test 
positive

Field
pH test 
positive

Field
test
negative
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If these are further abbreviated as P, A and N; doubtful categories could also be considered such as  
P/A which could be either PASS or AASS but also AASS with some potential acidity, P/N would have 
benign soils with borderline or unknown PASS, N/A would have almost no sulphides or borderline 
amounts-any acidity would have already have been exhibited.  This will be followed up with the data 
from Ashfield in another paper.
 
Included is a first draft of a Decision tree to help with the decisions.  First is a look at the site; does it 
have any of the bulleted conditions?   Be aware that some activity may be spawned that would cause 
ASS conditions in a situation the would, nonetheless, naturally be quite benign.  Second, is the Field 
pH < 4?   If so, go straight to SPOCAS analysis.   If not, does the pH lower by more that one unit on 
oxidation?  If so, go to SPOCAS.  If not, the sample is NASS but, even then, random samples are 
retested with SPOCAS to allow for mistakes, heterogeneity or specific chemistry.  Lastly, the AASS, 
PASS and NASS are selected in reference to the regulated exceedance criteria.

Overall it is quite clear that the Cl/SO4 ratio is not a replacement for the Field pH measurements at 
Ashfield.  This could well be an effect of the cut-off value, a ratio of 4 or 2 dependent on the pH.

It is known that the heterogenous and time dependent nature of soils and the chemical reactions must 
produce an historical effect that depends on the order and timing of activities.  In the chemistry, 
the acid trail itself can take no account of the carbonate content or the buffering capacity and may 
give ʻfalse positives  ̓in routine laboratories; it may underestimate the potential risk of acid leakage 
to the environment as not all shell is available for immediate neutralisation.  These effects make it 
improbable that the simple judgements (AASS, PASS or NASS) will produce the expected result, as 
required in the regulations, but seem to be required by politicians.  

Conclusions

There is a continuing need for new and improved field and laboratory techniques to define real and 
legalistic interpretations of ASS.  The tests, Field pH and laboratory SPOCAS, are consistent.  The 
Field pH is reliable even though done under less than ideal conditions; it does have the advantages 
of on-site sampling with immediate results that can be used to direct the sampling effort and freedom 
from problems due to sample storage.  The SPOCAS test is time consuming and expensive to run.  
However, in combination, the tests appear to provide some reliability for taking appropriate actions, 
such as preparing management plans for areas affected with ASS material.

Investigations of ASS should be classified into AASS, PASS and NASS and a protocol is presented 
as a decision tree to assist in  processing the field and laboratory data.

The Cl:SO4 ratios have not aided the ASS assessment at Ashfield; the ratio is expected to be more 
applicable to ASS investigations involving marine or estuarine situations.  The classification of ASS 
is not simple or necessarily even rational but there is a continuing real and legal need to defining ASS 
hot spots.

In closing, we note the absolute necessity in such measurements of maintaining sample integrity in 
the field for laboratory analysis.  In-situ is best; inappropriate exchange, storage and storage times are 
critical.  The oxidation processes continue and require that lab preparation is carried out as quickly as 
possible, and that a non-oxidating atmosphere is maintained.
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Comments by Peter McCafferty:

The paper is very good and presents a logical decision tree that is useful in the analysis process.  
The decision tree lays out the logic nicely, and also makes the decisions much easier for developers 
to follow.

Specific points:
1)  The lack of correlation between Field pH and Cl/SO4 needs more investigation.

2)  The difference in soil and geography in WA does not fit with the statement that the model doesnʼt 
fit, therefore the model is wrong.  The techniques are evolving and differences in clay and organics, 
hydrodynamics and hydrophobicity, as well as salinity very likely contribute to difficult ASS 
situations.

3) The model presumes that ASS occur in ʻhot spots  ̓ and the experimental data confirm this.  
Nonetheless, the primary sampling program should not assume that ʻhot spots  ̓will be encountered.  
Anecdotal evidence or physical observations are needed to highlight where ʻhot spots  ̓might occur 
or have been created.

4)  Perhaps the Cl/SO4 ratio is not a valid indicator of ASS for WA conditions simply because the 
background and groundwater are already saline.
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Roy Cullimore
DBI, U. of Regina

Rehabilitating Water Wells

Abstract
Introduction to the classical approaches to water well (extraction, injection, dewa-
tering) rehabilitation. This includes definition of conditions that can be associated 
with: well rehabilitation, preventative maintenance, and routine monitoring proce-
dures. Determination of fouling events using down-hole video camera logging.

Water wells form focal sites for biofouling, because of the presence of oxygen and the 
disturbance to the natural environment.  The reasons for this are outlined followed 
by the definition of the terms ʻrehabilitation,ʼ ʻsustainability,  ̓ʻchemical treatment  ̓
and ʻblended chemical treatmentʼ.  Various treatment strategies are discussed in-
cluding the laboratory evaluation of the effectiveness of these strategies.

Zones of Interrogation Projections (ZIP) can be performed, using sequential sample 
testing during a pump test, to define some of the basic characteristics of the biofoul-
ing around a well. This allows the rehabilitation strategy to be more targeted at 
the microorganisms occurring in the cylinders of slime that become associated with 
the losses in well performance. Methods for determining the impact of a treatment 
on the microorganisms will be discussed through post-treatment testing of the well 
and examining microbial loadings in pre- and post- treatment peripheral coring. 
Preventative maintenance should be an inevitable consequence of an effective reha-
bilitation.

There are three major functions: biodegradation, 
bioaccumulation and bioplugging.  Biodegrada-
tion is where compound C changes down to D, 
E, and F; it is degrading.  If it is aerobic, CO2 
is going to be present; if anaerobic, methane.  
Bioaccumulation means that the molecules are 
simply accumulating, not going anywhere; it is 
just building up in concentration.  How does that 
happen?  Arsenic is toxic to bacteria. A bacterium 
has a slime coating that surrounds it that is many 
times its own size, full of bound water.  Consid-
ering  that arsenic may have some value, the bac-
terium doesnʼt take it into its cell, but holds it in 
the slime.  So, what you get is a gradual accu-
mulation of all these toxic metals outside of the 
cell.  That is bioaccumulation. When you have 
bioplugging, the plug is such that the compound 
C will be deflected.  The cell or slime is, say, 
saturated with C, and C is simply passed around.  
Those are three fundamental events that you can 
expect to see in a well. 
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If you could look down deep into a water well, you see a whole different series of events:
1. A colloidal floc where you have particles sus-
pended almost like in a jelly pudding, it is so 
slimy;
2. Often calcite that creates white or grey strands 
coming out from the sides.  They sometimes 
loop, sometimes they are complex; 
3. Iron forms into encrustations which gradually 
slough off into the well;
4. There are nodules;
5. Deep-set encrustations, very slow growth 
rate;
6. Very fast growth rate, a lot of slime, growing 
rapidly;
7.  Occasionally you get little threads of mate-
rial going across through the water;
8.  A very slimy sticky substance;
9.  The bugs actually form arches in the water.  

There are many forms that you see in the growth of bacteria in water; they relate to the plugging 
risks.

Consider sequencing your well management.  You need to monitor, collect data, then look for pos-
sible problems; but you need early warning lights to tell you when there is a problem.  Develop a 
solution and implement the solution. Lastly, or continually, ask yourself: did it work?

The history of the wells in the area is important.  We talked this morning about BARTs.  Yes, you 
can go broke using BART Testers:   you donʼt need to.  If you have an understanding of your well 
system already, the well field out there, you know there are some bad ones and some good ones. If 
you do some BART testing on some bad wells and some good wells, you will be able to pinpoint 
the differences: for example, are the bad wells all high in SRBs?  Are the good wells low in bacte-
rial numbers?

The Sequencing of Well Management
•  Monitoring/Data Collection
•  Assess available information
•  Is there a possible problem
•  Develop solution
•  Implement solution
•  Was the problem fixed?

Water Quantity & Quality Risk Assessment (existing wells)
•  History of other wells in the area
•  Pump testing (Minimum of 2 hours) for:
 -  Specific Capacity
 -  Biological and Chemical Analysis
(Biological samples collected at 1, 3, 5, 10, 20, 30, 60, 90, 120 minutes)
 -  Laser Particle Counting (TSS)
•  Installation of monitoring wells
 -  Core analysis
 -  Pumping well efficiency 
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A test that we like and we do routinely is laser particle counting, which consists of a series of laser 
light pulses that pass through the water. Obstruction of the light picks up and identifies the size of 
any interfering, colloidal material.  Earlier, someone presented the question: there are pH meters 
and conductivity meters.  Isnʼt there a meter we can put down a well to see what bacteria are there?  
Well, no and yes.  No, because there are so many different kind of bacteria.  One common feature of 
bacteria in water is that they will form particles, colloids.  And yet, the answer is yes if you were to 
put down a laser, and run that through the water, that would tell you the amount of colloidal particle 
material in the water, and if you look, it will also tell you the presence of something, its average size 
and an indication of variation in bacterial species in the water.

Gallionella produces long ribbons of dead iron. If there are particles up to 25 or 30 microns spinning 
through the laser light it is most likely Gallionella.  If you see pink particles being detected in the size 
range from 18 to even as large as 36 microns, it is probably a sheathed or ribbon forming bacteria that 
is rolling around in there.  If you have Pseudomonas, the particles will all be in the 7 to 12 micron 
range, as clumps.  So there is a way you can physically distinguish the probable types of bacteria you 
have in the water.  That doesnʼt help you with the slimes that are growing around and on the bacte-
ria.  When we do testing in the lab, we routinely do a laser particle count on the water before doing 
anything else.  Why should we waste our time working on this water if it is totally free of particles in 
the range above 0.4 micron?  You have to look at the risks,  You can put in monitoring wells, you can 
do core analysis, you can look at well efficiencies.  There is a lot that can be done in order to follow 
the trace.

One dogma is when you have lost 40% of your specific capacity, or you have two orders of magnitude 
increase in biological activity you need to renew or redevelop your well, but what the hell is two or-
ders of magnitude?  What I am saying is that every day delay in getting a BART reaction is an order 
of magnitude change in the population.  If you get a population going off in a day, you are looking at 
greater than a million.  If you are looking at two days, greater than 100,000.  Three days, greater than 
ten thousand.  It is a simple, very dogmatic code but you will see the aggressivity going up if there 
are such biological challenges for the well.  When you go to well rehabilitation, what you want to do 
is recover the capabilities of the well  to get it back towards its original specs.   You want to extend 
the life of the well.

In Canada, one of the big initiatives is sustainability.  The city of Regina has become ʻThe Communi-
ties for Tomorrow  ̓capital of Canada.  We are expected to lead the road in making everything we do 
more sustainable.  This goes right through to how to manage landfills better, how to make the water 
systems better, and, for the wells, how to double the lifespan of a well.  We have the need to reha-
bilitate; in other words, you try to recover the lost flow, and with success, you donʼt want the specific 
capacity to have fallen too much.  You need to monitor it from the beginning, because when you are 

Rehabilitation
•  Recover the capabilities of a water well towards the original specifications when developed
•  Extend the active life of a well through ongoing testing and treatment
•  There is a limitation to the ability of rehabilitation to be successful - if the specific capacity  
  has fallen too far then rehabilitation will not bring the well back
•  Wells need to be monitored from the beginning, not neglected until there is a problem

Rehabilitation Limitations
•  May only be successful when the specific capacity has not dropped more than 40%
•  Will most probably fail if the specific capacity has dropped by more than 60%

Disposability vs. Sustainability
Based on research and experience it has been found that once a well loses more than 40% 
of its original specific capacity and/or there is a two orders of magnitude increase in biologi-
cal aggressivity, it may be very difficult to recover the well back to original specific capacity. 
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negligent, you cannot see when the problem starts.
  
Limitations: never, never, never go below 60% of the initial, developed value of specific capacity.  
I would say if you are at 40%, your probability of getting back to 100% are at best one in three or 
four.  When you are down by 60%, chances of getting back to 100%, about one in ten, but it depends 
on what sort of formation.  Not only is the probability of getting back reduced, but the performance 
pattern; the length of improved performance will also be shorter.  The cost goes up because the reha-
bilitation has to be more aggressive when there is a greater amount of plugging.

Preventative maintenance needs to start the day the well is developed.  A  strategy needs to evolve and 
you need to develop a plan for testing and monitoring your wells.  In Canada, the next city to take on 
sustainable water wells will be Frederichton in New Brunswick.  We are already working with them 
and it looks like it will be the HAB BART which will be able to monitor the pulse and the plugging 
going on.  They will institute a routine monthly monitoring schedule to see how much the bacterial 
loading is changing, using the Waverley concept; if you get a sudden increase in aggressiveness, re-
peat with duplicate tests  to confirm that it is not just a sloughing event.  When you come to preventa-
tive maintenance, you want to be able to do it in a way that will stop the well from degenerating.  For 
the most part, you have almost zero percent tolerance: 5% loss of specific capacity means that you 
have to get into preventative maintenance if you expect to recover that loss.

Salespeople will say,  “My product is so good, you just use it once and the well will run for ever and 
ever, Amen.”  OK.  Reality: the bacteria are not very forgiving. You hit them over the head, you give 
them a headache, they retreat back into the formation.  The formation is comfortable for them, but 
when the water well starts to work again, the environments recover and the bacteria come back and 
start the process of plugging even faster.  So it is an on-going battle that requires diligence and persist-
ence from the day the well is developed, and a timetable needs to be developed.  This is something 
Frederichton is very keen on.  They want to integrate the BART monitoring with their logging system 
for the wells; they have it on computer, and you can go to it any time and see what the dayʼs specific 

REMEMBER THAT NO TREATMENT APPLIED TO A WELL LASTS FOREVER - 
PREVENTATIVE MAINTENANCE IS ESSENTIAL

Preventative Maintenance

•  Begins the day the well has been developed
•  Means ongoing testing and monitoring for changes in water quantity and quality
•  Involves treatments to prevent the biofouling from severely affecting the wellʼs 

 performance

Preventative Maintenance: Frequency of Testing

•  Every month or three months
•  Warning signals are drops in specific capacity by more than 5% and the bacteria becoming  
  more aggressive
•  Keep a log monitoring the data and start a preventative treatment too soon rather than too  
  late 

Diligence and Persistence
•  Should begin the day the well has been developed
•  Keep a timetable for ongoing testing and monitoring for changes in water quantity and   
  quality
•  Check that the preventative maintenance treatments are doing their job otherwise change   
  the treatment
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capacity is for the well, go back as far as 18 years.  Presently they are adding BARTs to see how the 
BARTs will relate.

The previous speaker (Jeff Jolly) talked about the use of heat.  Iʼve talked about it before.  When 
you apply heat, you accelerate the chemical reactions.  You also, effectively, traumatise the bacteria. 
When you blend the heat with a chemical, first, you speed the reactions up; second, you take the tem-
perature above the range in which the bacteria are comfortable.  Some of them will die, but most go 
into a shocked state.  The longer you apply the heat, the bigger the thermal gradient around the well, 
and the greater is the applied impact.  The heat comes as hot chemical solutions that are drawn to the 
colder formation water, and it moves along the lines of least resistance.  If you look at plugging in a 
well, George Alford, my colleague, puts it this way: “It is like looking at an upside-down slime top 
hat.”  In other words, there is a lot of growth at the top, it comes down and then around the well.  On 
the occasions when we have done core sampling, and at the city of North Battleford we were able to 
do this, you can track the bacterial growth around the well going back for many feet from the wells.  
It is not just the well itself; it is right out from the well.  Heat gives you greater molecular activity, and 
it also means that you can use less chemical; the higher temperatures compensate.

We have also experimented with using acid a 
special way that we call ʻFlip Flopping.  ̓  That 
means moving the pH over a wide range.  This 
is a technique called the UAB, the Ultra Acid 
Base treatment. There is pretreatment followed 
by shock, followed by an ultra acid treatment.  
The shock is to disrupt and to disperse. The ultra 
acid brings the pH down to 1.5; it is followed 
by an ultra base treatment to get the pH up to 
12.5: an overall range of 11 pH units.  If you go 
and read about pH, there is little in the books 
about alkaline pH.  Significantly, such high pHs 
are used in the making of concrete; concrete is a 
very alkaline pH.  When you put microbes into a 
pH of 12.5, they make a concrete that they form 
into a protection for themselves.  This is why we have to do the acid first in order to disrupt; it gets 
the bacteria moving out from their protected biofilms and encrustations, away from the nodules and 
threads and into the water.  Then we hit them with the alkaline situation; then we bring them back to 
the original temperature.  We found that the use of at least a 7 unit pH shift has a tremendous impact 
on microbial plugging.  This type of system gives very good results.  In the graph above, you will 
notice that, in this particular case, we actually did a double switch; we went down, we went up, we 
went down, we went up.  This was an experimental system at the city of North Battleford and we used 
it also in Alberta.  These are attempts to develop a treatment that will be effective at controlling plug-
ging.  The timeframe to do a whole UAB was about four days.  That is from the very start when you 
go on-site to the very end when you demobilise and come away off-site.  Of course we always start 
with the wire brush to clean the crust off the well.  Why waste chemicals when you can just scrape 
and pull it off?  Thatʼs a given.

The treatment was of a rather low grade.  There was only a half-million BTU boiler that would only 
go up to 85 - 90oC; we werenʼt producing steam.  Another, better system is a stainless steel boiler.  It is 
possible to go up to 2 million BTU, though then you get into licensing issues.  You put the heat in the 
whole time; once you start, you want to get a good thermal gradient.  You underpin it with the various 

Why use heat?
•  Hot chemical solution is drawn to colder formation water (increased penetration)
•  Greater molecular activity (greater disruption)
•  Less chemical needed (more environmentally friendly)
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chemical treatments.  Of course, UAB is going to the extreme - but it is worth it.

Again, the usual treatment starts with brushing.  The first treatment is shock, which is usually a disin-
fectant.  You can use one of the hypochlorites, sodium hypochlorite is the best on many occasions.  In 
our work, we have been shifting from that to acetic acid or glycolic acid.  There isnʼt much experience 
with the disinfecting effect of glycolic acid, but acetic acid is a very good disinfectant.  A penetrant is 
brought in. For example, imagine a crusty lump: heat is causing trauma; we have the disinfectant, the 
acid, which starts to kill the bugs, and then we use a penetrant which breaks the encrustation apart.  
From about 1983 to about 1994, we looked at a whole range of penetrants.  The one we found most 
effective was CB-4, a non-ionic, linear, poly-acrilamide; it is unique in the sense that it is a powerful 
biocide.  It is a good penetrant, going up from about 0.01 to 0.1% concentration; above 0.1% it be-
comes a biocide.  Between 2 and 5%, it is a very, very powerful biocide.  There is a  detergent effect, 
a biocidal effect, an acid effect; but primarily, at this point, it is a disinfectant.

Now we come to the next stage.  The temperature up, preferably at least 40oC above the normal tem-
perature.  When dealing with the PVC wells that are not very thermally stable, it is quite remarkable.  
You can have water in the column up to 80o to 85oC, and the plastic is still firm.  On an experimental 
basis, it works, but I wouldnʼt want to suggest doing it routinely.  George does most of the wells; he 
is up to around 3000 wells, mostly dealing with hazardous waste sites, and he hasnʼt had a buckle on 
any of the wells with a PVC casing.  Now he is getting into municipal and a lot of mining activity 
where they want to get their wells back.

In the disruptive phase, it is mainly acid.  The next phase, we buffer with water because you donʼt 
want the chemistry to be too tricky with alkali coming in. You buffer with around 200 to 300 gallons 
of water so that you donʼt get a sudden smack and a bad reaction.  Start the system and allow the 
heat to set;  the heat will be moving out and upwards and there will be some cleaning.  Follow that 
by surging, physical action: jetting, air lifting, and basically, forcing the material off and out.  One of 
the big challenges for the U.S. Army Corps is hazardous waste.  Very often there are huge amounts of 
undesirables: JP4, heavy metals, all sorts of stuff.  You have to treat the outflow as hazardous waste, 

Pretreatment (Phase one)
•  Raise thermal gradient, remove Fe/Mn oxides and carbonate scale using 5-10% muriatic   
 acid and 1% wetting agent (CB-4) mixed into 70oC water
•  Brush, surge block, air lift and pump clean

Shock  (Phase Two)
•  Using highly concentrated disinfectant (sodium hypochlorite) and wetting agent    
 (Arccsperse CB-4) mixed into 80oC water (3X water column volume), tremie along screen  
 (pH = 8.5)
•  Brush & surge block, overnight contact
•  Air surge/lift and pump clean 

Disrupt (Phase Three)
•  Radical pH shift of at least 7.0 using acetic acid and sulfamic acid (decrease pH to 1.5) 
•  Maintain down hole temp at 82oC to accelerate the activity of the chemical action
•  Brush, surge block & overnight contact
•  Air surge/lift and pump clean 

Disperse ( Phase Four)
•  Remove the dead/disrupted biofilm from the screen and gravel pack
•  Air surge/lift
•  Bail bottom of well if necessary
•  Pump clean
•  Two hour pump test
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but you can get the wells back using the technique.

The whole system was developed using little laboratory models, one-litre Italian glass jars with a 2-
inch well to the upper right side (above).  We measure the total volume, and as soon as the bacteria 
start to form, there is a volume loss because of the plug; 
we monitor the amount.  We drain the jar periodically and 
by laser counting, the amount of biofilm.  With a treat-
ment, you see is how much of the plugging was pulled 
off. 
 
This is Canada Agricultureʼs permeameter (right).  A lot 
of work was done on a whole range of penetrants, to see 
which was the best.  They didnʼt find one that was supe-
rior to CB-4.  With CB-4, some of the clays will swell, so 
you have to be careful which clays.
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This is Canada Agricultureʼs ultimate experi-
ment (top, left):  this is a well, 6 feet by 2 feet; 
they wanted to look at plugging on a big scale.  
They built in piezometers and a 4-inch stainless 
steel slotted screen in the middle.  It was  packed 
with gravel, and then they started to slime it up. 
We did weekly BART analyses for the first nine 
months.  It still isnʼt published.

The present method (centre) is an L-shaped ʻhy-
drocosm.  ̓ There is a header to allow hydraulic 
testings very easily.  In the horizontal side we 
place the porous media we are going to be look-
ing at; our purpose is to foul the system up.

The screen is put on the ends of a 20-cm core 
in the horizontal section.  The small horizontal 
permeater works with a head of about 5 feet of 
water across it.  We would allow for aeration if 
we want.  This is an X-ray unit (hanging in the 
middle of the bottom image); during the X-ray 
of the core section we actually see the growth 
of the plugging.  When the plug forms, there 
are crystalline structures in it; with the X-ray, 
instead of being opaque, we can see through the 
porous media with the growth.  Then we apply a 
treatment to the screen and look at the effect of 
the treatment on this 20-cm core.  We look at ef-
fects on the recovery of the well after treatment.  
The work is finished now and the apparatus has 
been disassembled.  I believe this sort of sim-
plicity is the best way to do basic research.

We need to develop a strategy for preventative 
maintenance.  The first advice that George of-
fered on this subject was “Walk the Well.”  That 
means, talking to the operators, getting the lie of 
the land, looking at the chemistry of the situa-
tion, looking at the water levels in the wells, and 
beginning to build up an idea of what to do.

George was at the Hanford site in America which 
has 23 nuclear reactors, built between 1943 and 
1956.  The first ones were built because they 
were building the atom bomb, no environmental 
constraints, just “Build the bomb - letʼs end the 
war.”  What they have at Hanford now is calcu-
lated to be a trillion dollar cleanup. 

We have to develop preventative maintenance and we have to look at rehabilitation involving dis-
infection, to control the biofouling in the well.  From the Canadian work, it looks like 70% of the 
problem, a reasonable figure, across western Canada.  The idea is to bring the well back to pre-foul 
conditions.
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The third issue is health risks.  What is health?  Are we talking about the health of the well, or the 
health of the consumer of the water?  We are really talking about both.  There is the potential to create 
health problems if you have a high population of bacteria in the water.  In Workshop 8 I will show 
data from the CDC, that is the Center for Disease Control, on the rate of infections from groundwater, 
surface waters, over the last 30 years, and you will see that it is a significant problem.

Selecting a Treatment Strategy:  Chemical Aspects
Acetic acid

Descriptors: Excellent biocide and biofilm dispersing acid. Relatively safe to handle. Often a major
component of biofouling “enhancers” and brand-name mixtures specified for biofouling. Acidizing to 
pH<2 with sulfamic acid recommended (rapidly loses acid power without). Should use food or good 
industrial grade > 85 % acid (Variation: glycolic or hydroxyacetic acid).

Safety: Use gloves, splash protection, and respirator at barrel end. Does not require placarding for
shipment.

Sulfamic Acid
Descriptors: Relatively effective against carbonate scales, and as an acid enhancer for acetic acid. 
Not effective alone against biofouling or metal oxides.

Safety: Relatively safe to transport and handle (solid, dust inhalation should be avoided).

Handling: Solid, less aggressive than HCl. Use gloves, dust mask and goggles. Provide proper
ventilation. Circulate during mixing.

Other Organic Acids

Descriptors: For example, oxalic and citric acids. Useful as chelating agents. Oxalic acid is also ef-
fective as a primary acidizer in low-Ca water. Often form insoluble precipitates in high-Ca waters.  
Oxalic acid is not recommended if hardness is greater than 120.

Safety: Safe to transport

Handling depends on form (typically granular solids). Use gloves, dust mask, and goggles. Provide 
proper ventilation. Circulate during mixing.

Well Rehabilitation
Disinfection & Treatment

Objectives of Disinfection
•  To control the biofouling in the well
•  Return the well to a prefouled condition
•  To reduce health risks
•  Make the well sustainable

The following material is derived from slides that show the details of treatments and issues.
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Muriatic Acid
WARNING: Extremely hazardous to handle.   Volatile liquid: Requires respiratory and splash protec-
tion.

DO NOT mix with chlorine. Reaction in well can lead to surface eruption of chemicals and chlorine 
gas; use inhibitors for metal well screens but note that some industrial inhibitors should not be used 
in potentially potable ground water (toxicity), and gelatin (safe) provides nutrient and inoculum for
growth.

Effectiveness: Powerful for removing mineral and inorganic metal oxide scale. Relatively ineffective 
against biofouling and deleterious to stainless steel.

Steel industry pickling liquor byproduct. Quality is a problem, with cadmium and other impurities 
often present in industrial grades, although NSF 61 certified solutions are available.
 
NOT RECOMMENDED for maintenance treatments.

Phosphoric Acid
WARNING: Extremely hazardous to handle. A strong food grade quality acid, readily available, 
75%, in 208 liter (55 gal) drums and 45.4 - 56.8 liter (12 - 15 gal) containers.

Quite hazardous to handle. Full breathing mask and splash protection required. Adequate ventilation 
a must.

Effectiveness against metal and mineral hydroxides. Somewhat effective against biofouling, but no 
more so than some other mixtures.

Leaves phosphate residue behind for bacteria.
 
NOT RECOMMENDED for maintenance treatments.

Carbon Dioxide

Solid, liquid or gas
•  Forms weak acid solution
•  Liquid CO2 - Aquafreedtm process
•  Effervescence - boiling

Potassium Hydroxide

WARNING: Extremely hazardous to handle.  Extremely corrosive. Do not add to acids. Material is 
extremely destructive to all body tissues. NOTE: Never add to a well that still has acid in it.

Quite hazardous to handle. Full breathing mask and splash protection required. Adequate ventilation 
a must.

Extremely effective at shocking microorganisms that have previously been treated with acids. Do 
not use in reverse order as insoluble metal hydroxides will form.
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Other Chemicals
•  Enhancers
•  Wetting Agents
•  Surfactants
•  Dispersants
•  Chelaters

Chlorine
•  Sodium hypochlorite
•  Calcium hypochlorite
•  Chlorine gas
•  Chlorine dioxide

Sodium hypochlorite
•  Very Soluble
•  Convenient to use
•  Degenerates on storage
•  Solution

Calcium hypochlorite
•  Poor solubility
•  Dissolves slowly
•  Retards the speed of action
•  Less predictable

Chlorine dioxide
•  Very effective
•  Gaseous or soluble form
•  Highly reactive
•  Can be stabilized

Need for Chlorine Residual

•  Chlorine is easily neutralized by fouling in a well or pipe
•  Only effective when the chlorine exceeds the neutralization threshold
•  Residual continues to act as a disinfectant

Critical Residual Chlorine Concentrations
0.1 - 3.0ppm will control Coliform bacteria

10 to >5,000ppm may be required to control other bacteria

HEAT CAN STIMULATE THE CHEMISTRY

BLENDING HEAT IN WITH CHEMICAL TREATMENTS CAN INCREASE 
EFFECTIVENESS

COMMON DISINFECTANTS
Chlorine – Based
Peroxide – Based

Ozone - Based
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Chlorine Resistant Bacteria
•  Continued use of chlorine as a disinfectant is beginning to create chlorine-resistant strains  
  of bacteria

Ozone and Peroxides

Powerful oxidizers
Can disinfect in relatively clean conditions

Difficult to penetrate biofilms
Generates oxygen that can stimulate bacterial growth

Durability of Well Disinfection

• Once a well starts routine operations again, the impact of the disinfection will weaken 
 because of microbial recolonization of the well
• Disinfection alone will not recover a biofouled well
• Preventative Maintenance is important

Disposal Issues

• Regulatory Constraints
• Dissolved Metals
• BOD
• Neutralization
• Treatment Plant
• POTW
• Surface

Rule One
Diligence & Persistence

  In reacting with organics, chlorine can produce hazardous daughter products including:

TriHaloMethanes
(THM)

Chlorophenolics
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J.L. Jolly
Aquaterra, Perth

Biofouling in boreholes of the Klein Karoo Rural Water Supply Scheme,
Oudtshoorn (South Africa) and the effect on well scheme management

Abstract
Development of production borehole supplies for the Klein Karoo Rural Water Sup-
ply Scheme between Calitzdorp and Dysselsdorp in South Africa, is relatively well 
understood. However, iron problems in the production boreholes have complicated 
the abstraction. 

Iron related biofouling has resulted in clogging of pumps and borehole screens, fur-
ther resulting in a decrease in the borehole efficiencies and a decrease in borehole 
yields. 

As a result boreholes have had to be rehabilitated at considerable cost and disrup-
tion to the scheme management. To minimize clogging problems, changes have been 
made to the boreholes, pumps and to abstraction conditions.  Boreholes are pumped 
at lower rates, but for longer, while pump positions have been raised to levels above 
the first water strike. Monitoring has also been introduced to assess biological activ-
ity and borehole efficiencies, thus allowing better control of rehabilitation that might 
be necessary.

This work was undertaken when I was work-
ing in South Africa.  We were consultants in the 
Klein Karoo Rural Water Supply Scheme which 
was one of the largest groundwater extraction 
schemes in the country at the time.  They were 
having some problems.  To give you some idea 
of the area we are talking about, here is the town 
of Oudtshoorn, 500 km from Cape Town, with 
two mountain ranges on either side, 60 km apart, 
with a major syncline in the middle.  There is 
quartzite on the one side; in the middle of the 
valley there are shales.  The shales have zero 
groundwater potential.  It is the mountains on 
the other side with the quartzite that have the 
water.

Background
Quartzitic sandstone, secondary aquifer system.

Yields (5-35 l/sec) are possible, although the low rainfall (400mm/yr) reduces sustainable 
borehole yields to 2-10 l/sec.

A total of 1 Million m3 is abstracted annually.

Clogging of screens has resulted in reducing of borehole efficiency.



Jolly  ❖❖❖  Biofouling in Boreholes of the Klein Karoo Rural Water Supply Scheme 182

Murdoch University  11 - 14 February 2004

The aquifer is a secondary aquifer system, so it is completely different from anything you can expect 
around Perth.  It is not sand.  You are looking for the fractures or fault zones or any conduits for water 
in the hard rock.  The bores are capable of yielding up to 35 l/sec, but because there is very low rain-
fall in the area, a sustainable borehole pumping rate is much lower.  Those bores are being pumped 
at a rates somewhere around 2 to 10 l/sec.  Total abstraction is around a million m3 per annum, which 
isnʼt considerable, but the real issue is one of plugging of the screens and plugging of the pumps.

The image to the left shows the typical quartzite, heavily folded and fractured. As you see from 
the colour, there is a fair amount of iron in the 
quartzite. What was the problem?  Clogging of 
the holes, efficiency dropping, pumps clogging, 
quality deteriorating.  It wasnʼt so much the de-
terioration of quality, because the deterioration 
wasnʼt a continual process; it was often a hap-
hazard change in quality with pH and iron al-
ternating in cycles, which make it exceptionally 
difficult for the water treatment facility to plan 
how they were going to deal with the water.  The 
pH could change from 5 to 3.5 in a couple of 
weeks.  That has some dramatic implications in 
terms of managing the scheme.

Pumping effects: the colour of the water is typically red, but was grey in some holes.  Most of the 
holes would be beautifully clean after some time of pumping, but when first turned on, a bright red-
orange sludge would emerege for the initial period.  In a few cases, grey to black water came out.  
Typically, the water was smelly, a typical metallic, sulphur smell, and in some cases, a fishy or oily 
smell.  In normal conditions the iron concentrations are between 2 and 5 mg/litre.  With use, iron con-
centrations increased, the concentrations going up to 15 mg/litre and higher when bacterial activity 
increased.  There was no noticeable decrease of yield from the holes because the holes were operating 
at a fraction of their capacity.  In other words, these holes could be pumped at 30 l/sec but they were 
being pumped at 5 to 10 l/sec.  Even though holes were clogging and becoming less efficient, there 
wasnʼt a dramatic change in the pumping rates you could achieve.  You might have to clear pumps or 
put in a different pump, but you would still get the same supply out of the holes, even though pump-
ing water levels did drop.  

Typical conditions: Eh 106 up to 900mV.   The pH at three different wells in the scheme were: 6.4 in 

Klein Karoo Conditions 1

Colour    Red in some Calitzdorp holes & DG110
Odour    Metallic, sulphur, fishy/oily smell (at DI17 and DG100)
Iron    Minor increase
Yield    No noticeable decrease

Klein Karoo Conditions 2

Eh  106-897mV
pH  6.4 (Calitzdorp) – 4.8 (Vermaaks), 3.5 in Bokraal
DO 5.6 mg/l (Vermaaks) – 1.2 (Calitzdorp)
HPC 56000 – 45
BARTs Background SRBs, Moderate IRB
Scale  Poorly crystalline ferrihydrite
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one; typically about 4.5 to 5 in another; and one well was often 3 to 3.5.  Dissolved oxygen, between 
1.2 to 5.6 mg/l .  Heterotrophic Plate Counts, which we do at regular intervals: some holes show very 
little and other holes show dramatic bacterial activity. The scale deposit from some of the holes and 
scale from the pumps were analysed: typically poorly crystalline ferrihydrite.  Some holes contained 
goethite as well.

In a scheme of this kind with the problems we had, a full monitoring procedure existed.  It involved 
weekly measurements of colour, smell, bacterial activity which was monitored in terms of the het-
erotrophic plate counts, and irregular monitoring of BARTs.  I say irregular only because of limited 
finances. In terms of the local currency, it was expensive to use BARTs tests that cost only dollars.  
Specific capacity and chemistry were also monitored.

This chart shows typical redox conditions and 
pH, which were quite variable, not only spatial-
ly, but in time as well.  There were periods when 
samples from these holes measured pH down 
around 4, but generally pHs were somewhere 
around 5 to 5.5.

Dissolved oxygen: there was lots of dissolved 
oxygen in some of the holes.  Generally, the 
holes with lower dissolved oxygen were the 
ones with problems.  The holes with the least 
dissolved oxygen were giving real problems.

Monitoring Undertaken
Measuring and monitoring biofouling

colour
smell
bacterial activity (hpc, BARTs)
specific capacity
chemistry
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Heterotrophic plate counts: some of these read-
ings were useless, except to establish that there 
were substantial colonies. The plate counts 
could not quantify how much clogging could 
take place.  One difficulty was a high variability 
in monitoring factors like iron levels and het-
erotrophic plate counts.  We put it down to pe-
riods of sloughing that were taking place in the 
hole.  If you werenʼt careful when monitoring, 
if you sampled during the period when biofilms 
were sloughing off and coming loose, you could 
find analyses with high levels;  a day later there 
would be relatively moderate levels.

The BARTs IRB profile is presented above.  There is a learning curve in understanding how to sample 
BARTs and interpret the results.  We found that we were taking far too few BARTs tests and analyses 
in the beginning and were confusing ourselves.  We would go to the hole and take a sample and have it 
analysed, perhaps after two minutes of pumping.  We would come back a month later and take another 
sample from that hole, but it might have been taken after 5 hours of pumping.  Completely different 
communities were presented, as shown by the BARTs tests.  One has to have a very good understand-
ing of the bore and what is happening in the bore before you start implementing a regular monitoring 
program of BARTs analyses.

Specific capacity: a considerable amount of monitoring that took place was via telemetry with pres-
sure transducers.  We found that iron bacteria or biofilm coating a lot of these instruments could give 
very strange readings.  For instance, the membrane over some of the pressure transducers with a slow 
buildup of biofilm would give anomalous readings; you would imagine things were happening in the 
hole, that, in fact, werenʼt happening.  It was simply the pressure transducer giving you poor read-
ings.



Jolly  ❖❖❖  Biofouling in Boreholes of the Klein Karoo Rural Water Supply Scheme 185

Murdoch University  11 - 14 February 2004

The graph presents one hole where we got rea-
sonably decent data.  The rest water levels and 
the pump water levels are pretty deep, down 
to 120 metres.  But there was a period when 
we suddenly found that our pump water levels 
dropped considerably.  The time scale here is 
only months, but the change was over weeks.  
That was probably a reflection of a hole that was 
only operating at 20% of its capability.  Sudden-
ly, near the right side of the graph with changes 
of water level and specific capacity, there was 
a fairly advanced problem.  We could see that 
when pump water levels started to drop, the spe-
cific capacity dropped dramatically.  The peak 
on the left, the improvement in specific capacity, was a result of rehabilitation of the hole.  A typical 
rehabilitation process involves an initial chlorine dosing of the holes to inhibit the bacteria, then some 
kind of mechanical cleaning of the holes, brushing out the screens, surging, etc.  Then there would 
be acid treatment and heat treatment.  There was only one guy on site who was capable of doing the 
testing and only one piece of equipment capable of doing the treatment.  At times, one was a little 
skeptical of the results because the person who does the  treatment has the necessity to prove that the 
treatment worked. So specific capacities shown before and after were often difficult to compare.

Chemistry: See the Figure.  Over time you could 
have the iron concentration static around 5 mg/
litre, a sudden drop in pH and the iron would 
shoot up to 10 or more mg/l.  The worst we ever 
had was 25 mg/l.  Then you would get weird 
fluctuations which could have been a result of 
our sampling.  The pH would improve after 
treatment of the hole and the iron levels would 
come back down again.

Actions: Try and reduce the clogging, including trying to reduce the oxygenation of the groundwater 
by changing pumping rates.  The initial management of the scheme had the hole pumping 8 hours a 
day at a specific rate.  What we did was introduce continuous pumping at lower rates, so that water 
level decline in the hole was less.  In certain holes, you actually had water under pressure; those pi-
ezometric levels were not dropping down below fracture zones and did not allow the entry of air.  If 
water levels dropped behind the fracture zones, water cascaded out of the fractures.  In those areas of 
cascading, video analysis showed huge infestations of bacteria.  We tried to treat the bacteria regu-
larly in the holes.  There was a program of regularly treating them with sodium hypochlorite and then 
at times dosing them with chlorine as well.

CHANGES TO WELL SCHEME MANAGEMENT 1
A number of actions were initiated including:

Reduce oxygenation of the groundwater, by changing pumping rates
Treat bacteria regularly (six monthly treatment with sodium hypochlorite)
Monitoring (water chemistry, D.O., specific capacity, BARTs tests, video camera analysis)
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There was a program of monitoring, which included water chemistry, dissolved oxygen, specific 
capacity, BARTs tests, and video camera analysis - that was the hierarchy of the way the work was 
done.  It was standard that we did tests in the holes and in the laboratory.  Where we found specific 
capacity was starting to drop, we would do BARTs tests.  Potentially, that should be the wrong way 
around; but as I said earlier on, if you find the specific capacity has dropped, you probably already 
have problems.  The reason we did the specific capacity monitoring and then the BARTs tests was the 
idea that the BARTs tests might identify what bacteria we were trying to treat.  And that was probably 
another mistake, because it is not one specific strain you should be looking at, but a consortium.  We 
were doing IRB tests only, or SRB tests only; possibly we should have been doing a suite of tests.

There was then regular rehabilitation of the holes; if we did find problems of clogging or specific 
capacity dropping, there would be a chlorine treatment; sometimes there would be a quite expensive 
treatment of the holes, although, not as expensive as drilling a new hole.

And then there was the whole issue of correctly equip-
ping new holes.  This caused some consternation when 
we first started to work.  Imagine a bore with fractures 
in it and a water level; with an understanding of the 
hydrogeology, we knew what pumping rates and we 
knew drawdowns.  The process we followed with the 
new holes is first to make a pilot hole.  A small diameter 
hole is drilled to find the major zones inflow.  In the 
pilot hole you would do a quick airlift test to get some 
idea of the transmissivity.  From the transmissivity and 
pumping rates that we anticipate, you get a basic idea 
of the drawdown.  Once you know the drawdown, then 
you can start to design the hole.  If, for instance, you 
anticipate the drawdown was going to drop to a specific 
height in the hole, you would make certain in the design 
of that hole that you would case off all the upper frac-
tures.  That is quite a difficult thing for any hydrogeolo-

gist to do - to actually seal off water that he needs in a 
hole.  Knowing that these holes are going to be pumped at only 20% of capacity, and knowing that 
this is an artesian system, sealing off the upper water, knowing that the lower water is artesian, the 
next step is the further drilling of the hole.  Drilling a larger diameter hole takes place, which will be 
equipped with a PVC solid casing grouted into place, leaving the bottom of the hole open.  No screens 
are put in the hole; the point being that the more screens you have, the more zones you have for mix-
ing and aeration of the laminar flow coming into the hole.  We found that this seems to work quite 
well at reducing oxygenation.  Typically, water in previous designs was cascading down the hole and 
causing dramatic clogging effects in places.  I donʼt know how applicable this is to the sands around 
Perth, but this design has helped considerably in the fractured rock environment of the Klein Karoo, 
in reducing some of the clogging of those holes.

--o0o--

Q:  Jeff, you didnʼt mention anything about the drops of performance of the pumps themselves and 
about your pipeline becoming clogged.

CHANGES TO WELL SCHEME MANAGEMENT 2
Rehabilitate holes - sanitation, remove scale
Correct equipping of new boreholes drilled
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A:  All the pipelines were pigged on a regular basis.  The amount of sludge that came out was in-
credible.  The clogging of the holes was not really the major issue; in many cases it was the pumps.  
This may relate to the electricity that was linked to those pumps.  I donʼt know.  Pumps were being 
corroded, especially at low pH levels.  I presume sulphur bacteria; there was a typical black buildup 
particularly on the inside.  We had Grundfos pumps of the highest quality stainless steel; in holes with 
a pH of 3, they were replaced in six months.

Q:  Your story about cutting off cascading of the bore is very interesting because our biggest problem 
is cascading bores.  We have a lot of trouble when air is involved.  On the matter of chlorine, you men-
tioned sodium hypochlorite in close proximity to chlorine: is that actually the element, chlorine?

A:  Typical swimming pool chlorine was just taken and poured down the hole.

Q:  That would be sodium hypochlorite.  I canʼt imagine using chlorine in a bore: that would be a 
heinous thing to do.  The procedure with the cleaning and brushing is a purely standard European 
way of cleaning holes.  Every six months is about 1/12 th as often as you need to do it. You need to 
shut down the biocolonies and the biofilm on a regular basis.  From our point of view you donʼt need 
BARTs tests to show you have slime down the hole or a problem when you have rusty slime on the 
inside before it gets to air.

A:  We use BARTs tests not so much to find out if there is a problem: we know there is a problem and 
we want to try and understand what the problem is.  And, maybe we were misguided in doing that.  
Itʼs not one problem; there were a whole bunch of bacteria.

Q:  Was it sulphur reducing bacteria?  What was the bacterial problem?  The big problem is the 
lengths you went to in order to stop the cascading.  Terribly expensive - not a cheap option.

A:  It is actually a very cheap option, easy to implement.  What you had was a hole which has been 
drilled to a larger diameter in the original position.  The PVC comes down and rests there and then was 
grouted.  It is a simple and functional solution, though an unusual approach for hydrogeologists.

Q:  And the pump was placed inside?

A:  Yes.  These are not  super-efficient production holes.  The design is applicable to some artesian 
systems, as such, not really applicable to the sandy aquifers of Perth.

Comment from audience:  Generally, all these problems come from environmental change.  Cavi-
tation, an extension of this change, is what you get in Perth where people are putting in bores and 
operating them beyond their  capacity.  You  get air introduced; aerobic bacteria can take iron too, to 
ferrihydrite without .... the electron acceptor.  You donʼt have an electron acceptor there, so you need 
cavitation to proceed it a lot quicker, or some other electron acceptor.

Jeff:  I welcome your comments.  In one particular hole, when its pH dropped dramatically, not only 
did the iron go up, but the sulphate went up as well, from about 60 to 260.  We couldnʼt understand 
what started the change in that hole.  It was one where pumping water levels didnʼt change very much; 
it was a chemical change or a bacteriological change that resulted in that dramatic pH change.

Roy:  Maturation.  The hole you have is growing older.  In the laboratory, we find that the plugging 
goes as the maturation.  I would suggest that is the next stage of senility for the bugs.  When you talk 
about deoxygenating the well, and then you talk about the fact that you have to pig the lines, if you 
can imagine there is this massive biofouling that has to occur somewhere in the system, if you deoxy-
genate the well, there will be less biological activity in the well.  The focus now moves to the pipe.  
So you transfer your focal activity from the well to the pipe.  You canʼt get rid of it.  If you look at the 
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HAB BARTs, there is a direct analogy with the ʻup  ̓reaction and the ʻdown  ̓reaction.  If you have a 
lot of bacterial activity that is aerobic, it means that the fouling is upstream.  If the bacterial activities 
are reductive and anaerobic, it gives a ʻdown  ̓reaction and the biofouling is downstream.  I would 
suggest with that ....  your deoxygenation program, which is a good idea to protect the well itself, may 
have moved from what is essentially an ʻup  ̓to a ʻdown  ̓reaction.  Downstream is the pipeline and 
there is focused biomass activity down there.
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Audience Experiences in the Management of I&S Bacteria in Field Situations
(Colin Walker was carrying a radio microphone among the audience)

First Case Study

Alan Bishop (Boeing Australia):  We have a saltwater well field in limestone formation (near Ex-
mouth) in which iron bacteria is a problem.  We cool communication equipment with the salt water 
through an assembly of heat exchangers.  Initially the routine maintenance used to be rodding up the 
heat exchangers every six months.  Then all of a sudden we started getting increased turnover of heat 
exchangers with them rotting out (corroding) in as little as two months.  These intervals were not 
consistent.  Sometimes it was as short as two weeks; other times it was back to rotting out every two 
months.

We then tried a number of things and it has been running now for two years.  We are still not sure with 
what we have been most effective, or even whether we have had any success, and would like to know 
of the more environmentally safe treatments.

At one stage we dosed with sulfamic acid to disinfect the bores.  That was quite spectacular - this acid 
with limestone produce a good deal of gas!  It brought the whole lot back up again, a great vomit of 
greenish ʻbile.  ̓ (inaudible comments from audience)  We were within a couple of hundred metres 
of the Navy pier, which is a marine reserve with 250 different species of fish.  The heat exchanger 
discharge comes out to the pier as well.  There are a few interesting issues here.  On the other hand, 
we can put salt water to the antenna field.  The antenna field, like they do with good antennas, has 
been put in the middle of a swamp, because you get a good ground plane.  It is all pindan sand and 
just bubbles a bit with the sulfamic acid flushed wastewater.  The acid did not have any impact and 
has not been showing up in any of the borewater tests that are being done.

Also, we have been using chlorine and bromine solutions for dosing the bore.  We are using Don 
Atkinsonʼs Halifax system on a couple of the bores.  One thing that we could possibly connect the 
increased iron bacteria activity to was that one of the bores started to suck air.  Whether that was a 
consequence of plugging of the bore and subsequent loss of performance or whether that was a cause 
of the downstream fouling of the pipeline, I donʼt know.

Q:  Are there any issues with thermal pollution through the waste water?

Alan:  No, in fact there are concerns in the temperature requirements of the transmitters: the maxi-
mum allowable temperature on the second stage of the heat exchanger is 96oF (35oC).  For a good deal 
of the year we do not get under that in the receiving areas.

Colin: Just in terms of the wetted surfaces in your water circulation, the heat exchangers are a source 
of complexity, with them being so sophisticated with large wetted surface areas, and many corners 
and cul-de-sacs which cultures can set up,and they can perforate those points.

Alan:  Yes.  In fact, at one stage we did a little trial to see if we could clean the heat exchangers with 
sodium hypochlorite.  The technicians got a bit carried away; it has been a point of frustration for 
them to have to rod the heat exchangers up on a regular basis.  They can only do it when the antennas 
are off air, and the location of them is such that they have to stoop and bend over, marching up and 
down.  The heat exchangers are nearly 5 m long.  The technicians get back problems, and it is greatly 
different from the normal, routine work, which is 12-hour shifts, waiting for equipment to break.  So 
we thought we would try sodium hypochlorite.  The technicians chucked in a bucketful, the whole 
bottle instead of the 15 ml we calculated.  We got a very high concentration of chlorine which started 
to chew up the cuprous-nickel tubes, and we got some perforations in some of the tubes.
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Q:  Just a comment about your efforts to disinfect your bore tubes: a lot of power stations use sea 
water for cooling, and a number of companies are making electrolysis units to develop chlorine from 
the sea water, and therefore stop fouling of their cooling water systems.  That might be an option for 
you, or have you looked at it already and found problems?

Alan:  Fouling has caused us to chlorinate for protective effects in bores.  This leads to the heat ex-
changers.  When the bores are working, the salty borewater is fouling the heat exchangers and that 
is where our problem is.  We did put some pool chlorinators in place in lines, 4 sets of them, but the 
problems in the heat exchangers continued, and there was no justification to continue with them, al-
though we may have protected some pipeline.  We found that we couldnʼt maintain it.

Roy Cullimore:  A heat exchanger  is extracting heat from one place to another.  Essentially, what you 
are doing is building up a thermal gradient.  The bugs that grow inside the thermal gradient will be 
different from the ones outside, so you are going to get a focused biofouling event, simply because 
you will be providing a large surface area, and you need to,  in order to do the heat extraction transfer.  
At the same time, you are providing a surface on which microorganisms can now grow.  If you are up 
in the 30o - 40oC range there are very different organisms that will be dominating that flora than at, 
say, 15o - 20oC, so you are going to get changes in the community, and there will be a greater level of 
activity at the higher temperatures.

Alan:  I should clarify that we have a three-tiered  or stratified system with heat exchangers between 
these.  The cooling water around the communications system is deionised water circulating at a tem-
perature of about 23oC.  We have a freshwater cooling loop and a saltwater cooling loop.  The saltwa-
ter cooling loop is, from memory, a 4oC temperature rise, that is to 27oC, so it is not a great thermal 
gradient.

Roy:  The word you mentioned that rings alarm bells in my mind is ʻdeionised,  ̓because that can be 
badly enriched in non-ionic organics.  The very nature of the use of a resin bed means that you create 
a biological growth medium on the resin bed.   It is not quite relevant to the heat exchanger, but it is 
something you should bear in mind.  That resin bed is going to produce slime and that may also then 
contribute organic polymers for iron bacteria elsewhere in the system.

Colin:  On that then, do you have ultrafiltration, or a sterilizing membrane filtration on that deionised 
water as an in-cycle step?

Alan:  The deionised water is basically a closed system.  There is a membrane in the saltwater loop,  
but the saltwater is a completely separate system.  We have membrane-filtered water going through 
the deioniser when putting more water into the cooling loop, but do not have anything actually in the 
freshwater system.

John Brigetti:  When you put caustic down there, is the form you use sodium  hydroxide?

Alan:  No, potassium hydroxide.

John:  Itʼs more expensive.

Colin:  Also more ecologically friendly, but perhaps more helpful to microorganisms.

John:  We use sodium hydroxide at quite high concentrations to get rid of the sulphur slimes in bore 
water systems and the immediate effect is to make soap.  The high pH saponifies cell walls and you 
get enormous frothing problems.  This is a problem with using strong alkalis - the anti-personnel 
problems, very dangerous materials, especially in the eyes.  The same applies with the use of strong 
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acids, strong in the chemical sense, such as the completely dissociated hydrochloric, sulphuric and 
nitric acids.  There are occupational safety issues, and also the effect of these strong acids on stainless 
steel; hydrochloric loves stainless steel.

Colin:  Passivation is one way around that.

Roy:  Passivation is a two-way street because passivation is a gelatin base, so you are actually putting 
a microorganism food source on a part of the future water plumbing.  The gelatin will be degraded to 
some extent, and if you canʼt flush it out it will be a minor part of the biofouling.

X:   I consider it better that it wasnʼt acetic acid, which is a pretty savage hazard to personnel if you 
are using the concentrate.  One factor that wasnʼt mentioned by Alan was to use a reducing agent.  
If you are getting rid of ferric deposits, the best way to loosen up ferric is to reduce it and chelate it.  
When you are looking at a build-up of bacterial metabolites deposited in a borehole or in a closed 
space, you need to look at the material and think of what you can do to dissolve that stuff.  It is going 
to be different if it is ferric hydroxide (or ferrihydrite) or if it is sulphur or if it is bacterial slime.    You 
do need to do some chemistry on the nature of the beast.  I would always like to know what the crud 
is they leave behind, because, really, you are not detecting the bugs.  The bugs will retreat back into 
the aquifer and when you turn the pump on again, you recolonise immediately.  You need something 
to get rid of the material that has built up over time, and then you need something which removes that 
on a regular basis.

Colin:  Yes, it seems a strategically bad move to put a treatment in place and then pump it away from 
your target.

Roy:  Getting rid of deposits can be largely successful if you can disperse the materials into smaller 
particle sizes.  So you could argue that is the equivalent of a chelation process.  But I do not know 
of many products trying to reduce and chelate iron that will lock and hold it in.   On an iron deposit, 
a chemical chelation will disperse and break it down.  We havenʼt seen that level to the problem to 
consider using it, but it is a valid point.

--o0o--

Second Case Study

Geoff Lalor:  I work for a development company.  We are involved in a large development down 
south.  We have been given a bore field to manage.  We have a problem with ferrous iron converting 
to ferric.  Within two months after we began our involvement, everything from the pump through to 
the delivery lines was blocking - going from 50 mm almost down to zero - full restriction.

What we tried doing was to modify the bore; instead of having the pump inside the screen, which was 
obviously causing cascading problems, we put the pumps above the screens, abstracting the water 
upwards.  We talked to quite a few drillers and went down the track of trying to minimise oxidiza-
tion to slow down the conversion.  Also, we pulled out one of the submersible pumps and dug a well, 
and changed it to a centrifugal pump, on the theory that it is not going to introduce oxygen, with the 
abstraction going to the centrifugal pump by suction.

Going back 20-odd years ago, we didnʼt seem to have as many problems with the plugging and the 
iron when centrifugal pumps were being used.  Now, because everything is submersible (and cascad-
ing water could occur), we seem to be having more problems.

What has happened is that the deposits didnʼt solidify - it has just basically stayed as a liquid mud.  
We are now at that stage of looking at further development and wondering what is our next step to 
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obtain economical and reliable water.  This is from a superficial aquifer; we are only allowed to pull 
water from that. We are just limited in finding a way of abstracting water without oxygenating it, if 
that would stop the iron converting to ferric iron.

What we have done is put recirculation plumbing on all the (remaining) submersibles.  What we do is 
put hydrochloric down the bore, switch the line to recirculate, and switch the pumps on, which then 
pumps water around and back into the bore casing.  We just circulate it, and that cleans the recircu-
lated zones  ̓ interior surfaces.  We have gone from replacing pumps every three months to getting 
about two years out of them.

X: Hydrochloric acid and stainless steel, again.  Iʼm concerned you could make more ferrous from 
the steel, and the steel will pit.  When oxygen gets in, it becomes ferric and the pits are really accom-
modating bacteria - you need to keep the bacteria under control.

Colin:  There are some pipes which are oxygen-permeable, particularly on the glands.  The neoprene 
seals in the joins between lengths of black poly are far more oxygen-permeable than the black poly  
itself.  You do tend to get iron encrustations just there at the joins.  If you are using 110mm diameter 
black poly which only comes in 100 m lengths, for the sake of argument, and if you have used a 
joiner, not a weld, between successive lengths,  you will get oxygen diffusion and a fair amount of 
iron deposition immediately downstream of the joiner, and that can clog the fittings.

One of the things you mentioned was that you tried a well.  Have you thought of putting a gallery on 
either side of it to limit  even more the cone of depression?  This avoids having the substantial draw-
down and the disturbance of the elevation of the water table, and therefore the prospects of oxygen 
diffusion laterally into the formation which you have got in absolute spades in a conventional bore-
hole?  If you put a gallery on either side of it which is sitting in the resting water table, and therefore 
you have groundwater feeding from a long way either side?  The gallery is basically spearing off into 
the formation.

Geoff:  What I couldnʼt understand is why the centrifugal pump water we were pulling up from in 
the well there was different to the submersibles, in which the bore head and the riser pipe coming up 
were building up a hard scale of iron.  The centrifugal pump on the well didnʼt give a scale - it was 
just literally mud, it just didnʼt solidify at all. 

Colin:  Put it down to oxygenation, as you suggested.

Bill:  Can I clarify this a little bit?  I believe when you say ʻcentrifugal  ̓you mean an old-fashioned 
pump with a motor on top and a removed centrifugal pump below - is that right?

Geoff:  No, centrifugal is just a motor with the pump bolted straight to the motor and the suction line 
is going nearly 7 metres down.   The water table is 5 metres down.

Q:  The main problems with clogging are the pump, the pipe or the screen?  Or all three?

Geoff:  All three.  We just need to be able to manage it.  The pumps are run basically 24 hours a day. 
We try to restrict the flow at times rather than have to turn it on and off.

Phil Mulvey:  There is another solution: treat at the formation rather than at the bore.  It is possible 
to inject a series of smaller pilot bores around the main production bore, and into that you inject aer-
ated water or you actually inject air.  The idea is to create an iron-deficient environment that drops all 
the iron out before it actually comes to your bore.  This approach assumes it is an iron-in-formation 
problem as opposed to an iron-bacteria-in-bore problem.
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But once you have identified it is an iron-in-formation problem, with iron coming in and interacting 
with the bacteria at the bore, if you can drop the iron out in the formation, you donʼt have the problem.  
In both instances you will get bacteria at the well, but if you have iron in the formation, if it is an 
oxygen problem that is causing it, the best way is to get rid of the iron in the formation, but it is quite 
expensive.  You create a halo of highly oxygenated water around, which drops the iron out well before 
it hits the well.  Effectively, you move the bacteria out and you move the oxygenated water out, so 
you end up with a more controlled system at the well.  There is a series of papers on it: it is called the 
Veroydox system.  It is not often used in Australia, but used much more extensively overseas.  It was 
experimented with in the mid-1980s by hydrogeologists in Victoria in an organisation called Rural 
Water.  I donʼt think it was ever tried in WA.

Jeff Jolly:  The Veroydox system works very well, but you end up clogging the aquifer around the 
well.  Inevitably what happens is that you have to move that well to another place, it has a life span.  
Typically it will last about 10 years, then you have to have a whole new system.

Colin:  This system sounds very much like one of the other systems that we are starting to develop, 
the technology in the residential septic treatment system where we have two zones for discharge of 
grey water. You discharge to one and it gets less and less permeable, it clogs.  You then let it rest and 
bioremediate itself and you discharge to another arm of the same system.  So effectively you have 
alternating wells which hopefully, after they have clogged, process themselves and perhaps clean up 
a bit.

Roy:  The Veroydox System is a patented system and the patent owners get very protective of their 
patent if they see people putting aerated systems around a well to drop the iron.  The province of 
Manitoba had an approach similar to Veroydox  for one of the cities; it did control the iron, but the 
heterotrophic plate counts went up through the roof because of the aerated conditions.  Manitoba  
tried to get around this by bringing up the water, conserving one-third of the water, while having the 
pump going continuously.  The one-third of the water that was conserved was aerated and dumped 
down the well at night, so they created a bigger oxidated zone around the well.  They ran into legal ac-
tion from Veroydox: Veroydox didnʼt win that one because the water was being aerated and dropped 
down the borehole.  The Veroydox system is directly aerating formation outside of the borehole.

The thing with this approach is, yes, you are going to get clogging, but it is going to be on a bigger, 
wider scheme of things.  When you start to calculate the surface areas as you go up, they are that much 
larger, so the time taken to gather significant clogging is that much more.  You do come into a condi-
tion where plugging and automatic, natural bioremediation can both occur.  With a field of bores, you 
dump conserved and oxygenated water into one until it slimes up, and then you dump into a second 
one. The slimed one then sets itself right, and you keep doing that.  What happens is you have this 
big cylinder in the formation: the redox front is way out, itʼs very unstable, it means that the plugging 
positions are going to be constantly moving and that there will be a lot less loss of permeability on 
average and it will last a lot longer.

Colin:  There are other cases being studied around this campus of bioreactors being used to pol-
ish grey water, that are in-column matrices (often of activated carbon) carrying bacterial cultures.  
You simply alternate between one bioreactor and another one.  The first bioreactor, once clogged, 
is switched off-line as the second comes on-line; it becomes cleaner after it self-digests and you get 
back to its original activated carbon surface.

--o0o--

Third Case Study

Peter Forward:  I am from SA Water in South Australia:   I am the manager of salinity control for 
SA Water.  I run light bore fields along the River Murray where we have about 90 bores intercepting 
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highly saline water that would otherwise get into the River Murray.  We run some large-scale systems 
about 140 km apart, ranging from 100 mm to 525 mm.  

Our experience has been, if you bring the bore to the surface,  tank or dam, then repump it, you are 
very unlikely to get biofouling downstream of that.  I guess chemical conditions in the water change 
things; iron bacteria in the water donʼt seem to carry over into a pipeline if they have been in a dam 
first off.  Simplistically, bringing water up to a dam and repumping it, you probably wonʼt have much 
biofouling downstream of that.

Some people have mentioned problems with pipeline clogging and having to pig them.  We have 
developed some very easy techniques; pigging is very easy.   You can very cheaply buy foam rubber 
pigs from Dunlop Industrial firms that are very easy to put in a pipeline.  We havenʼt lost a pig yet, and 
there are techniques to make sure you donʼt lose pigs in the system. Pigging is pretty easy to do  when 
you are set up to do it - once you are set up with pig injection points and exit points, provided you 
have somewhere to dump the crap when it comes out the far end.  We produce tonnes of the stuff.

X: In pumping water into a dam there is consequent aeration, dropping the iron out.  The two pump 
approach is bulletproof with respect to pipeline clogging, a very reliable way to go..  A lot of irriga-
tors north of Wanneroo have water with a fair bit of alkalinity, hardness, in fact, calcium carbonate 
problems.  They also have an iron problem.  In my former life I would have said you donʼt get the 
two (iron and hardness) in the same hole, but you do.  So, north of Wanneroo there are lots of places 
where they spray the water into a dam to get the iron problem under control.  From there on, they pull 
water out of the dam into their irrigation system.  The irrigation systems are clogged with calcium 
carbonate.  You have to be careful with that.  If you have high calcium and high bicarbonate, letting 
a bit of CO2 out of the water, which you do when you aerate it to get the iron out, you can create a lot 
of trouble further on.

Colin:  I can tell you another drawback in surface water storage for irrigation for cropping systems.  
Surface water storage can grow quantities of Phytophthora.  If, in fact, you have any sort of fresh 
organic matter, like a tree nearby dropping green foliage into that surface storage, you will grow 
Phytophthora, at least in the WA environment.  I have seen two-year-old crops of irrigated rhubarb 
near dead with their root systems absolutely shot through with little brown spots where Phytophthora 
infections are migrating through the vascular bundles - a rhubarb plant is meant to last for 7 or 8 years 
in production phase.

--o0o--

Fourth Case Study

Andrew OʼFarrell, City of Joondalup:  Just quickly following up about putting a pig through a pipe: 
we have just put compressed air from a 375 cfm compressor through our irrigation systems.  Some 
of the pipes, which are PVC pressure pipe (960 kPa), were up to 50% blocked, or more.   Basically 
they have come clean to a point that they look like they only have a bad stain inside the pipes now.  
Has anyone else done that, and if you have, what is the long-term effect?  I am assuming it is going to 
promote the bacteria coming back, but we have just done it.  We have had unbelievable results from it 
to the point that we are putting compressed air through 20 mm pipes.  This turf irrigation system we 
have done it on is approximately 20 years old.

Q:  I understand you are moving rubbish out of the irrigation pipes, but exactly how is it getting out 
of the pipes?

Andrew:  What we have done is put a series of flushing points in; these are 50 - 80 mm ball valves 
at selected points.  We have also put isolation (or head) valves in at selected points, so that flow in a 
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ring main has all got to go in one direction during flushing, and we can focus on flushing a section at a 
time.  In some cases you get the water shooting 20 or 30 metres away with all the debris and the iron 
deposits.  That occurs  on the main line.  To flush the irrigation lines, we usually remove the last one 
or two sprinklers on each line.

We have devised a water-compressed air ratio to run into the system, up to a closed head valve with a 
flushing point open.  All the compressed air comes through the lines and is just churning iron deposits 
up.  We rotate the water-air ratio;  a ratio variation that works in our network seems to be 30 seconds 
on and 30 seconds off.  This uses 30 seconds of air-water combined (both on), then we crank the air 
off, let the water come through and then crank the air back open.  We have only done about 4 parks 
at this point.  We have had to vary the ratio and try different things: we are new at this.  But we have 
had some unbelievable results with it.

Q:  With the size of the flushing geyser you describe, Iʼd imagine you are getting a considerable ac-
celaration of the slugs of water as air expands in the 2-phase  fluid.  From that you will get a terrific 
velocity in the flow.  Did you worry about line fittings getting bent up when a water slug hits them?

Andrew:  Initially, we were a bit concerned how the solenoid valves would cope and we just did it on 
the main line and the ball valves were sticking.  If anything, it has done the valves a world of good 
to have a bit of cleaning.  Prior to these air-water flushing exercises the maintenance was to the point 
where we had people out there every day cleaning sprinklers.  We have Rainspray™ sprinklers which 
traditionally pass a lot of deposits through but they were just blocking up and not turning.  Now in 
those parks the guys are probably still cleaning an odd sprinkler, but it is up around an 80% improve-
ment.  We have gone from having people there every day to only being needed possibly once a week, 
to keep an eye on the system.  It has been a huge improvement.  But I wonder how long it is going to 
last.

X:  We have heard of using compressed air on clogged lines and were a bit reluctant about it.  This 
is because we have AC pipes on the supply side, 2 by 12-inch AC pipes and we can use either one.  
They are getting towards the end of their life, and water slugs hitting fittings or corners might crack 
them.  We are going to replace them at the end of this year with poly pipe.  All the deposited rubbish 
can just stay in there.  If we have any problems with the poly we will use air compressors and 2-phase 
flow and do some velocity stuff, and we know they work well.  We know that they will scour because 
on down days we have been able to put the supply pipes to field and turn all the pumps on full flow; 
that works fine, for a while.

Bill:  When I was in Israel I know they were doing things to get air to the roots of crops with subsoil 
irrigation.  They added a fair amount of air to the water in order to get better growth of the plants.  To 
a degree, I thought that was mad because of lots of other difficulties of clogging of the pipes.

Roy:  Andrew, you are getting a shear effect; you are changing the local environment from saturated 
or semisaturated water and now you are shearing.  It depends on the way the bacteria can cope with 
that shearing effect, and the shear may actually smear, so you get a more even layer.  If you work 
the physical forces correctly, they are never able to build up sufficient strength to build a major blob.  
Anyway, the plastic is not a good surface for some of them to adhere to.  They may have had diffi-
culty building up and attaching and at the same time there is this surging going on.  I donʼt think the 
physical effect is going to impact the bugs so much, in the sense of whether they are going to be able 
to survive.  I donʼt think that is the point.  It is just that you are going from saturated/semisaturated to 
just a surface film with a lot of pressure.  If you are going to do that for a long time, keep changing it 
so they donʼt get used to it.

Colin:  Any comment about just running the pumps flat out, Roy?
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Roy:  On the shearing process in pipes running flat out: in Ontario, they have just finished a study 
relating to fire hydrants, the sudden demands of a fire.  In Canada, there are about 18 injuries a year 
to firemen hit with clumps of crud coming out, because they switch the hydrant on to maximum flow 
rate, often around 400 gallons per minute.  They are trying to set the pipes up, the fire is going, they 
are rushing around.  What happens is that a crusty lump comes out of the water, smacks a fireman, 
and heʼs injured.

So they were looking at plugging up in the hydrant. The bottom line is that when they were doing 
that work, they did a particle count in an active pipeline; they found that most of the water is actually 
moving through the centre of the pipe.  The more colloidal water is toward the outside and then there 
is the encrustation.  That is a very stable system.  If you start to change your pressures, and so on, you 
canʼt build that type of system.  They were looking particularly at chlorine residuals in these three 
phases.   They found that the colloids were such that you could have a chlorine residual in these three 
zones: centre, colloidal, and encrustation.  They found that the colloids were such that you could have 
a chlorine residual here but none down here (hand waving), so there is a sort of a bounce effect.  The 
zones are not really interconnecting.  That is where you have a constant movement of water without 
any changes.  As soon as you create a change - a radical change would be opening the hydrant to fight 
a fire - then the whole system disrupts.
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Preliminary Evaluation of Rehabilitation Treatment Protocols
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Abstract
This paper addresses some of the factors that are critical to the rehabilitation of 
water wells that are failing to maintain the desired production (through plugging 
or clogging) or desired quality for the ongoing use of that water. Over the last for-
ty years there has been a steadily growing demand to rehabilitate impacted wells 
and a number of techniques are in use throughout the United States of America. 
No single method has been found through users  ̓experiences to assure the routine 
rehabilitation of fouled wells in all of the various environments encountered. This 
paper examined a range of primarily physical/chemical treatment methods and the 
impacts this had on the specific capacity of, and biofouling in and around the well. 
Wells from twelve well fields were included in the initial survey but concerns over 
the validity of the historical specific capacity data and lack of biological information 
data restricted the number of well subjected to known rehabilitation techniques.  
One basic problem was that the biological and physical characterization of the wells 
changed during the fouling to render a different response pattern to the treatment. 
On average the wells had declined by 55% and the effective rehabilitation returned 
production by an average of 33% towards the original specific capacity. Of the eight 
wells rehabilitated that had sufficient before and after biological data, two wells did 
exhibit an effective control of the biological agents being monitored, two wells ex-
hibited a broad spectrum of additional infestations following the treatment and the 
other four wells showed mixed results with some bacteria becoming more aggressive 
while other groups were restrained by the treatment. There was insufficient repli-
cation of any specific treatment to determine the relative effectives of the different 
blended treatments that were applied.
 

Introduction
Producing water wells have been found to suffer from a number of production problems that have 
been related to biological activities within and/or around the wells. These activities can have both 
quantitative and qualitative impacts during the operating life span of the well. Historically these prob-
lems have either been ignored through well replacement or addressed using physical and/or chemical 
methods without recognition of the biological factors impacting the well. Water wells have a signal 
disadvantage in that the product water being pumped from the bore hole can be evaluated but the well 
itself remain difficult to assess since the producing formations in the aquifer formations nor the struc-
tures of the well itself cannot be easily accessed. These limitations therefore dictate that evaluation 
parameters are limited to the more determinable events such as:

• Static water level
• Pumping water level
• Pumping rate
• Calculated specific capacity based on above data
• Key water quality parameters (e.g., color, turbidity, iron, manganese, calcium carbonate)
• Observations of any deposits in the well or structures emerging from the well
• The presence of biofouling (slimes, nodules, tubercles, encrustations, foams, odours, 
 discolorations, turbidity) associable with microbial activity.
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Producing water wells frequently suffer from increasing quality and quantity problems that will re-
strict the operating life of the well due to losses in production due to plugging (biological), clogging 
(physical) or corrosion (biologically initiated); or through deterioration in water quality (commonly 
biologically initiated). This paper addresses attempts to determine a rehabilitation scenario and the 
necessary testing protocols that could be used to extend the active production life of wells through 
better preventative maintenance and effective radical treatment of impacted wells. As a final objec-
tive, application of these methods should render the well more sustainable with an extended active 
operating life with a better quality of produced water. To achieve this there needs to be initial exami-
nations of protocols that are in common use for the rehabilitation of wells and so this paper reports on 
the findings from this initial study. 

Methodology

Rehabilitation of fouled wells can involve efforts that can last from months to many years. Factors 
affecting the type of rehabilitation includes: (1) chemistry of the water (especially the concentrations 
of dissolved metals, carbonates); (2) the presence of microorganisms  causing growths and deposits 
in the voids surrounding the well as well as on slots and perforations entering the bore hole and in the 
water; (3) pumping rate of the well compared to the design capacity of the well screen; (4) structural 
integrity of the well; (5) age of the well; and (6) frequency of use. Many well rehabilitation techniques 
have been used over the years with mixed results indicating that there remains a lack of understanding 
of all of significant factors. Major new techniques includes the use of: (A) pump suction devices (suc-
tion flow control devices) which help to evenly distribute the flow along the length of a well screen 
rendering a laminar flow; (B) polymers to break down biological growths, biomass; (C) liquid carbon 
dioxide to break up encrustation, remove drilling mud and fines and open fractures; (D) placement 
of high density polyethylene liners to seal off failed or compromised casings; and (E) application of 
a patented use of heat to accelerate chemical activities. Of prime importance is the development of a 
suitable protocol procedure to determine the state, form and function of the fouling impacting the well 
and then elect a treatment protocol appropriate to those challenges. To begin to address these concerns 
a number of authorities were approached to participate in this evaluation. These included: 

Birmingham Utilities, Connecticut
Norwalk First Taxing District Water Department, Connecticut
South Central Connecticut Regional Water Authority
Suffolk Country Water Authority, New York
Village of Ridgewood, New Jersey
United Water New York
City of Sarasota, Florida
Pinellas County Utilities, Florida
City of Houston, Texas
City of Ames, Iowa
City of Mosinee, Wisconsin
City of North Battleford, Canada (technique E)

A comprehensive AWWARF study of recommended biofouling monitoring programs for Water re-
viewed methods to monitor the presence of biofouling wells (Smith, 1992) but did not address meth-
ods to reduce the rate of biofouling or methods to clean a biofouled well. Another AWWARF study 
(Evaluation and Restoration of Water Supply Wells, Borch, Smith and Noble, 1993) reviewed the 
causes of well deterioration, how to diagnose problems with wells and pumps, preventative mainte-
nance procedures and a review of methods to rehabilitate wells. A general review of well rehabilita-
tion was also conducted (Smith, 1995; and Mansuy, 1999) with specific references to the application 
of heat along with chemical treatments by Alford and Cullimore (2000) while the  biological aspects 
of well fouling with some rehabilitation techniques was discussed by Cullimore (1999). An outcome 
of these observations was that the degeneration of a water wellʼs productivity and quality of the prod-
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uct water is often severely impacted by biological activity in, and/or around, the well and that there 
remains a need to clarify effective rehabilitation and preventative maintenance procedures.  

Traditionally, a failing water has been considered to have occurred as a result of either clogging (if it 
is a chronic event), corrosion (if it is an acute event) or a reducing water table in the formations feed-
ing the well (irreversible except through natural or artificial recharge of the aquifer. Clogging is most 
commonly related to sands, silts and clays moving toward the well screen and gravel pack, filling 
some of the pore spaces (voids) of the sand around the screen, thus reducing the hydraulic conductiv-
ity of the aquifer material. In some cases, the clogging can occur due to insufficient well development 
when the well was first installed. Often, the pumping rate during well development (and rehabilita-
tion) is lower than the design yield. Under these circumstances then, when higher rates are applied 
with the production pump, it will increase the flow velocities, which can effectively mobilize fines. 
In some cases, these fines material may travel to the well to be pumped out or settle in the bore hole. 
These events would be seen through increases in specific capacity after the production pump has been 
installed and pumped for a period of time. However, the mobilized fines may clog up voids leading 
to a corresponding reduction in specific capacity. Clogging is also thought to involve the precipita-
tion of iron, manganese and/or calcium carbonate by oxidation as the water crosses the redox front 
as it enters the well. However this oxidation is now thought to be caused by the biological activity 
concentrated along this redox front which now bioaccumulates these chemical materials. Plugging, as 
a term, refers to the accumulations related to biological activity (bioaccumulation). Cullimore (1999) 
presented three principle components resulting from plug growths. These are the slimes, bioaccumu-
lates and mineral deposits. Slimes form protective coatings for the microorganisms. Bioaccumulates 
consist of organics, nutrients and metallic cations that are contained within these slimes while mineral 
deposits are representative of mature plugs and commonly include calcium carbonate and iron oxides. 
These hard deposits (encrustations) likely perform protective functions. Such deposits are commonly 
misinterpreted as being related purely to non-bacterial oxidation occurring in the well.  While this 
can occur, these activities often concentrate at the front between oxidative and reductive conditions 
(redox front) the cause of the oxidation is often bacterial. These growing structures are therefore bio-
logical in origin and form a part of the biomass forming in and around the well. 

Microbiological techniques

Detection of biomass can range from direct observational (limited to inspection, video logging of the 
well and lines, and changes in product water quality) to the determination of the nuisance microor-
ganisms. One problem with any microbial determination of the biological cause of the fouling is that 
the microorganisms involved pass through life cycles within the biomass that causes a cyclical release 
of microbes into the well thus giving a data set that has significant variabilities. For example, after 
an effective well rehabilitation (returning the well at least 15% towards the original specific capac-
ity) it takes at least four weeks for the microbial biomass in and around the well to stabilize. When 
this happens then the number of aggressive microorganisms recovered in the water sample declines 
significantly. To recover microorganisms from such a stabilized biomass, then the environment has to 
be modified (by such a manner as shutting down pumping for 14 hours) in order to move the redox 
front and, in so doing, cause releases into the water significant numbers of microorganisms that can 
now be detected during a pump test. One of the simplest field tests (Cullimore, 1993) is BART Tester 
systems (Droycon Bioconcepts Inc., Canada). These Testers were developed as a simple method to 
evaluate the type and aggressivity of specific communities of microorganisms. BART stands for the 
patented Biological Activity Reaction Tests. BART kits consist of plastic tubes that contain a selec-
tive nutrient designed for the specific type of bacteria being targeted by the Tester, and a floating ball 
that controls diffusion of oxygen into the liquid in a manner so that aerobic bacteria grow in the top 
of the liquid medium. This aerobic activity at the top of the tube around the ball will result in oxygen 
depletion in the water at the bottom of the tube. Since this zone is now devoid of oxygen it allows 
anaerobic bacteria to grow. These anaerobic bacteria do not require oxygen to grow and for some 
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oxygen is toxic (Cullimore, 2000). After the water sample is added to the BART Tester, observations 
over time of color, cloudiness and gasses resulting from the formation of slimes and gels, are made 
for a number of days (commonly ten days or sooner if no more reactions may be expected). Reaction 
patterns observed are now used evaluated to characterize the presence of particular bacterial com-
munities. Predicted populations are based on the time lag on the basis that shorter time lags would 
reflect more aggressive populations. Three BART Tester types were employed routinely for evalua-
tory purposes. These were:

• IRB-BART (for iron-related bacteria) and relates to iron-rich conditions
• SRB-BART (for sulfate-reducing bacteria) and relates to corrosion
• HAB-BART (for heterotrophic aerobic bacteria) and relates to biodegradation

The advantages of using BART Testers are that laboratory conditions are not necessary and a high 
level of training is not necessary. Consultants and operators can easily use them to track the activity 
level in wells. This information from the Testers can be used to help with decisions on when to reha-
bilitate a well, and to help with determinations of what type of treatments may be necessary.

Rehabilitation techniques

Well rehabilitation techniques generally fall under physical or chemical categories. Physical pro-
cesses are designed primarily to remove accumulated material from well casings, borehole walls and 
screens. Chemical processes are designed with the objective of dissolving and/or loosening encrust-
ing material, increase the mobility of silts and clays, and/or perform as a biocide. Some techniques 
employ the use of temperature adjustment either downwards to generate freeze fracturing or upwards 
to accelerate the chemistry of the treatment and impact on the microbial activity by pasteurizing the 
treated zone. Today most techniques involve a mixture of more than one chemical to increase effec-
tiveness. 

Physical techniques are intended to result in agitation of the gravel packs, natural formations or 
openings in consolidated formations. The most commonly applied techniques are surge block jetting, 
swabbing, compressed air surging, wire brushing, hydraulic fracturing of consolidated formations 
(Borch, Smith and Noble 1993).  In addition, there are two patented physical rehabilitation processes. 
These are: (1) AirBurst Sonar-Jet (Water Well Redevelopers, Inc. of Anaheim, California) which 
utilizes shock waves and gas pressure to loosen encrustation on the screen and into the formation 
and are released from a series of capsules whose reactions are controlled from the surface to create a 
surging action; and (2) AirBurst (Frazier Industries, Inc. of Muskego, Wisconsin) which utilizes small 
volumes of high pressure inert gases to generate a high intensity ʻpressure pulse  ̓in the well. These 
pulses are generated with a ʻBolt Air Gun,  ̓and are said to create high intensity acoustic waves that 
break up mineral scales. In addition, it is said to create an air bubble that results in a surging action. 

Chemical treatments for wells are commonly based on various acids, sometimes blended with surfac-
tants and/or biocides. Acids in common use include hydrochloric (muriatic), sulfamic, and hydroxy-
acetic (glycolic). Other acids occasionally used include citric and phosphoric. This latter treatment is 
now a subject of serious concern since any post-treatment residuals could very significantly stimulate 
the recovery of the biofouling biomass in and around the well. As a part of rehabilitation it is desirable 
to impact directly on the biofouling biomass through the use of a biocide. Two common disinfectant 
biocides are sodium hypochlorite (a liquid) and calcium hypochlorite (a solid). Studies have shown 
that sodium hypochlorite is a more effective biocide than calcium hypochlorite. In addition, the appli-
cation of calcium hypochlorite to waters with high carbonate concentrations could generate calcium 
carbonate precipitates that would worsen any clogging problems (Mansuy 1999). Chlorine dioxide 
is another potential disinfectant. The use of penetrants (to break up the biomass) and surfactants (to 
clean surfaces) are now being widely adopted as a part of the rehabilitation strategy. Generally these 
chemicals are used in low dosages and can have secondary effects where they act as biocides at the 
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same time. 

At this time, the common experience has been that well rehabilitation must involve several techniques 
or methods and furthermore there is no one method applicable and effective in all wells. Rehabilita-
tion as a strategy has to involve the identification of cause for declines in well performance and/or 
water quality. These need to be identified before the rehabilitation plan is developed and a strategy for 
ongoing preventative maintenance needs to be put into place as a part of the effort to make the well 
sustainable in the longer term. Aspects important to this decision should include:

•Geologic setting and hydraulic conductivity (or relative grain size)
•Well construction details, including year of construction, screen size and setting, type of mate-
rials and original well development methods
•Original specific capacity and pumping rate - the actual well completion pumping test data are 
best (water level versus time and pumping rate records), if the full pumping test data are not 
available, then static and pumping water levels, duration of the pumping, and pumping rate are 
acceptable
•Original water quality (ORP, Fe, Mn, S, pH, conductivity, hardness, Eh, total phosphorus, total 
nitrogen, potassium, alkalinity)
•Records of the rate of decline of specific capacity with pumping rate records
•Records of past rehabilitation efforts including: (1) specific capacity prior to rehabilitation; (2) 
past rehabilitation practices and how they were applied; (3) records of specific capacity changes 
during the rehabilitation effort - preferably records of how the specific capacity changed with 
the application of a given technique; (4) specific capacity at the end of the rehabilitation effort 
along with how well the specific capacity has held up after rehabilitation; and (5) any informa-
tion on the biological changes using field techniques such as the BART Testers.

Evaluatory Process

For selected wells from the thirteen districts included in the survey, goals were established to evaluate 
those wells selected for possible rehabilitation which included: (i) perform pre-rehabilitation water 
quality testing (Fe, Mn, S, pH, conductivity, hardness, Eh, total phosphorus, total nitrogen, potassium, 
and alkalinity); (ii) perform 2-hour pumping test prior to the rehabilitation to allow documentation of 
any biological activity and hydraulic performance via calculation of specific capacity (flow rate per 
foot of drawdown); (iii) perform test after well has been idle for at least 12 hours. During this test 
sequence, samples were collected for BART testing using the IRB-, SRB- and HAB- BART Testers. 
In some cases samples were collected at 5, 10, 20, 30, 60 and 120 minute intervals and BART tested, 
and (iv) video inspection of the bore hole for observable structural problems and growths. 

Several key indicators of the relative success and/or cost effectiveness of rehabilitation efforts were 
considered including: 

A  How close did the effort come to restoring the wellʼs specific capacity to original levels?
B  How long have the effects of the effort lasted?
C  What was the cost of the effort?
D  What residuals (if any) were generated that required subsequent treatment?
E  How much time was required to perform the treatment?
F  Did the treatment have an impact on water quality?

Rehabilitation Results and Discussion 

Down-hole video camera logging was conducted both before and after rehabilitation on eight of the 
wells. Of these wells, five showed that the rehabilitation had removed all of the growths observed 
within the well, one showed that the growths had been cleaned from the walls but that the water in the 
borehole was exceedingly turbid with suspended materials, and two showed no effect from the reha-
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bilitation.  Four wells had no video inspection at all and one had inspection only after the treatment 
had been applied (in this case the well screen was clean).  Clearly in the wells where video inspection 
had been employed both before and after rehabilitation, the direct effects of the treatment could be 
evaluated through the clarity of the down-hole water and the cleanliness of the screen. It should be 
recognized that even when total clarity and cleanliness is observed after rehabilitation this does not 
mean that there is no residual biomass outside of the range of the camera inside the porous media 
surrounding the well. 

Changes in specific capacity generated by rehabilitation 

Fifteen wells were subjected to various rehabilitation techniques mostly involving a strategy of blend-
ed chemical treatments. Original specific capacities were in most cases reliable and the average spe-
cific capacity of a newly developed well was 40.3±36.7 gpm/ft with the lowest generator being 4.8 
and the highest 160 gpm/ft.  Prior to rehabilitation, the mean specific capacity for the included wells 
had declined to 19.8±13.5, an average decline of 51% with the range from 2.5 to 52.8 gpm/ft. When 
rehabilitation was applied there was an improvement in the mean specific capacity to 29.7±22.0 gpm/
ft with the min./ max. of 7.5 and 90 respectively. While the wells had declined from being developed 
by an average of 55% the overall impact of rehabilitation was to recover specific capacity by an aver-
age of 33±59%. This greater variance indicates that the various rehabilitation techniques applied in 
different well environments had a very unpredictable outcome beyond noting that four (31%) of the 
wells experienced no significant improvements (i.e., less than 10%) in specific capacity as a result of 
the rehabilitation. There was an insufficient replication of any one rehabilitation method to indicate 
the superiority or otherwise of any given practice.  

Biological indicators of the effectiveness of rehabilitation 

BART testing was performed on eight of the wells that were being subjected to various rehabilitation 
techniques. The elected techniques varied based on local conditions and the rehabilitation procedures 
being used.  A summary of the findings is given in Table One based upon the changes in time lag (ag-
gressivity) caused by the rehabilitation treatment.  A lengthening time lag would mean that the aggres-
sivity was declining where the lag is longer after treatment. If the time lag is shorter after treatment 
this would indicate that the bacteria were becoming more aggressive as a result of the treatment.

Table One. Shifts in Bacterial Aggressivity using the BART Testers that Resulted from the Re-
habilitation of Eight Wells included in the Survey

Notes: Infested means that the aggressivity of the bacteria increased as a result of rehabilitation; Null 
effect means that the rehabilitation had no effect; Impact 1 means the aggressivity was reduced by a 
time lag of one day; Impact 2 means the aggressivity was reduced by two days; Impact 3 means that 
the aggressivity was reduced by three days (or three order of magnitude); Eliminated means that the 
bacteria were not detected using the BART Tester. 

Each well showed a somewhat different response to the rehabilitation treatment. Two wells (3 and 5) 
both showed a greater level of aggressivity after treatment indicating that all three bacterial groups 
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were more aggressive in the water pumped from this well. This may have been due to an abundance of 
organic debris and cleaned surfaces left over by the treatment and the bacteria were actively coloniz-
ing these new environments. SRB were eliminated in two wells (2 and 8) and in one case (well 2) the 
IRB were also eliminated but the HAB became more aggressive and were dominating within the well 
zone being sampled. Well 8 showed an impact on both the HAB and the IRB with a one and two day 
lengthening of the time lag.   Conversely in well 1, it was the HAB group that was impacted by the 
rehabilitation while the SRB became much more aggressive and the IRB were not affected.  In well 4 
SRB were not detected either before or after rehabilitation but the HAB and IRB were found to have 
a reduced aggressivity with time lags extended by one day. For well 6 both the HAB and IRB were 
impacted by the treatment with extension of the time lags by one day but the SRB were not affected. 
A very significant impact on the SRB was observed in well 7 while the HAB and the IRB were not 
impacted. Four of the wells therefore indicated that the rehabilitation had reduced the aggressivity 
of the bacteria while the other four wells exhibited differential infestation by one or more groups of 
bacteria. 

From this data it is evident that the sampling was performed while the microbial flora within the well 
was still adjusting to the post-treatment conditions that would have led to states of trauma for the 
bacteria followed by massive increases in particulate debris as the well treatment continues, leading 
to a condition where there are recently cleaned surfaces exposed onto which the bacteria can attach. 
Until the attachment and colonisation process has been completed, it can be expected that a consider-
able but variable number of bacterial cells will remain in suspension and detectable using the BART 
Testers. Parallel work at the City of North Battleford wells revealed that it normally took four to six 
weeks for the post-treatment acclimatization, attachment and growth to have occurred and stabilize 
the numbers of bacteria that would normally be found in the water associated with these surfaces.    

Discussion & Conclusions 

Rehabilitation of water wells involves the need to establish an effective procedure that would ensure 
the maximum in recovering original specific capacity. Unfortunately it is common practice not to 
conduct adequate preventative maintenance or to undertake radical treatments until the well is so se-
verely biofouled that a complete recovery of specific capacity cannot be achieved.  From these studies 
the following conclusions can be drawn:

1)  That there is a high probability that microorganisms (specifically at least HAB, IRB and 
SRB) are involved in the processes leading to the fouling of a well and their aggressivity should 
be routinely monitored.
2)  Evaluation of the fouling should include a routine evaluation of the specific capacity of the 
well with a zero-tolerance for any losses exceeding 15% of the original specific capacity.
3) Video camera logging of the bore hole should be a routine inspection procedure both prior 
to, and following, any major well treatment. It should be recognized that even a high water clar-
ity and lack of any growths or formations in the well does not mean the well is free from any 
biofouling. This event could be happening deeper out in the formation. 
4)  Biofouling can be monitored during a pump test by taking periodic timed samples and 
subjecting these to BART tests. From the data it would be possible to construct zones of inter-
rogation projections (ZIP using BART-SOFT or BART-READ) that would indicate where the 
bacteria are concentrating around the well along the redox front.
5)  An effective rehabilitation should be recognized by the degree of recovery of the specific 
capacity towards the original values and concomitant reductions (one day or more) in the ag-
gressivity of the associated fouling bacteria when the tests are performed at least six weeks after 
the treatment. Significance in recovery may be assessed as the percentile improvement in the 
specific capacity towards the original value from the pre-treatment levels where 100% would 
mean return to the original levels and 20% would be considered a marginal improvement and 
40% would be a common achievable goal. It should be noted that original specific capacity val-
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ues may not be accurate given improvements in record keeping and precision. This may mean 
that the original value may not form a good target.
6)  Preventative maintenance is essential to ensure the ongoing management of a recovering 
well. 
7)  No one treatment method is necessarily suitable for all wells or even neighbouring wells. 
Each well should be treated as a separate and distinct entity to be treated uniquely to ensure 
maximum recovery potentials.
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Colin Walker
Geo & Hydro Environmental Management Pty Ltd

 Friday, at the Bore

This exercise is to show you the inside of this 
bore and tell you about the life and trials of 
pumps we have put on Murdoch campus to sup-
ply our reticulation system.  This is the style of 
pump we are using, a multistaged submersible 
pump.  The pump that was in this hole, the one 
we thought we were going to be pulling today, 
died.  Andrew Ogden has pulled it;  it is in that 
tall plastic tube on the back of the drill rig.  It 
has been kept in water so we may be able to take 
some interesting BART test samples from it to 
investigate the iron bacteria infestation.

In terms of the overall scheme of things, we have 
a fleet of similar bores across campus, of which 
about 6 or 7 are operational at any one time.  The 
first bores were put in in 1973.  Bores are being 
replaced, sometimes in as short a period as 4 or 
5 years.  As we have gone on and tried to ʻnut 
out  ̓our clogging problems, we have been able 
to get a bit more life out of them.  Originally, 
the bores were constructed using steel casings 
which corroded very quickly and had a lifespan 
of about 18 months.

The steel casing is badly corroded in an old bore 
over there, 71.4 metres away, that I put a water 
level logger in last week in order to watch the 
pump testing.  When the pump testing was done 
on the new pump, a drawdown of about 14 cm 
was registered on the logger.

The bore in this compound has a conventional 
casing which goes to a narrower section at about 
21 metres.  There is screening in both the upper 
and lower sections.  There has already been a 
viewing and recording of the internal condition 
of the bore, using the down-hole video system.  We will repeat the camera viewing while the video 
probe passes down the hole in real time and in real control.  There are monitors in the vehicle and 
another one out here on the table.  Ambient light doesnʼt give us a lot of contrast, but you will be able 
to get an idea, and we will have people swap positions, so all can get a direct look at the CRT moni-
tors in the control van.

Andy Giacomel from Age Developments is leaning on a copper dosing system for this unit.  Copper 
is run in as part of a regular process as the pump ceases its pumping cycle; the biocidal properties 
of copper are applied to the microorganisms that are trying to clog our screens.  We run the pump 
throughout the year, but our biggest production is irrigating the oval from November through April.  
Its duty cycle is roughly 8 hours a night from September through to April, and about 10% of that for 
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the rest of the year.  It is a stop-start system.  It runs at about 15 l/second, about 50 m3 per hour.  It 
starts at 9 or 10 pm and runs until about 6 am, at a relatively constant flow rate.

The borehole fittings include an access hole with a probe lowered in to sense low water level and 
protect the pump system.  There is a hole where the mains come up to a junction box, the cable block.  
Further, a tube goes down for copper dosing.  Management of the bore pump and the health of the 
bore has been through a pump performance curve.  Each pump is fitted with a water pressure sensor 
and accrual flow meter in the water production line.  On a cycle of one or two years, a performance 
test is done to check the pump equipment, examining the changes in specific capacity with flowrate, 
a step-drawdown test.  Also the ʻwater power  ̓and ʻmains power  ̓are monitored with outlet pressure 
and mains electric current required.   The drawdown during the performance test is obtained using the 
access tube on the side as an access point for a continuity dipper to measure the water level.

To demonstrate the maintenance of this bore, we 
have done a pump test.  Bill Scott is doing the 
numbers on his laptop in the vehicle over there, 
trying to fit the data to get the well coefficient 
and formation coefficient.  Nothing like num-
bers to excite a theoretician.

We intend to have a look at this borehole and 
clean it up.  Someone here who recommends 
borehole cleanups is Roy Cullimore.  After we 
have cleaned it up, we will give it another pump 
test to see if there is improved performance.  
Over the course of this workshop, there is a later 

documentation phase, where these data come together.  Abstracts of papers will be expanded to full 
papers and there will be a collection of the ideas and thoughts made available.  In that time frame, 
we will include an analysis of the cleanup process.   We are not going to stand around here and watch 
another whole pump test.  Instead, we will have a detailed look down the hole via the video system, 
sponsored by Andy Giacomel of Age Developments.

Andy Giacomel, speaking about the video:  This is what we call a CCTV system, closed circuit TV.  
This particular one has the capacity to run 2000 metres, so this hole is just a walk in the park for it, 
at 40-odd metres.  It can handle temperatures of 60oC in water.  We are using a French camera with a 
fully rotational lens so we can turn from looking sideways to looking straight down and swing around 
at the same time.  It has a simple focus, as simple as it gets.  This unit runs an optical fibre cable back 
to the electronics which convert it all to something we can see and understand. We will have 2 or 3 
people at a time come into the vehicle to watch the monitor, and they can dictate what they want it to 
do - go back, turn sideways, have a look around, and that way you will get a feeling for the capacity 

of the thing.  It is really a diagnostic tool.  What 
you canʼt see isnʼt there, other than water qual-
ity, temperature; it looks mainly for mechanical 
damages in boreholes.  What you see is clogging 
and changes of size.

Inside the vehicle there are two monitors, both 
hooked in together, and both real-time.  What-
ever the camera is seeing is being recorded at 
the same time.  We record it on two cassettes 
and also on a DVD.  In time, we will be able 
to transmit the data in real time via satellite to 
anywhere in the world.  We have not gone that 
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far yet because no one wants to pay for it.  Depth is automatically recorded.  At the beginning of each 
tape there is a description of where the hole is and what it is called; the depth standard is the top of the 
bore, or datum on the bore.  You will see different things as you go down the bore; it changes quite 
dramatically.  You will see the larger casing at the top is slotted; parts of the slots will look clean, 
parts will look dirty.  You will see a change in casing size, then you will see some area of reasonably 
clean screen.  Later on, the screen has a coating on it. At the bottom of the bore you will see part of 
the screen where you canʼt even see the screen wires.

Q:  How effective has the copper dosing been?  How quickly would the bore have clogged up without 
the treatment?

Colin:  Has this bore ever been cleaned before?  When was it last done?

A:  Probably 4 years ago.

Colin:  Itʼs a fairly long maintenance cycle.  One issue is the return of water; as the pump turns off, 
a valve opens to pump the copper dose in, but there is also water coming back from the formation.  
You wonʼt get a uniform copper dosing, unless the dose infiltrates thoroughly into the standing water 
column.  Observe which parts of the screen are clean and which are not.  The other thing I should 
mention: in terms of the geology of this campus, we have, off to the east, a low point of campus which 
is nutrient-rich.  Historical analysis of the iron concentration in all of the 30-odd bores for production 
and monitoring around campus, shows a plume of increased soluble iron in the groundwater coming 
this way, 70 parts per million in some 1992 data.  You expect an iron bacteria problem here.

Q:  When was the pine plantation established here?

Colin:  Murdoch campus started drilling in ʻ73 in what was Applecross pine plantation at that time. I 
think it had been in place for about 30 years beforehand.  That has probably lowered the groundwater 
system significantly.  I have not looked for any old data in this region, but I know of similar geology 
in South Australia where the arrival of pine plantations dropped the water table 8 metres.  It basically 
would have drained the wetland areas, with oxidation and mobilisation of organic matter.

What appears to be happening is that the copper is getting to the top of the stainless steel screen and 
doing a good cleaning job.  Further down, it even appears to be the colour for metallic copper; I would 
like to get Royʼs opinion on whether it is bacteria or metal.  It seems to be copper accumulation di-
rectly on the metal of the screens.  It is possible that some dissimilar metal has something to do with 
it, on some structure other than the screen, maybe the verticals of the outer screen.   On the copper 
metal surface there appears to be less bacterial growth.

Andrew Ogden:  The original pumping equipment included the electrodes in the screen.  Unfortu-
nately, the electrodes were covered up with slime and you had to pull the pump to get to the electrodes 
to clean them.  The solution was two copper electrodes; reversing the polarity on a regular basis des-
cales it.  (there were several more inaudible sentences - loud machine noises - about problems with 
copper electrodes)

Colin:  I have thought there might be value in using solid pool chlorine, calcium hypochlorite.  I use 
a very dense slurry of copper when I use copper sulphate.  With a fresh bore, as drilled and cased and 
developed, I dose it straight away with copper sulphate.

John Brigetti:  I use copper oxalate because the solubility is such that you get about 8 ppm and it 
precipitates in crystals of about 2 to 10 microns.

--o0o--
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Results of calculations on pump test - Saturday Morning

I want to report to you the results of my calculations on the step-drawdown test that Andrew com-
pleted before they pulled the pump out.  The pump you saw yesterday failed early this week.  I believe 
it was an electrical fault.  There was no problem with the hole. They put a new pump in the hole.  The 
question is whether or not we can sense the presence of bacteria.  I have done a number of standard 
tests on wells, through students  ̓activities over the past 20 years or so, and some specially for this 
workshop.  In addition, Murdoch has commissioned step-drawdown tests or simplest specific capac-
ity tests including outlet pressure and current to the well equipment on irregular occasions through 
many years with several  different consultants.  Andrew Ogden of Western Irrigation has completed 
a number of them, including a recent test on this particular bore hole, in November of last year, and 
now a step drawdown test with a new pump.

In doing pumping tests, one must recognise that there is a substantial investment in time and money.  
Usually, nothing is done unless something untoward is suspected.  It is usual for everything to be OK, 
with perhaps a 10 to 20% reduction in specific capacity - then - failure.  That is, plugging is dramatic 
and abrupt.  One soon recognises that there is going to be a failure, and this failure point, whatever 
happens, happens very abruptly.  We have had no real systematic recognition of partial failure in all 
the pumping tests I have done.  In the most recent tests, I havenʼt seen a lot of effect that I could say 
was due to bacteria.  Still, a number of wells have failed.  The point is they run along on an even keel 
with relatively little wrong hydrologically.  The chance of doing pumping tests at the right time and 
catching the failure is relatively small.  People generally do not flog dead horses; they are not inter-

ested in investing money when they know the well is 
dead.  Dead doesnʼt tell you anything.  The advice is 
that we need another approach to looking at bacterial 
effects.

Consider a pumping well and a step-drawdown test.  
The idea is to partition the activities at the well from 
the activities in the formation.  During the pumping 
the drawdown is measured, the drop in water level 
relative to the static level.  With each step in the flow 
rate, the drawdown settles into a new value which, 
perhaps, becomes steady.  The test is run at several 
flow rates and the drawdown at the well is recorded.

Here is the pumping well and the ground level at the 
well (bottom left).  If you read Bouwer (1978) or 
other text books, the step-drawdown test allows for 
effects at the well and effects in the formation.  At 
the well there is the developed zone where there is 
head loss.  There will be loss of head at the screen 
and loss at the pump.  There are two different types 
of drawdown.

The formation part is fairly simple because even 
with the very simplest formation you find out that 
everything is proportional to the pumping rate.  You 
write down the ʻformation coefficient,  ̓  Cf, as the 
proportionality factor.  If the pumping rate doubles, 
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you expect that the drawdown doubles. If the pumping rate halves, you expect the drawdown to 
halve.

At the pumping equipment, there are other things going on, probably a lot of turbulence.  In the sim-
plest case, the Cooper-Jacob1, Sheahan2 calculation, the drawdown goes perhaps as the square of the 
pumping rate.  So we are looking at another coefficient - again, just an arbitrary coefficient - we call 
it Cw -  the well coefficient. There are two terms: one goes as Q, the other as Q2.  You add the two 
together to get the total drawdown.  The total drawdown is the sum of the drawdown from the forma-
tion and the drawdown from the pump equipment, total drawdown = sf + sw = CfQ + CwQ2.  The step-
drawdown test runs the pump at several flow rates by adjusting the downstream resistance to flow.  
Different drawdowns are observed as the drawdown ʻsettles into  ̓a steady value.  There are various 
ways to fit an equation to these data.  A proper regression equation can be obtained by going to Excel 
and fitting the data, to find Cf  and Cw.   The simplest is to divide s = sf + sw by Q.

In this particular case, just a few days back, I could not fit the test with this kind of a form.  Other 
step-drawdown tests at Murdoch have shown similar effects, but some do show the above, classic, 
Q/Q2 effect.  Bouwer (1978, pp 83-85) and others say the turbulence effect can be any power to about 
4.5.  There is a good argument for a simple linear relationship at the well; everything is performing 
perfectly; it is not turbulent, there are no problems.  Statistically, it is quite possible.

Surprisingly, the data statistics do not allow one to say that there is a power much different to 1!  
There is close to a simple linear relationship or the power of Q in sw is around 1.3, not 2.

Phil Mulvey:  The usual way to test performance is to run a series of multirate stepdown tests at dif-
ferent time intervals.  It would be usual for the test to be run at 30% of the maximum pumping rate 
and step downward.  In one test we would obtain a plot with an increasing slope at higher flow rates.  
At the lower flow rates, as you suggest, the slope would be indicative of the formation coefficient.  In 
principle, changes in the formation coefficient in separate stepdown tests over months or years might 
show the effect of bacteria on the formation, perhaps a metre or more out from the developed zone.  
Effectively, the multistep test splits the drawdown between the formation and the well, the formation 
function compared to the well function.  Extrapolation to low flow rates gives the effect on the func-
tion (see graph, next page).  In a usual stepdown test, each pumping rate might be held for 20 minutes.  
My question - did you find that the slope changes?

Bill:  Full step-drawdown tests have only been performed irregularly, when the well is suspect and 
usually the pump equipment are in need of maintenance.  That shows little about the formation.  The 
tests are expensive and, usually, have been completed in steps of about an hour.  The use of smaller 
time intervals uses less than a ʻsteady state  ̓and the standard Theim equation incorrectly; the propor-
tionality is not so easy to interpret.  Answer - no.  I have not had sufficient data from step-drawdown 
tests on a single well in a known stable condition that would allow one to see a change in the slope 
with time; the formation constant should increase as the bacterial infection ensues.

Phil:  If you increase your pumping speed, particularly if there is clogging, doesnʼt the slope change?  
That is, the formation is affected by bacteria and sloughing, so there is more resistance and turbu-
lence?

Bill:  It is only very close to the well that there is sufficient velocity for there to be a high Reynoldʼs 
number and turbulence so that one gets a response which is a power function, say, 2 - 4.5, the classi-
cal, quite different, function that allows a separation of the effects of the well equipment from those 
of the formation.  A classical case is given in Bouwer (1978, page 85).  This has little or no effect at 
low flows but becomes important at high flow rates when friction in the equipment contributes sub-
stantially to the drawdown at the well.  See graph on next page.  The four ʻXs  ̓are the above 4 steps 
shown in the test; note the slope near-to-zero flow shows the effect of the formation.  The bacterial 
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effect is probably less than a metre beyond the 
developed zone where there should still be lami-
nar flow and a proportionality between flow and 
head loss.

Colin:  Isnʼt there an issue with the pumping?  If 
you donʼt take uniform steps, then the asymp-
totic approach to the next step is not going to be 
in the same time frame.

Bill:  We are plotting the drawdown as a func-
tion of flow rate or plotting the drawdown as a 
function of time.  For plotting drawdown as a 
function of time, we start out at a given pumping 
rate which is fairly small and you get a response, 

a small drawdown (see figure two pages back).  I suggest you need at least four different flow rates.  
Monitoring the drawdown, you wait until it settles down, and doesnʼt change with time.  The steady 
condition probably never happens.  The first flowrate, Q, might be 1 cubic metre per minute; then 2 
metres per minute, then three and so forth.  There are issues about uniform changes to pumping be-
cause the regression plot doesnʼt place emphasis on the higher pumping rates.  There is an issue as to 
whether you use increased or decreased flow rates, especially with bacterial sloughing.  It is probably 
better to be moderate and only operate at or below your normal flow rates.  Provided the flow is well 
below the maximum pumping rate, the curve should be mostly linear and equal pumping steps, equal 
changes in Q and time, would be appropriate.

In the present data  - with little statistical validity - the well frictional effect goes as a power some-
thing like 1.3.  With the poor statistics we shouldnʼt go further; it simply doesnʼt fit a standard mould.  
It may suggest that the efficiency is around 70%, but that could well mean that there is little-or-no 
loss in the well equipment, but a bacterial infection in the well surrounds.  There is relatively little 
turbulence.  It may be we are doing a good job of management by putting in copper electrodes.

Q:  You have a gravel pack.  Canʼt you add terms for the friction/loss for that?  Perhaps another term 
for the gravel pack and a further one for the surrounds?  The gravel pack probably lines up beautifully 
with the pristine, nearly pure white Bassendean sand in the formation.

Bill:  I agree.  However, the country, the formation and the gravel pack are mostly in regions of small 
laminar flows and are expected to show proportional frictional effects.

Colin:  I can see that there is a bit of work-in-progress on the mathematics of well drawdown.  We 
posed a question for ourselves in the workshop as to whether we can diagnose clogged wells by rou-
tine pump testing.  It does seem we can not say that hydrological testing alone (pump testing) can give 
a straightforward indication of the presence of bacteria.

1 Cooper, H. H., Jr. & C. E. Jacob.  1946.  A generalized graphical method for evaluating for-
mation constants and summarizing well-field history.  Transactions, American Geophysical 
Union 27:525-34.

2 Sheahan, N. T., 1971.  Type Curve Solution of Step Drawdown Test.  Groundwater, Vol. 9, 
No. 1:25-29.
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Hygiene Risks from Water Wells 

Abstract
Statistical information generated primarily by the CDC (Center for Disease Con-
trol), Atlanta will be presented and discussed to define the health risks to the con-
sumer related to potable water.  A more defined study of nine mid-west states in the 
U.S. conducted by the CDC will also be introduced. Major findings indicate that a 
significant number of acute gastroenteric infections remain undiagnosed and the 
relevance of the coliform test as the major test for hygiene risk is brought into ques-
tion.

This is another aspect of water wells, not related to the health of the well, but related to the health of 
the people using water from the wells.  We have a big problem in Canada because of concerns with 
various outbreaks related to coliform bacteria.  The regulators are looking at putting a zero tolerance 
on coliform bacteria.  If fully implemented, that plan would close down 40% of wells in the Canadian 
prairies.  There is a battle going on, especially in Ontario, to try and find regulations which will assure 
the health quality of water for consumption, and at the same time, allow the continuous use of the 
wells.  In Ontario, they have moved to a much lower tolerance for the surface water recharge of wells.  
They are not prepared to accept a water well unless it was predominantly groundwater recharge.  If it 
was found to contain sufficient surface water recharge then the regulations are getting tighter.

I will take you through this simple one-piece exercise, and look at the kinds of risks.  What we have 
is a Pandoraʼs box, and people really donʼt want to open it.  Why?  A main reason is that a lot of these 
microbes that can cause problems in a water well can also cause problems in people drinking that 
water.  Iʼm not talking gastroenteritus.  There is a range of infection, and the CDC, the Center for 
Disease Control, is fighting with this right now. We are going to go to a low tolerance for all bacteria, 
and of course, there are obvious implications from the point of view of whether you can continue to 
use the well.

The CDC has two ways of looking at it: one way involves the number of cases from a single site; a 
ʻcase  ̓is one case of illness that has been reported.  They use ʻoutbreak  ̓to indicate a large number 
of cases.  They are looking at communities and noncommunities; a community is at least 15 con-
nections, or alternatively, 25 year-round users.  A noncommunity is smaller - periodic places, hotels, 
schools, camps, service stations, restaurants.  A word you donʼt hear much, that worries the hell out 
of the CDC, is AGI, acute gastrointestinal illness of unknown etiology.  I will show you the statistics 
from the CDC for the last 25 years to give you an impression of waterborne diseases.  This is the 
long-term incidence of outbreaks and cases (graph, top of next page).  The cases are in thousands, 
so, for example, from 1991 to 1998 there were somewhere around 340,000 cases.  The number of 
outbreaks was about 89 and the number of deaths was about 100.  The diseases are water-borne, any 
water-borne.  Notice that there is a very odd sequence here.  Sometimes it is very bad, sometimes it is 

Definitions used by CDC
•  Outbreak - two or more persons experience a similar illness after consumption or use of   
 water intended for drinking and epidemiological evidence implicates water as    
 the source of illness. A single case of chemical poisoning if laboratory 

 studies indicate that the water contains the chemical. 
•  Case - a reported illness. ** Data limitations, as only a fraction of illnesses are reported. **
•  Community water system - at least 15 service connections or 25 year-round consumers.
•  Noncommunity system - less connections or annual consumers (e.g., schools, camps, 

 hotels, service stations, restaurants).
•  AGI - acute gastrointestinal illness of unknown etiology.
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better.  The number of cases can vary consider-
ably.  The tall, red bar on the  front right corner 
of the graph represents a massive outbreak of 
Cryptosporidium in Milwaukee.

There is quite a lot of variation in the number of 
outbreaks, but it almost appears to have a cyclic 
trend.   The trends are hard to follow; in places 
there are a lot of community outbreaks, and in 
other places there are a lot of noncommunity 
outbreaks.  In water systems, noncommunity 
has half the outbreaks, the community, 35%, 
individual, 14%, so that gives you a picture of 
how the CDC is viewing this.  It is a problem 
that water-borne disease  is not community; 
noncommunity and individuals accounts for 
two-thirds of the cases while one-third appears 
to be community. 

When you look at it by provider and cases (low-
er left), the graphic in the lower right corner 
involves Milwaukee.  The graphic on the right 
side represents the figures minus Milwaukee, 
which was a huge outbreak.  Because there are 
more people connected to the system in a com-
munity, you tend to have more cases.  Commu-
nity outbreaks will generate more interest from 
the point of view of the ministry, simply because 
there are more cases. 
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When you look at the sources of water that cause 
outbreaks, wells are responsible for two-thirds 
of the cases. A well is a filtering system; it really 
shouldnʼt give much trouble if it is functioning 
correctly. The figure (upper, right) would indicate 
the outbreaks are much more from wells than 
from springs or from surface waters. ʻOthers  ̓
includes bottled water, which is an area where 
there is not good regulation.

When you look at the number of cases, that is, 
individuals getting sick, the effect is smaller - 
a reversal. Wells are now responsible for 34% 
and surface water for 64%. Regulators are con-
cerned about the number of cases, and are more 
concerned about surface waters, because the sur-
face water generates the bulk of the cases.

When you look at treated and untreated water and 
the number of outbreaks, there is another catego-
ry: ʻotherʼ. This is not the well, not the original 
surface water, but an unspecified variant of the 
distribution and treatment system. We find that a 
fair number of the cases and the outbreaks relate 
to failures in the distribution system. We need to 
question where the responsibility lies.

Treated water, which is the back row, shown 
in pale yellow, actually shows more outbreaks 
than the others. Just because the water is treated 
does not mean it is any safer. It is going through 
pipes; again, you can put it down to distribution. 
Untreated groundwater is shown as the purple 
row; there is a variation of incidence in different 
years. Again, some of the effect must have to do 
with the way the water is treated.

With the outbreaks, there were more and more 
outbreaks in the years 1991 to 1998 (bottom fig-
ure); we see that treated water was responsible 
for 38%, untreated groundwater, 28%, distribu-
tion 24%, other, 10%. So, untreated groundwa-
ter was a component but was not dominating the 
disease outbreaks from water. 
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In terms of cases, Milwaukee is again shown 
separately, as it skewed everything; the number 
of cases from Milwaukee was 403,000.  Crypt-
osporidium was rife through the community.  
We had 5,000 cases in Saskatchewan from sur-
face water.   No Cryptosporidium got through 
the 10 - 100 feet between the river and the wells, 
so the wells, which are river-recharge, acted as 
natural filters.

When you look at the outbreaks and the cause, 
there are AGIs, bacteria, parasites such as Gia-
rdia and Cryptosporidium, viral and chemical.  
How can we ignore AGIs when they dominate 
the numbers?  All the other infectious agents get 
high profiles with the public and funding.  CDC 
knows that, but they do not want to put in a al-
ternative test system until they are convinced an 
alternate test system will connect and recognise 
the enteric infections.  So, in the wider commu-
nity, certainly in North America in the next 5 to 
10 years, the value of the coliform  tests will be 
challenged, and a new test something like the 
HAB, a broad-spectrum test that looks at effects 
of bacterial consorms in terms of enteric  infec-
tions will gain importance.

The bottom line is these wells have bugs in them, 
except for the chemicals. Write it down again -  
AGIs are responsible for 38% of the outbreaks; 
the cause is unknown but is biological.  If you 
think we can understand and identify all of the 
infectious agents, think again: we cannot.  It is 
convenient to believe we can.  Essentially, we 
have a good ability to identify the bacteria, run-
ning at about 17%; we have a good ability with 
parasitic problems, Giardia and Cryptosporid-
ium, running about 22%.  But in terms of cases, 
the AGIs are now 58%.  Much of the work done 
at the CDC and in Canada is concerned with 
how to reduce the cases of AGI.    

A big one you hear about today: what about vi-
ruses, are they going to cause a problem?  Only 
4%, so it is not a major factor to the CDC.  An-
other factor is chemical causes at 19%.  Where 
the heck did that come from?  Letʼs break our 
disease efforts down a bit more.
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There is a movement away from the perspective 
of infections caused by E. coli.  E. coli 0157 has 
been of serious concern. The graph, right, looks 
at outbreaks between 1986 and 1991.  There were 
just a couple of outbreaks of coliforms.  Look at 
Shigella, just a few, almost certainly direct con-
tamination with sewage: Shigella is not a good 
survivor.  Salmonella, just a couple of little blips.  
Norwalk virus, a couple of outbreaks back here 
and nothing since.  Unknown virus, just one in-
cidence. Cryptosporidium, the lighter blue; there 
was an outbreak in ʻ98.  For a continuous occur-
rence, look at the dark blue AGIs.  New tests for 
AGIs must come through in 3 to 5 years time.  
The bottom line is, you have to get it right.

Biological outbreaks in North America: E. coli 
running at 12%, Shigella, 20% and Campylo-
bacter, 6%.  There is quite a range of different 
effects.  When you look at cases by causative 
agent, Cryptosporidium dominates.  I will give 
you an example from North Battleford.

North Battleford is a city of about 25,000 people 
on the North Saskatechewan River.  The intake 
for the water treatment facility was downstream 
of the sewage treatment system.  Workers were 
fixing the water treatment filter.  One of the con-
cerned citizens of the city took a councillor down 
to the river and pointed to the feces coming into 
the intake of the water treatment plant, and the 
councillor just said, “The treatment plant will 
take care of that, no problem.”  So the feces and 
the Cryptosporidium got into the system.  It is a 
split system: part of the city is on surface water 
and part is on groundwater.  The first level out-
break was from the surface water.  It was a long 
weekend.  By Monday there was Cryptosporid-
ium going back to the sewage treatment plant and 
coming back out of the treatment plant which was 
not functioning particularly efficiently.  People 
were coming down with  Cryptosporidium, putting it into the sewage system, which was coming 
back down the river; then there were 5000 cases.

What happened was the usual knee-jerk reaction: everybody drank bottled water, which they brought 
in by the truckload.  And they maximised the use of well water because that part of the city only got 
secondary  Cryptosporidium cases.  Now they have finally started to improve the sewage treatment 
plant and are building a new water treatment plant which is going to have a UV-based treatment sys-
tem.  They are going to build a new sewage treatment plant.  I talked to the finance minister for the 
province of Saskatchewan:  I told him about the sewage coming down river to the water treatment 
plant.  “Oh, we have taken care of that.  The new sewage plant will be on the site of the old one, but 
it is going to be State-of-the-Art and will handle it!  If there is any leakage from there, our new water 
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treatment plant is State-of-the-Art.”  Well, wouldnʼt it just be easier to move the sewage downstream?  
The Romans were doing it, the Greeks were doing it.  “Because we can do it.” 

The wells were replaced with a ʻnew  ̓groundwater system.  The consultant who designed the wells 
is a traditionalist who doesnʼt understand too much about the potential risk from the bacteria in the 
groundwater in and around the wells.  (By the way, we are currently fighting a rear guard action 
against a bunch of people who claim there are no bacteria in the groundwater of any consequence.)  
They didnʼt consult with us but rather used an old and trusted technique that placed the new wells 
close to the old ones. Of course there would be water there, but also a greater risk from the biomass 
that had grown through biofouling the old one. This could  reasonably be expected to shorten the 
operating life span of the new wells. 

Anyway, what we have now is that Cryptosporidium dominates the field at the moment.  If you get 
Cryptosporidium coming into a water well, what happens to it?  There has been very little work done 
on this, but in actual fact, the Crypto and the Giardia tend to get locked up into the biofouling; they 
act as filters - but you do get releases.

On the chemical side of things, by outbreaks, there is a wide range.  Nitrates are a major concern, 
particularly for the very young and the very old. 
They arise through the oxidation of ammonia 
(nitrifying bacteria) but are destroyed by reduc-
tion through the activities of denitrifying bacte-
ria.  Nitrates are responsible for 27% of the out-
breaks, so it is a big one.  Fluoride is 16%, which 
I find surprising.  Lead is from old systems, cop-
per is at 26%.  Chlorine, at 5%, liquid soaps,  
5%, sodium hydroxide, 6%.  I donʼt know where 
the copper is coming from; there are natural de-
posits.  The person who did this study was with 
the National Groundwater Association and had 
to take all the statistical data from the regulators 
and the well drillers.  He ended up having to go 
to the CDC web site for data.

If you look at cases, fluoride is responsible for 
the majority of cases.  Lead is very small, cop-
per remains about the same, chlorine disappears, 
virtually; liquid soaps go down, hydroxides go 
up, and nitrates go down dramatically in terms 
of the number of cases.  Nitrates are limited to 
noncommunity.

Biological infestation of a well and a source, so 
biofouling of a well actually costs a negative 
amount in terms of human health.  The positive 
side of the biofouling is that you are creating a 
natural filter.  If you have pathogens coming in, 
what is the choice for the pathogen?  The choice 

for the pathogen is to be passed through the natural filter without being locked up in the plugging, or 
getting accumulated into the plugging - growing in the plugging, or being killed.

The good news is that high levels of organics and metals may be biologically favourable.  Biologi-
cally speaking, water quality will improve in a new well as the biofouling becomes established (in 
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other words the natural filter kicks in and water quality improves),  because you will get stability in 
the system, you will get a very stable sort of capacity and very low numbers of pathogenic bacteria.  
The pathogens related to the coliform group are most likely to be rejected and destroyed.  In the 1980s 
we studied the breakthrough of  different coliforms and Enterobacter, grown in our little ̒ cosmsʼ; you 
see the bugs disappear from the flow.  When you look inside, they are not there; they are destroyed.

The bad news is that the biofouling matures, the biofilms break down and release the metals and 
organics, and some of the pathogens locked up in the system will also come out.  So, there is uncer-
tainty: we donʼt really know.  We know there is a fouling; we donʼt know when it will break down or 
what it will do.  But we need to be worried.  Nitrates is a big one, a cycle.  This planet is really good at 
putting all the nitrogen into the air, a biological process.  When the nitrogen is up there, a number of 
processes bring it down: volcanoes and lightning 
do some of it, we do some of it through fixation of 
ammonia, bacteria do some of it as well.  The rate 
is enormous - almost a trillion tonnes per year, a 
huge amount comes down.  What comes down is 
basically ammonia.  On the redox front, the am-
monia is converted to nitrate.  Nitrate is a whiz of 
a compound; it is capable of diffusing very quick-
ly through the water.  It moves metres a day in the 
soil, but as soon as it gets into a reductive place 
where there is no oxygen, then the bugs snap up 
that nitrate, reduce it to nitrogen, and the nitrogen 
comes up again.  The cycle consists of nitrifica-
tion where you go from ammonia to nitrate, and 
denitrification where you go from nitrate back to 
nitrogen.

These are the different bacteria that are found in 
water.  There is a whole range of bacteria, they 
are all over the place, they are integrated, they 
move around.  We have to deal with the ones that 
cause disease.  Just to show you how easy it is to 
locate these diseases: here are some pages from 
the  Practical Atlas for Bacterial Identification.  
Some of these organisms are extremely adapt-
able; they can cause a lot of diseases.  The CDC 
is worried about opportunistic pathogens.  Those 
are the babies that are growing around the well 

Biofouling of a well has both positive and negative effects on human health
The Good News
 •  High levels of organics and metals may be biofiltered out of the groundwater by the   
  biofilms, improving the water quality
 •  Pathogens related to the coliform group are most likely to be rejected and destroyed by 
  the microbes forming the biofouling, thus rendering the water ʻsaferʼ

The Bad News
 •  Eventually as the biofouling matures, the biofilms break down and larger concentrations  
  of metals and organics may be released into the water creating a potential health risk

Uncertainty is an inevitable part of maturing biofouling - control is by effective treatment 
to prevent this event from arising
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and in the well; they have their little communities down there.  But when they are pumped into the 
water, if they are not killed off, they can cause disease.

The CDC is very worried about urinary tract infections, which are very common.  The Acinetobacter 
is one that causes a pneumonia condition that kills about 60% of senior citizens that are infected - you 
never hear this. In fact, when the body is closing down and the immune system is collapsing, Acineto-
bacter is one of the dominant species coming in and taking over.  They are common in clogging, but 
when they get into the lung, they dominate the lot.  They cause a pneumonia and frequently death, but 
you wonʼt see Acinetobacter on a coronerʼs report.  My father died of that, but his death certificate 
says ʻlung cancer  ̓because he was a chain smoker.  (Phil Mulvey comments: When the gasworks was 
in operation, workers would lean over the tar tanks and breathe the fumes, which killed pneumonia 
bacteria.)  It is fascinating to look at the lung tissue, what a large area of mucoid tissue, and if you 
have a biocide, which phenol could be, then breathing it in could have a dramatic effect.

Coliform bacteria are broadly divided into two group: fecal coliforms and total coliforms.  Total col-
iform is a general term.  Total coliforms are shown in the pink shade, and fecal coliforms, primarily 
Escherichia and Enterobacter, in red (next page).  By the way, if you ever get bronchitus and have a 
lung infection, do not consume caffeine.  You wonʼt find that in the literature.  I had a grad student 
who did his PhD on the topic of Klebsiella.   Klebsiella  has a really thick slime called a ʻcapsule  ̓
all around the cell, which protects it from white blood cells.  The influence of caffeine is to make the 
capsule expand; it grows from 1 or 2 microns to 3 - 6 microns.  The critical caffeine concentration 
is 5 - 20 ppm.  Your blood is running at 3 - 5 ppm caffeine when you have had a few shots of coffee.  
If you have bronchitus and Klebsiella  happens to be involved, and you stimulate the growth of the 
capsules, it will be that much more difficult for you.

We have to set up a monitoring system to look at the bacteria.  You want to control the bacteria - you 
are not going to kill them all.  All you are going to do is stress them out, reduce their biomass.  In the 
North American literature they are using the word ʻbiomass  ̓more and more; I think it is a good word, 
because biomass is that mass of material that is biologically active around the well and in the well.  
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If you are going through a treatment, you want to remove that material.  For example, a ban on total 
coliform bacteria means that you are going to have an adverse impact on the consorm.  In the prov-
ince, for water wells, the percentage that have total coliforms present range from about 22% upwards 
of 45%.  There is no incidence, there is no gastroenteritis, but the regulator says they will not accept 
total coliforms and there has to be more pump and well treatments to compensate.

If you clean the surfaces in a well, you are removing the biofilm risk, but the Golden Rule for bacte-
ria is ʻFirst come, first served.  ̓ So, you clean the well, clean the slots, everything is clean, but, did 
you get every bug?  A study of treatment methods was done in the US.  We were involved with the 
BARTs.  The idea was to develop standards for a regulated improvement process that could be applied 
anywhere across the US.  When the program was announced, there was a lot of enthusiasm.  Thirteen 
municipalities signed on to have between 2 and 7 of their wells monitored and treated with one of the 
different treatment techniques in the listing.  They would have the results of the treatments, but would 
have no control over the testing period.

When you treat a well, you leave a lot of virgin space for the first comers to build their homes, and 
they build them big.  Sometimes the heterotrophs get there first.  It takes 4 to 8 weeks for things to 
settle down.  Post well treatment, from the biological point of view, you canʼt do anything for the first 
8 weeks.  If you really stretch things, maybe 4 weeks, but if you look before then, you will find huge 
numbers of growths because they are still settling down in the system.

The CDC conducted another survey in the mid-west to look at the impact of the floods of ʻ93.  De-
tails of this survey are shown in side bars on the next three pages.  In the US, there are 14 million 
households that have domestic wells for drinking water.  Thatʼs a lot of wells, scattered all over the 
place, regulated to a minimalistic standard.  For this community there are 9000 new wells drilled each 
year.  The survey looked at 10,000 more wells serving households through the American mid-west, 
which is just south of Saskatchewan.  The survey asked about the state of the well, how it was used, 
was anybody sick.  They took samples for testing for bacteria, nitrates, and atrazine which was used 
as a pesticide.  They chose to use fecal coliforms, which was sensible, and E. coli for the bacteria.  
They found contamination was usually within 100 feet of the well.  Common pollution included the 
close proximity of septic tanks.  They found some mechanical devices such as pitless adaptors and 
backflow valves to be missing.

At the Cryptosporidium outbreak in Waterton in Canada, well number 3 was a partial artesian.  They 
put in a discharge line that went straight into a ditch, no backflow valve.  There was a sudden rain 

Coliform bacteria occur in fecal material and are broken down into the fecal coliforms (red shade) 
and total coliforms (pink shade).  A variety of related species cause a range of infections
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storm.  Upstream, from Well number 3 was an 
intensive livestock operation.  All of the manure 
and material came flowing down into the ditch 
and into the well.  The people around the water 
treatment system did take a test for coliforms, 
which tested positive, but the guys didnʼt know 
what the test meant, so they just carried on as 
before.  They didnʼt do a confirmatory test.  It 
was E. coli 0157; there were 14 deaths and about 
35 people severely ill.  A backflow valve would 
have prevented that.  The  E. coli 0157 came 
from the cattle; around Canada, they are talking 
about vaccinating cattle so they wonʼt get  E. coli 
0157.  The cheaper way would be to make sure 
that the contamination couldnʼt spread around.  
Other things they found were cracked casings, 
which can spread contamination.

They used the MPN (Most Probable Number) 
test which is the current, dominant system.  The 
procedure was to do two 10-tube tests and you 
work out an average number and calculate the 
number of coliforms and E. coli.  It is a com-
plex test, statistically based, and you can argue 
about accuracy.  A positive result was 1 coliform 
bacteria per 100 ml, that is the standard.  The 
results indicated that 41% of samples contained 
coliforms.  E. coli was identified in 9% of the 
samples.  The proportion of coliforms ranged 
from 23% in Wisconsin to 58% in Iowa.  The 
Americans are concerned that they need to get a 
good standard for dealing with these things.

Standard methods were used for the nitrates; 65% 
of the samples were above 3 mg/litre, which is a 
commonly-accepted, regulated standard.  Thirty 
percent were above 10 mg/l - you donʼt want to 
get above 10.  2.5% of the people consuming 
water from the wells reported diarrhea, which is 
a high number.  There was no association found 
between the diarrhea and the fecal coliforms.

The CDC is looking at how they can move from fecal coliforms and E. coli to something else without 
losing anything and with gaining something.  The danger with them not developing a better testing 
product is that there will be a huge impact on real estate values; if the wells have to meet new stand-
ards there will be a cost.  This suggests that our present regulatory system has failed; a lot needs to 
be done to get the regulations on a more rational basis.  The regulators know that but they donʼt want 
to go beyond that; findings are based on simple samples, which is terrible.  The CDC didnʼt have 
the money to do a series of tests, same old story, and limited laboratory testing, which is why I got 
involved in taking the laboratory to the field, rather than the other way around.  Sample collection 
was pretty much from the kitchen faucet.  Well!  Thatʼs not just the well; it includes the distribution 
system, the softener system or whatever else they have in the house.  It is a lazy or soft position that 
obscures and obstructs information and progress.  The baseline data prior to the flood was com-

The CDC Survey on Water Drawn from 
Domestic Wells in Nine Midwest States 

Following Floods of 1993
Survey conducted (May to November 1994): 
of > 10,000 water wells serving 5,520 house-
holds one year following floods of 1993

States included in survey:• Illinois • Iowa 
• Kansas • Minnesota • Missouri • Nebraska 
• North Dakota • South Dakota • Wisconsin

Survey designed to cover:
• sanitary survey
• description of wells
• family interviews
• well water sample collection and analysis
• testing for presence of bacteria, nitrates,          
 and atrazine

Parameters measured
• Bacterial =Fecal coliform and E. coli
• Chemical =Nitrate
• Herbicide =Atrazine

Sanitary Survey revealed:Physical elements
• Potential contamination often found   
 within 100ft of wellhead
• Common pollution sources included: 

• Close physical location of:
–septic tanks (30.2%)
–lateral fields (16.9%)

Absence of mechanical devices
•pitless adapters (55.8%)
•backflow valves (79.3%)

Construction deficiencies
• Cracked casing contributed to 7 times  
 more likely contamination

    (continued...)
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pletely missing in some states; there was only a 
modicum in others.  The selected samples were 
taken on a grid system.  In other words, statisti-
cians said, “We are only going to take these grid 
positions.”  So, not looking at where the flood 
had come in or what had happened produced a 
regular, purely mathematical selection of sites.  
That caused some grief when CDC compiled the 
data, because they missed hot spots.  I expect 
something like 70% sampling on a grid and 30% 
in terms of initiative might give coverage and 
find the hot spots.

General conclusions are that 41% of the wells 
have coliform bacteria.  When you look at this 
41%, the high number of coliforms have the 
regulators up in arms.  The figure is about the 
same for general Saskatchewan.  I had a student 
who did some work on First Nation reserves in 
Saskatchewan; he came back with 28% - their 
water was better than most.  You canʼt really 
say that if there are coliform bacteria that you 
have to take the well off-line: it is too big a per-
centage.  Eleven percent contained E. coli.  In 
Saskatchewan, we usually find between 7 and 
9%, a little less than in the American study.  An-
other conclusion was that 13% had greater than 
10 mg/litre of nitrate/nitrogen.  0.2% had some 
Atrazine.

Looking at the type of well construction and try-
ing to see if they could make some correlations, 
they found that wells near a pollution source 
were slightly more likely to be contaminated 
than if there was a large distance.  So, distance 
was not really that critical.  No persons drink-
ing water with coliform bacteria or  E. coli had 
similar rates of self-reported diarrhea.  Remem-
ber that all of this was ʻself-reported  ̓diarrhea.  
Now, thatʼs a problem because a lot of people 
will not speak of this truthfully.  Self-reporting 
leaves a serious risk of a fault in the data, and 
the people who drank water without coliforms 
reported the same incidence.

This talk was to give you some idea of where the regulators in North America are and the natural 
preoccupation with human health over the health of the well.

--o0o--

(CDC Survey, continued)

Laboratory Analysis
• Bacterial 10 tube MPN method used to  
 isolate and enumerate estimated numbers  
 of coliform bacteria and E. coli.
• A positive result was based on the pres 
 ence one or more coliform bacteria or 
 E. coli isolated from a 100ml sample of  
 water. 
• Results indicated that coliform bacteria  
 were present in 41.3% of the water 
 samples analyzed.
• E. coli was isolated in 11.2%of all 
 samples tested and in 27% of the samples  
 with coliform bacteria.
• The proportion of samples testing positive  
 ranged from 22.8% in Wisconsinto 58.6%  
 in Iowa.

Nitrate 
• Standard methods were used to determine  
 levels of nitrate. 
• A positive sample was based on measure- 
 ments of nitrate exceeding the EPA MCL  
 standard of 10mg/L.
• Of the 5500 water samples analyzed for  
 nitrate levels, 65.4% were above 3mg/ 
 Land 13.4% were above the 10mg/L level.

Health Effects 
Impact on human health effects

• 2.9% of 15,978 persons consuming water from 
tested wells in this study reported diarrheal 
episode two weeks prior to collection of water 
sample for analysis.

• No association found between occurrence of 
diarrheal episodes and presence of coliform 
bacteria or Escherichia coli isolated from water 
well sample.

    (continued...)
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Q (Phil Mulvey): We have a different problem 
with our groundwater here.  In the Swan basin, 
vast areas of Western Australia and the Northern 
Territory we have an older groundwater which is 
sulphate dominated.  When tourists move from 
the coast to the bush and go from quite fresh 
water to sulphate-rich water, the AGIs they get 
are related to the sulphate rather than to anything 
else.  Is there any data on that?

A:  No.  In Saskatchewan we also have some 
very old, sulphur-rich groundwater; residents 
occasionally come in and are virtually clogged 
up with ʻconcrete.  ̓ The data base on sulphates 
is very limited, and sulphate has not received the 
focus that you have because of the acid sulphate 
soils.  Nobody worries too much.  In terms of 
hydrogen sulphide and sulphate, some people 
attempt to link the sulphate concentration to 
hydrogen sulphide.  I donʼt agree with that.  I 
have not come across the acid sulphate soil 
problem in Saskatchewan: your conditions here 
are very different.  Communities do recognise 
that the water can cause stomach aches.

Q:  You mentioned the ʻconcrete  ̓ in the guts: 
what kind of bacteria were you talking about?  
Can you identify them?

A:  No.  The CDC is trying to come up with 
a nomenclature.  The problem is, you want a 
name, a species.  One of the derelictions of duty 
with respect to water rights is that nobody gives 
a damn, you could always drill another well.  
That was the Saskatchewan issue, still is today.  
The regulators have looked at the option of not 
allowing any new wells to be drilled unless 
there is good evidence that the old well canʼt be 
rehabilitated.  You are on the edge of a serious set 
of issues, there.  In particular, you are changing 
the bias of an industry; the groundwater industry 
is going to be removed from essentially drilling 
wells to rehabilitating wells.  Drilling wells, we 
have a lot of good experience, we do know what 
we are doing, and there is a lot of space.  When 
you come to the idea of having to rehabilitate 
the well, having to demonstrate that the well is 
truly sustainable, how are you going to do that 

in a way that is legally comfortable?  What rehabilitation has been demonstrated to have a universal 
application?  We are stuck at that point, because there are some regulators that would like to slow 
down our general usage of water.  The general view is we should be trying to get people to take care of 
the wells, rather than just drilling another well.  That could go on for a couple of years, but essentially, 

(CDC Survey, continued)
Survey Limitations

 • Observational, did not address causation
 • Unable to make statistical association
 • Findings based on single sample, limited 
     laboratory testing
 • Single collection site: kitchen faucet/tap,  
    not directly from well supply
 • Limited or lack of baseline data prior to  
    flood
 • Selected samples based on grid 
    intersections rather than density of wells

 • Small number of wells sampled 
    compared to flood area

Survey Conclusion:
• 41% of water samples collected from  
 households with domestic wells contained  
 coliform bacteria in excess of one per 100
• 11% of the samples contained E. coli in  
 excess of one per 100ml
• 13.4% of samples contained nitrate 
 concentrations above MCL of 10mg/L
• 0.2% of samples contained atrazine con- 
 centrations above MCL of 3ppb
• Type of well construction and condition  
 were likely to be associated with presence  
 of coliform bacteria, E. coli or nitrate  
 levels
• Wells located near pollution sources   
 slightly more likely to be contaminated  
 with tested agents
• Although persons drinking water with  
 coliform bacteria or E. coli had a similar  
 rate of self-reported diarrhea as those who  
 drank water that did not contain these 
 bacteria, this information may be limited  
 due to a number of factors.

--o0o--

In the United States:
•14 million households rely on domestic wells 
for drinking water

90 thousand new wells are drilled each year 
(based on 1998 numbers)
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you are building up a plume of biofouling, which means that the time to fail for each succeeding 
well becomes shorter and shorter.  When the time-scale is years and you have tremendous financial 
constraints, something will happen.  In the meantime, there is a continuing waste of resources, land 
and water.

Canada Agriculture is now in the tenth year of an initiative to promote sustainable wells.  They have 
done a survey on wells, but you have to get to the next level.  Then you have to be able to justify that 
the sustainable well is a better well - there will be less health risk.  When you look at the CDC data, if 
you were a lawyer, you could make a case in court but get told that it could be something else.  One 
should go to the government and say, “You are not regulating the industry correctly.”

Q:  Coming back to that ʻconcrete  ̓problem you were talking about - is it a deadly disease?

A:  No.   I was being flippant.  Letʼs say you live in a community with low sulphate in the water.  You 
go to visit your relatives and they live on a farm where the sulphate is 1258 ppm.  What happens is 
your feces turn to concrete.
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Background on BARTs

Unlike plants and animals, bacteria commonly function as groups of species in consortia. There  is 
very little understanding of the true role microbes play and events they control.  They impact upon 
the sustainability of water wells and control many environmental processes.  The challenge is there-
fore how to identify consortia, and what does it mean when you do?  Medical microbiology science 
has entrenched the dogma that a single species is responsible for any disease, and that thinking has 
carried over into environmental microbiology.  In many aspects of health, industrial and agricultural 
activities, understanding the impacts of consortia remains an unresolved issue.

The BART system has been developed for detecting the presence and aggressivity of selected groups 
of potential nuisance bacteria.  Two forms of data can be obtained by this method:

•  timing of reaction (the time lag)
•  reaction type which occurs (the form that reaction takes)

The ʻideal  ̓ testing for bacteria has to provide a variety of environments within which the targeted 
bacterial consortia can easily grow.  The traditional agar spread plate fails to do this and subsequently 
commonly underestimates effects by one to four orders of magnitude.  The Biological Activity Reac-
tion Test (BART) provides a variety of redox (ORP, Oxidation-Reduction Potential Gradient) envi-
ronments with a gradually rising selective nutrient gradient that supports growth and activity

A search began in 1971 for a suitable test method that could be applied both in the field and laboratory 
that would detect iron bacteria. It was recognized that iron bacteria played a major role in the plugging 
of water wells and pipelines but there was little understanding of the relative significance of the bacte-
ria compared to the known and documented chemistry also recognised to be involved in plugging.  In 
1978 a review was undertaken, reviewing the identification, cultivation and control of iron bacteria in 

Some Definitions:

BART = The Biological Activity Reaction Test (BART™), a patented test system for the 
determination of aggressivity in bacterial communities (consorms).

A consortium is: A community of bacterial species all functioning cooperatively in a common 
habitat.  They share common activities with the different species undertaking various tasks to 
achieve survival and growth.   When you get a group of different consortia all growing within 
a common structure (such as a rusticle or plugging) then that becomes known as a consorm.

Aggressivity:  A measure of the ability of the bacterial consorm to invade a defined 
environment.   It can also be expressed as the level of activity within the sample being tested. 
Thus both growth and activity are measured by the aggressivity; this is measured by the
time lag (TL) to the first observation of a reaction caused by growth.

Time Lag: estimates aggressivity by the length of time before there are obvious reactions in 
a BART™ test that is specific for detecting that particular consorm.  The shorter the TL then 
the more aggressive are the selected bacteria in the water sample.  Time lags can be measured 
in  seconds, hours or days depending upon the conditions of the test.

The BART Test
• A Scouting Tool
• Determine Biofouling
• Monitor Treatments
• Provide Quality Management
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groundwater. This paper became one of the commonly cited papers upon which much of the current 
researches on iron bacterial biofouling in water systems are based. Then there was recognition that 
the iron bacteria were, in fact, a broad spectral group of organisms that could not easily be cultured 
using existing laboratory techniques and a defined procedure. Attention was paid to nuisance bacteria 
infesting many natural and engineered systems. In 1986 this was recognized by the American Water 
Resources Association when they held an International Symposium on Biofouled Aquifers: Preven-
tion and Restoration sponsored by the Environmental Protection Agency.   This symposium brought 
together a range of disciplines including microbiology, engineering and geology and provided a fer-
tile exchange of ideas. An understanding was generated of the complex inter-relationships that exist 
in biofouled situations, including colonization mechanisms, formation of biofilms and the challenge 
of monitoring methods. It became clear at the symposium, as well as at a precedent think tank, that 
the evaluation of microbes in groundwater is challenging because of the following factors:

• Much of microbial activity occurs within the biofilms attached to surfaces and
 not in the water which means that the water sample may not be representative
 of the activity associated with the biofilms growing attached to the surfaces if
 they are not under shear.
• Microbial activity occurs most commonly as communities of different species
 that function interdependently.
• Much of the microbial activity in the water is of a biocolloidal nature in
 which the microbes are contained within a polymeric matrix of bound water.
 This area of understanding is now beginning to change the fundamental ways that 
 water can be viewed.
• Relatively few microorganisms in the aquatic ecosystem are planktonic and
 freely suspended with unbound (free) liquid water.
• Because of the above factors, a water sample may not reflect in its composition the 
 microbes retained within a biofilms attached to surfaces, particularly if none are 

            releasedinto the sample.
         • Examination may be compromised by the biocolloids restricting microbial
          activities within the test procedure.
 
A culmination of the 1986 AWRA symposium was a broad realization that a suitable field test for 
iron bacteria did not exist and the suitability of laboratory tests was severely restricted to direct mi-
croscopic examination and various agar spreadplate techniques, both of which had a limited ability to 
detect the full range of iron bacteria in water.

A major review of the microbial iron cycle was published in 1983 dealing with the basic geochemical 
aspects involved in the cycle. Rising from these conclusions was the need to develop a suitable field 
test instrument for detecting iron bacteria. This was achieved with the development of a patent. The 
phase before the completion of the patent process began with the development of a functional testing 
system for iron related bacteria (IRB). ʻIron Related Bacteria  ̓was selected as the term since studies 
revealed that the traditional approach of separating the iron oxidizing from the iron reducing bacteria 
as two distinct groups of bacteria may be erroneous in the cases where the same species or consortia 
of bacteria are capable of both oxidative and reductive functions with respect to iron. It was therefore 
considered that any iron bacteria presence test would have to detect both of these activities, but in 
practice it was found that the earlier tests lacked precision. The concept of the BART rose directly 
from a number of basic concepts critical to the growth of microbes. Through floating a low-density 
ball at the fill line of the test tube containing the water sample, it was found that precision was im-
proved and routine identification of different reactions could be obtained.

Prototype BART testing for the IRB was begun in 1987 initially using 10 ml of water sample. Poor 
precision continued until the water sample volume used for testing was increased to 15 ml, where-
upon the BART test generated stable patterns of reactions and activities with precision. The term 
ʻreaction  ̓was taken to relate to the manner in which the indigenous microbes within the sample 
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changed the observable colours (from the control negative sample) and developed growth forms 
(such as slime rings, biocolloids, threads, dense gels and floating plates) in the liquid medium. The 
term ʻactivity  ̓was taken to relate to the time lag before the reactions became observable in the test 
instrument (BART Tester).  The hypothesis was generated based on the concept that the shorter the 
time lag to the observation of a reaction, then the more active the microbial population in the sample 
under the conditions of the test. The first reports on the use of the IRB-BART were in 1990. At that 
time the BART was referred to as biological activity test (BAT) but this name could not be used as 
the trademark due to conflicts with other users, while this problem did not exist with the name BART. 

Between 1988 and 1992, the concepts originally applied to the IRB-BART were adapted to increase 
the range of potential BART Testers. The time frame, target bacterial community, name of the BART 
and the final status are listed below:

The Advantages of the BART
•  Sensitive to a broader range of microbes than agar
•  Easy to set up
•  Convenient to read
•  Can be used in the field as well as the laboratory

BART Determines
•  How aggressive the selected bacterial 
consorm is in the sample (TL, Time Lag)
•  What bacteria dominate in the sample 
(RPS, Reaction Pattern Signature)

Definition:  Tester

There are various sorts of Testers (diagram on 
right), each tailored to identify specific bacteria.

How does a BART work?
•  15 ml of water sample is added to the  
 test vial
•  A ball floats up to the surface to create  
 an aspect ratio of >40:1 (volume to exposed surface area)
•  The crystallized medium diffuses 
 upwards to create a favourable 
 environment for the  selected bacterial 
 consorms to grow in
•  Oxygen diffuses downwards to 
 encourage aerobic activity

A Partial History of the Development of the BART Testers since the development of the patent

1986 - 1990  Iron Related Bacteria    IRB-BART  Retailed from 1989
1987 - 1990  Sulfate Reducing Bacteria   SRB-BART  Retailed from 1990
1988 - 1992  Slime Forming Bacteria   SLYM-BART  Retailed from 1990
1990 - 1995  Heterotrophic Aerobic Bacteria  HAB-BART  Retailed from 1993
1992 - 1994  Cyanobacteria    ALGE-BART  Retailed from 1994
1994 - 1996  Denitrifying Bacteria    DN-BART  Retailed from 1996
1994 - 1997  Nitrifying Bacteria    N-BART  Retailed from 1996
1998 - 2004  Biochemical Oxygen Demand  BOD-BART  In Progress
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This creates
•  A selective nutrient front that diffuses up through the water sample
•  An oxidative (oxygen driven) diffusion front that moves down through the water sample
•  The base of the sample in the Tester becomes reductive (anaerobic)
•  Microbes relocate to the most favourable environment for activity and growth

The test detects biological activity by looking for activities and reactions specific to the group of 
microorganisms being determined. Activities relate to growth events such as the formation of clouds, 
slimes, and gels. Reactions relate to the manner in which the microbes interact within the BART 
test during incubation. These reactions may take the form of colour changes, generation of gasses, 
and precipitants. The unique nature of the BART test makes it very different, and in some ways su-
perior, to traditional techniques. This is partly because the use of the undiluted sample that contains 
the indigenous microbes still within their natural environment, remaining very aggressive.   As a 
BART-based procedure, the testing procedure itself minimally intrudes into that environment during 
incubation, thus allowing faster generation of activity and reactions. The major intrusions relate to 
the diffusion of nutrients upwards, oxygen downwards and the establishment of a redox front within 
the liquid sample column.

BART Testers therefore use a unique system for encouraging the microbes to be detected during the 
test.  First, there is normally no dilution of the sample prior to testing that would cause stress for the 
intrinsic bacteria in the sample. Second, the sample becomes exposed to a variety of different habitats 
within the Tester that may be suitable for the different bacterial communities. Third, the microbes 
can become active in and/or react with, the selective conditions created within the BART Tester. 
These selective conditions are created using two devices: (1) a floating ball, floating intercedent de-
vice (FID), restricts the entry of oxygen into the sample below; (2) a crystallized deposit of selective 
culture nutrients in the bottom of the tube encourages the activities and reactions by a specific group 
of microbes.  In the first device (FID), the oxygen entry is restricted to diffusing around the floating 
ball that encourages the oxygen-requiring (aerobic) microbes to grow around the surfaces of the ball. 
These aerobic bacterial activities will use all of the oxygen diffusing down so that the sample further 
down becomes devoid of oxygen (anaerobic). This means that the volume underneath becomes suit-
able for the growth of anaerobic microbes that do not require oxygen. A single BART Tester therefore 
provides a series of stratified environments that are aerobic (oxidative) above and anaerobic (reduc-
tive) below. Essentially this becomes a reduction-oxidation gradient with a transitional zone (redox 
front) in the middle that focuses the growth, activities and reactions for the various bacterial commu-
nities that may be in the water sample being tested.  

The key to determining the presence of the different groups of microbes is the crystallized selective 
medium attached to the floor of the BART Tester. Upon charging the test vial with the water sample, 
this medium will begin to slowly dissolve upwards into the water column. As the medium dissolves, 
a series of chemical diffusion fronts become established and move slowly up the water column in the 
BART Tester.  The location of the growth within the test vial gives an early indication of the type of 
microbes involved.  Activity in the base of the BART test would tend to suggest facultative or strictly 
anaerobic organisms while activity at the top around the ball is more likely to be aerobic.  Often the 
activity may centre along the diffusion front formed by the dissolving crystallized medium. 

Given that the BART Tester presents a whole range of environments within which the microbes can 
grow, the key to selectivity becomes the form of the crystallized culture medium that is in the base of 
the Tester. It is this factor that causes different communities of microbes to become active and, hence, 
become detectable. The BART Tester therefore gives an indication of the types of microorganisms 
present in the test sample through the reactions and activities observed. Determination of the size of 
this population is achieved through the aggressivity of these active bacteria in the test vial. Aggres-
sivity (activity levels) is determined by the speed with which these first observations (of a reductive 
condition arising from the conversion of the methylene blue from its blue oxidative state to the clear 
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reductive state) are made. The shorter the time lag 
to initial confirmation, then the more aggressive 
the bacterial population and the greater the cell 
population.

A BART test is set up with 15 ml of sample and is 
usually incubated at room temperature and visual-
ly examined every day for reactions.  The order in 
which the reactions are observed gives an indica-
tion of the form or consortium being aggressive in 
the water sample.  Samples can also be incubated 
at a determined temperature in a BART Reader.   
The common temperature used in the reader is 
28oC

The BART Reader uses changes in light sorption 
to measure activity in the BART Tester.  It times 
the interval to the detected activity to estimate 
population, aggressivity or BOD.
Detection is by means of:
•  660nm 5mm (diameter) 15Å red light transmitted through the sample being tested
•  A 4.8mm phototransistor detects light that has passed through the sample 
•  Changes in voltage due to differences in resistance are generated in the phototransistor
•  Light is pulsed for 150 milliseconds in every second.
•  It is powered by mains electricity.
•  In the event of a power failure, the Reader will keep on working for more than two hours using a 
back-up battery.
•  The Reader contains an incubator block that will shut down in the event of a power outage for that 
period of time but will come back on when power is restored.

Six tests can be run in a Reader simultaneously.  Output from the light sensors can be graphed on a 
computer.  Here is an example of graphs from six samples.
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The reactions created by the bacteria within the test vial occur over a sequence of time after the first 
reaction is recognized (at the TL).  The reactions are all encoded as two-letter summaries of the reac-
tion observed.  For example, BR would be the code for ʻbrown ring  ̓around the ball.  The sequence in 
which these reactions are observed can be used to predict the range of species present within the con-
sortium.  This is known as the reaction pattern signature (RPS) and forms the basis for the identifica-
tion of the consortia.  Here is an example of possible reactions found in an IRB-BART test (below).

In general, all reactions (i.e. the completed RPS) being generated by the BART™ are finished by 
day twelve and any indication of aggressive bacteria is over by day eight.  Once the test has been 
completed, the order in which the reactions have occurred to form the RPS can be used to identify 
the potential major bacterial genera that would be present in the sample.  The RPS remains subject 
to change (through additional observed reaction types) until the test is over unless a typical terminal 
reaction is observed.  Each of the different types of BART tests has its own set of recognized RPS. 
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Hands-on BART Testing in the Laboratory 

This part of the workshop will concentrate on the use of the HAB-BART system 
with the demonstration of the Tester and the Reader. This system received Cana-
dian Environmental Technology Verification (ETV) in December, 2003. Here we 
will have a discussion of the interpretation of the HAB reaction patterns (UP and 
DO) as a means of determining the location of the biofouling (in its simplest form, 
UP indicates that the biofouling is upstream, and DO that the biofouling is down-
stream)

We tend to forget that microorganisms can also 
create complexity. To illustrate that here is a 
beautiful picture from the German submarine.  
This is actually bacterially fabricated, and it al-
most looks like suburbia, a crystalline pattern 
of houses and streets.  The scale of this area is 
1.2mm; this illustrates clearly that bacteria can 
make complex structures.

I am going to start with the HAB BART, because it 
is the one most developed of the testing systems; 
we have just completed the development.  A unit 
is sitting here; it has an incubator built into it 
with a system that is regulatable,   with control 
of temperature and sequenced reading of each 
Tester for the state of any bacterial activity, 
particularly if the test is going reductive..

Samples are collected on-site but the operator 
must recognize that bacteria tend to grow on 
surfaces and in biofilms and not directly in 
the water. Sometimes a water sample can be 
virtually devoid of bacteria and yet the site could 
be infested with attached bacteria that were not 
picked up by the sampling.  15ml of sample is 
added to the Tester and the cap screwed back 
down. Next the Tester is turned upside down for 
thirty seconds, this causes the methylene blue 
indicator in the cap to begin to dissolve. If you 
are also an artist, watching the blue clouds move 
up into the water can be interesting!   Once the 
30 seconds is up then the Tester is shaken by a 
wrist action five times to ensure that the sample 
is saturated with oxygen. Make sure that the 
Reader is powered up,  then the Tester can be 
placed in one of the numbered test pods. This 
will automatically start the test. Replicates or 
companion samples can be placed in other test 
pods, up to six samples in total  can be tested 
using one Reader at the same time. Samples 
should be kept at ambient temperatures prior 

Setting up the HAB-BART Reader
 •  Plug in theReader to power up.
 •  Switch on power on the back of the Reader.
 •  Note that the back-lit screen on the Reader will          
recognise the power is on and display that it is  
checking that the functions are working.
 •  Do not start tests in the Reader immediately             
because the incubator will take up to one hour to 
reach acceptable temperatures.
 •  The Reader is self-contained and will show the 
results of the tests on the screen.
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to starting the testing that would be at 28oC. 
Generally the maximum sample storage time 
before starting the test should be four hours. If 
storage is for longer periods then the sample can 
be kept over ice for up to 24 hours. Preference 
would strongly be for the testing of the sample 
as quickly as possible.  Ideally the test should 
be done using 110 or 220 volts at a fixed 
location where the power supply is assured 
and the temperature maintained at 28oC. In the 
event of a brief power outage then there is a 
battery back- up system that would assure the 
ongoing collection of data but you would lose 
temperature control for the period of the outage. 
If you have the portable system then it operates 
at ambient temperatures and so the data value 
is less precise. These Readers were developed 
between 1994 and the first commercial models 
only emerged in 2003. This is because there has 
been a need to assure precision as well as ease 
of use. 

You switch the Reader on;  it is an automatic 
self-standing system that requires no attention 
except to read the data as it comes up on-screen. 
To start a test the isothermic block in the Reader 
needs to be up to temperature. The bottom line of 
the display screen shows the current temperature  
- you do not start until the temperature is up.  
It is self-contained and you can take it into the 
field if you have a suitable power supply and 
it will display results on the screen.  Since the 
Reader can heat up the isothermic block but not 
cool it down, precision in the data would require 
that the Reader be kept in a place at least 5oC 
below the standard of 28oC. 

The test pods are numbered 1 through 6, so 
that you can conduct six tests at the same time.   
Two red lights periodically flash across each 
tester pod.  What happens is that when the 
light transmission is interrupted  by inserting 
a Tester into an available test pod, the Reader 
automatically assumes a test is starting.  If you 
were to put your finger down a slot, it will  also 
start a test.  When you pull your finger out, it 
will void, because the data will not be typical.

You need to make sure the Tester is pressed right 
down into the test pod so that the light pathways 
are correctly positioned (particularly the lower 
of the two channels);   DO NOT UNDER  ANY 
CIRCUMSTANCES LIFT A TESTER DURING 

Notes to remember about the Reader
 •  It is powered by mains electricity.
 •  In the event of a power failure, the Reader will  
keep on working for more than two hours  using a 
back-up battery. 
 •  The Reader contains an incubator block that 
will shut down in the event of a power outage for 
that period of time, but will come back on.

HAB-BART system includes
 •  HAB-BART Tester to detect the bacterial ac-
tivity in the water.
 •  HAB-BART Reader to determine the level of 
activity in the Tester.
 •  HAB-BART-READ to interpret the bacterial 
activity.

HAB-BART Tester uses:
 •  15ml of water to complete a test.
 •  Determines bacterial activity by the speed with 
which the Tester becomes free of oxygen 
(reductive).
 •  Recognizes two types of bacteria based upon 
the way the reactions form within the Testers.

To start a HAB-BART test:
 •  Remove Tester from packing.
 •  Write down the sample information on the cap.
 •  Unscrew cap.
 •  Place cap on clean surface - do not turn it over.
 •  Add water sample to fill line.
 •  Screw the cap back on the Tester.
 •  Make sure the cap is on tightly.
 •  Turn the Tester upside down on its cap and 
leave for 30 seconds.

 •  Methylene blue colours the sample.
 •  After 30 seconds pick the Tester up and shake     
it 5 times with a wrist action.
 •  When the Tester has been shaken, the sample 
will be saturated with oxygen.
 •  Place the Tester into an available slot in the  
Reader: the test will start automatically.
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THE TESTING: THIS WILL CORRUPT THE 
DATA. Do not let curiosity get the better of 
you!

Then you will see the letter ʻR  ̓come up on the 
screen.  The Tester was put into channel 1 and it is 
now reading ̒ running.  ̓  Once the test is running, 
the 'R' will remain by that test pod number until 
there is a positive detection of reduction or you 
deliberately void the test. A positive detection 
of reduction event is translated into a time lag 
(in seconds), that is, the length of time from the 
start of the test to the declaration of a positive. 
Additionally, in front of the time lag is a letter 
(U or D) that indicates the nature of the activity. 
ʻU  ̓means the reaction was an up reaction and 
aerobic bacteria dominated while ʻD  ̓ means a 
down reaction and anaerobic bacteria dominate. 

Remember, if curiosity wins and a Tester is 
lifted prematurely, then the test is voided. The 
best way is simply to void the test, because then, 
once that is running, you know to leave it alone: 
donʼt touch it.  We have thought of putting in 
a sort of door at the top, and we had six push 
button locks on an early model, but the general 
consensus is that the current version is the best 
format.  We presume people are sensible!

Regulators are very interested in having a little 
laboratory that can be out in the field  (the 
company mission statement is “taking the 
laboratory to the sample”). The pressure on the 
company is to make this system available for 
First Nations and smaller communities so that 
they can take more control of their own testing 
processes. 

Regina has the first Indian University in North 
America, just started six months ago, the 

Operating the HAB-BART Reader
 •  Slots for the Testers are labelled 1, 2, 3, 4, 5 
and 6
 •  The Reader will automatically start a test when 
a Tester is placed into a slot.
 •  Make sure the Tester is pressed down into the 
slot to ensure precision.
 •  When a Tester is placed into a slot then the 
display shows the letter ʻR  ̓meaning that the test 
is running.
 •  That ʻR  ̓will remain on screen until either the 
test goes positive or the test ends as a negative if 
no activity has been detected, but there is no limit 
to the length of a test nominally set at 10 days 
(note that we did try a number of different cut-off 
times but found there was always someone who 
wanted it to run for longer).

 •  Do not remove a Tester when it is in the slot 
and running - this will destroy the validity of the 
data.
 •  Once the Reader is running, tests can be 
started and finished at different times in the vari-
ous test pods.

 •  When a Tester is declared ʻnegative,  ̓then 
the Tester can be removed from the slot without 
causing a positive declaration.
 •  When a Tester goes positive, the row to the 
right of the slot number changes from ʻR  ̓to the 
numbers of predicted active cells determined to 
be in the sample. This is displayed as a ʻpopula-
tion count,  ̓(pac/ml), that may be considered 
equivalent to colony-forming units.

 •  The Reader will display the time lag in sec-
onds; this can be converted to populations us-
ing QuickPop software that is on the web site at 
www.dbi.ca.  Here the time lags are converted to 
populations in which:  

 •  Cell counts are in pac/ml and are displayed in 
an annotated manner where:
 •  B refers to billions 
 •  M refers to millions
 •  T refers to thousands
 •  No letter following the number mean a real 
number.

Examples of counts:
 •  2.8B would be 2,800,000,000
 •  64M would be 64,000,000
 •  162T would mean 162,000
 •  749 would mean 749 pac/ml.
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Saskatchewan Indian Institute of Technology.  
One supports the aboriginal communities, and a 
big issue is water and waste water.  When you 
go out into the bush the ability to treat water is 
minimal.  We worked on an interesting problem 
for the First Nations.  The UAB treatment, 
with the mobility of the BART system, allowed 
application to their wells and controlled a serious 
heterotrophic problem which had led them 
to abandon their wells because they couldnʼt 
drink the water.  There were 5000 people in 
this community and they were drinking bottled 
water.   It was a nightmare because the average 
daily consumption of water was about 3 times 
the normal amount - it is quite strange when 
you go to a First Nations community.  A lot of 
water is being wasted simply because the toilets 
donʼt work - they just flush all the time.  We did 
manage to get the wells working again using 
UAB and the HAB system.

We hope we can do some training at the Indian 
Institute of Technology.  They were wondering 
what to do.  The first thing they did was make 
campuses everywhere.  OK, you can have a 
campus on every reserve, but what are you 
going to train the people to do?  A most urgent 
issue is waste water.  With their infrastructure, 
they should be able to use the HAB Reader and 
the IRB Reader.  People on the reserve should 
be able to do this work, log the data, look after 
the treatment systems, determine if it is potable 
water or waste water and improve the system.

If you remove the Tester before there is a positive, 
then it is a voidance -  you have to leave it in there 
long enough.  When a Tester is positive, the row 
to the right of the slot number changes from R to 
a number.  Say that the number is 5 billion.  It is 
not written as 5 followed by nine zeros.  We are 
using ʻB  ̓for billion, ʻM  ̓for million and ʻT  ̓for 
thousand.  That is simple: 3B is three billion, etc.  
These numbers represent the number of bacteria 
per millilitre.  We also donʼt use the notation 
of numbers/ml; we use ʻpac,  ̓ predictive active 
cells.  The pac are predicted by the time lag for 
passage of an active ʻfront  ̓in the Reader.  The 
number is calculated by an empirical algorithm 
set up for the particular ʻfront  ̓passage, but may 
need correction for temperature where the light 
channels are operating.

 When a treatment is applied then the hope for 

Interepreting the Results

 •  The screen shows two results when a test is 
positive.
 •  First - the time lag in seconds.
 •  Second - the type of bacteria dominating in the 
sample: there are two diagnostic reactions.
 •  U means an UP reaction –here the bacteria are 
predominantly aerobic (using oxygen and respir-
ing)
 •  D means a Down reaction –here the bacteria 
are predominantly anaerobic (not using oxygen 
and generating acids and gases)

 What does population size mean?

 •  It tells you how active the bacteria in the sam-
ple are.
 •  The table below shows you how to relate 
population to the levels of heterotrophic bacterial 
activity.

To close down the Reader:
 •  Switch off the power switch on the back of the 
Reader.
 •  Do not disconnect power as this will cause the 
Reader to continue to function using the back-up 
battery.
 •  Operate the Reader in a cool, dry place away 
from direct sunlight.
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outcome is that you see the population drop off close to nothing or be nothing.   But if there is a 
significant population, you likely will find that the treatment may not have been as effective as you 
would have desired.  If you can apply a treatment and suppress the population, say that it goes from 
3M to 2T, that is, from three million to two thousand, you are getting somewhere.  Now, the object is 
to keep it at less than 5T, five thousand - you now have reached the goal.

I have produced some leaflets on the use of the HAB-BART system to monitor bioremediation as the 
prime determinant of the rate of degradation assuming that larger populations are most likely to mean 
greater rates of degradation.  We have just finished developing a Reader for IRBs.  They are primarily 
remediating diesel and gasoline spills and some solvents.  The approach is similar to HAB.  They 
use a  biological reactor, a steel pipe, usually 3 to 4 feet across, 4 to 8 feet long. This simple device 
becomes an aerated bioreactor in which bacterial activity becomes very, very aggressive. The net 
outcome of this is that time lags drop down, down to one to three thousand seconds and the challenge 
now is to keep it there. 

Highest precision is obtained with the more active bacterials. A lower sub population tends to lose 
some precision, but our precision is far, far higher than you can get otherwise.  Using the classical 
agar spread plate and dilution techniques because of the fat, the primary measurement is of the range 
of metabolic activities associable with heterotrophic bacteria. In the sampling, we never dilute: we 
always use original bore water.  Dilution is  essentially the worst thing that can be done to a sample 
since it causes massive trauma amongst the incumbent microbes that impacts their activity potential.   
We have a 20-hour test instead of the 5-day test.  Our precision against a 5-day BOD test for, say, 
secondary effluent, is running at about plus/minus 5%; while the equivalent 5-day BOD is commonly 
plus/minus 9%.

When you go to primary effluent, the precision of the BOD 5-day test is plus/minus 12% and analysis 
using the BOD-BART system is plus/minus 7%.  We have a better precision than the rival systems.  
The testing scheme is beautiful because you have little to do.  You have to shake a tube, put it in a 
test pod and let the bugs do their work. There is a chain of custody: the data is stored in the computer.  
The University of Waterloo were very positive about this approach.  The chain of custody only exists 
after the sample has been put in the BART Reader.  There remains the whole issue of how you get the 
sample from its original site to the BART.   Clearly in this age of quality assurance and confidence 
requirements for the data gathered then the HAB-BART system does allow the laboratory to go to the 
sample and the results to be gathered quickly.

Q (Bill):  Initially the measure is time. Is the result, a test being positive, basically a time difference 
between the two light sensors going positive, is it therefore the detection of the ʻfrontal  ̓passage?

A:  This number generated by the Reader here relates to the first positive detection of a reduction 
phase moving through the light channel and changing the sorption characteristics.  This one gives 
us the bottom line of a positive test,  a determination of the amount of metabolic activity actually 
occurring within the Tester.   We have gone beyond with the new Reader; everything is automatic,  
even to assuring the sorption is acceptable for declaring a positive for activity.

Q: (Bill): What would happens if there was to be more dye collecting along a light pathway?

A: More dye does get concentrated along the light pathway when bio-accumulation is occurring. It 
appears as a dark blue floc and increases the sorption value by up to 15% but it disappears when that 
region becomes reductive.    It is interesting to note that when a slime twister forms within the Tester, 
it is recognized by the fact that it remains oxidative in a region that is predominantly reductive (clear) 
There now needs to be a reasonable standardized procedure geared on what every group of microbes 
is going to behave like, since some will form particulate flocs, others, colloidal clouds while others 
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collect on the walls of the Tester.  We are now comfortable in that these angles have been addressed 
effectively. 

Phil Mulvey:   If you have a bioreactor degrading hydrocarbons and the time lag was only 600 
seconds, was that from a sample taken straight out of the ground?

A:   No, not for in-ground bioremediation.  If you go to the in-ground situations, I would be amazed 
if you got 600.  You would be looking at 8000 to 10,000.  When I use the word ʻoptimisation,  ̓I am 
looking at the idea of finding the shortest time period, i.e. the highest population that is going to be 
responsive to your treatment and is going to maximise the rate of degradation.

Phil:  Looking at your numbers, you said if you go from 3M to 2T, you are doing a great job at 
rehabilitating the bore.  So, conversely, going from half a day to 5 days, you have done a great job at 
rehabilitating the bore?

A:  Yes.  I will go back 7 years that we have been exporting the BARTs; an operater rings me up:  
“These reaction times, what do they mean?”  “Well, the shorter the time, the more active the microbes 
are there.”  “Would you like me to do happy faces and sad faces for the time frames?”  So I did an 
experimental  batch of BARTs with happy faces and sad faces, just to see what the reaction would be.  

A sad face is one or two days, a neutral face is 3, 4 
or 5 days, a happy face is 6, 7 or 8 days.  We now 
have a standard.  If you look at the full range of 
BART Testers today, not the lab BART, all have 
the happy face display,  A complete reversal of 
effect comes with bioremediation; we used the 
same display in the first BART we sent out, but 
we didnʼt do anything about the happy faces.  
Now there, the happy face is less than 2000 
seconds: we had to totally readjust the happy 
and sad faces because in that industry, with the 
reversed effect, one wants a large  population.

To summarise the Reader based on our present 
understanding - the rules are: keep it cool and 
keep it out of the sun.  The screen shows two 
results when it goes positive.  The first is time 
lag confirmation and the second is the type of 
reaction.  Roughly speaking,   between a million 
and a billion cells is highly active; one hundred 
thousand to a million is very active; between 
one thousand and a hundred thousand is active.  
It is rare to get over a billion.  One million to one 
billion occurs when there is active decomposition 
or growth occurring.  One hundred thousand to a 
million are typical numbers during growth; the 
microbial numbers we have in the system are 
very high.  You are never going to have a sterile 
system; they are always there.

Diagnostic reactions: there are two reactions.  
ʻU  ̓ is up, primarily dominantly aerobic, using 
oxygen.  ʻD  ̓ is down reaction, predominantly 
anaerobic, you get a lot of acids so the pH is 
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going to drop.  The image (second from bottom, previous page) shows what an up (U) reaction would 
look like diagramatically.  The methylene blue has disappeared except for a little around the ball.  
This is all reversed in an anaerobic situation, with the blue disappearing downward (D, bottom, left, 
previous page).  The cap is made so it is not totally air tight; when it is sealed, some oxygen comes in.  
The up reaction is caused by the heterotrophs.  Generally it means the sample has been taken from a 
place lacking in oxygen.  The down reaction means that these are anaerobes, that the situation is more 
fermentable.

The trace (right) shows the time lag we use 
to look at the relative sorption.  The red is 
the up channel and blue is the down channel.  
The vertical red here is the declaration of a 
positive time lag of 34,320 seconds.  This was 
actually done at the higher temperature of 37º. 
The calculated population is 2.6 billion p.a.c./
ml. There is a down reaction there and so the 
bacteria were predominantly anaerobic. The 
ʻrandom  ̓pattern at the bottom of the red trace 
reflects the pattern of self-organisation or ʻslime 
twister  ̓ formation.  From the absorption, you 
will see different parts of this fingerprint.  We 
are still working out the full meaning of this.

The volume of water is 15 ml;  pac is per ml, there is 15 ml, plus or minus 0.2 of a ml, depending on 
how you fill it.  Around the ball you expect about 0.1 ml error.  If you underfill or overfill as much as 
a ml, it wonʼt affect the precision significantly.   Overall, the HAB-BART system is simple to operate 
and generates confident data quickly.
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HAB-BARTs Question and Answer Period

We all think of bacteria as being small, pretty stupid and not able to function in a collective manner. 
The next plate (below) disputes that because here the heterotrophic bacteria have formed a slime col-
umn to pull oxygen down from around the ball. These twisters revolve at about three revs per hour 
and remain oxidative for one to five hours.  This photograph was taken from  BOD tests of raw sew-
age in the Regina Waste Water Treatment plant  When speeded up 28 times, then the whole cycle of 
the twister forming, sucking down oxygen, rotating and then finally lifted up and disappearing  can be 
watched.  The blue only occurs where there is oxygen present, and you see the pulsing going on.This 
happens as the bacteria are pulling oxygen down. Beneath the biofilm, it is highly reductive; above 
that the bacteria are doing their best to suck up oxygen and pull it down. The HAB-BART Tester 
therefore provides a very complex environment within which bacteria can grow and develop struc-
tures (the twisters) to utilize the oxygen better (almost like a primitive breathing apparatus!)

                           Twisters in a HAB-BART Tester  
You may need a newer version of Adobe Reader to see the animation....  

                              free download here
 http://www.adobe.com/products/acrobat/readstep2.html

BART tests function in two distinct ways. In a system which is anaerobic, the dominant product will 
be CO2; in an anaerobic system the dominant product will be fatty acids, methane, carbon dioxide 
and smaller organic molecules, but rarely are the organics broken down completely.   Given that most 
microbial activity occurs around the interface between oxidative and reductive conditions, the BART 
Tester has the virtue of reflecting that interface within the column of the water sample being tested. 
Logically the oxidative regions would be above the reductive but the microbes trying to be active in 
the sample create their own niches that are not logical (for example, aerobes first appear to become 
active in the base of the Tester that is reductive. However this would be the region where oxygen sup-
plies would diminish the most quickly to create reductive conditions. Thus with an Up reaction, the 
first reduction in the base of the Tester. For the anaerobes, they try to control the oxygen entry (around 
the FID ball) into the water and so, commonly, it is just below the ball that anaerobes first create re-
ductive conditions. Thus a Down reaction reflects this event with early reductive zone occurring up 
near the ball. It is the reverse of what would normally be expected to have happened (Down reaction 
as the aerobes take out the oxygen diffusing down around the ball and Up because anaerobes would 
first grow in the base of the Tester!). No, the aerobes first are observed suffocating near the bottom of 
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the base of the Tester!).  No, the aerobes first are observed suffocating near the bottom of the BART 
Tester while anaerobes, in trying to put a brake on the movement of (toxic) oxygen down into the 
Tester, create a reductive slime barrier just under the ball.  

Q: The Tester has a ball in it and the oxidant is coming around the sides of the ball, blocking the abil-
ity of oxygen to diffuse down.  Do you have problems with fatty materials?

A:  No.  We have not found that fatty materials interfere with the BART test when present in ppm 
amounts.  If a fat layer were to form over the interface between the ball and the tube wall then that 
would restrict oxygen entry and speed up the onset of reductive conditions being generated by respir-
ing microbes in the sample.  We do employ fatty acids on occasions to restrict oxygen entry when we 
are focussed on the anaerobic bacteria.  If we are looking at oils and hydrocarbons that will float, the 
amount added is restricted to assure no oxygen transfer blockage occurs.  The biggest problem is the 
polystyrene tube; this plastic has a very high permeability to oxygen.   This concept of oxygen mov-
ing through the walls of the styrene tube was worrisome enough that we went to a polycarbonate tube 
which blocked the oxygen moving across.  This meant that all of the oxygen entering the sample came 
from above and around the ball. This would mean a better control of the critical oxygen pathways 
into the test.  We found the impact of the oxygen coming through the styrene was minimal and it was 
standard and so the effects were considered insufficient to warrant going over to the polycarbonate 
tube.  It was also thought that particles are likely to cause a problem, particularly if they interfere with 
the sensing light channels through floating in the sample or attaching to the tube wall. It was found 
that even high suspended solids did not have a major impact, and when they did, it was because of the 
sorption of the methylene blue indicator into the particles. For solvents and hydrocarbons this became 
a significant problem.  This was addressed by the development of the bioremediation bacteria (BRB-
BART) that had an elevated level for the indicator to compensate for this loss through sorption.  We 
have developed the BART Testers for soil, as well, but we havenʼt suggested it for soil yet.  If you are 
going to do soil, you have to drop the ball out out of the Tester and you roll it into the upside-down 
but still sterile inner cap.  The ball is still sterile, it is sitting in the cap. You add the soil (commonly 
0.1 g) and then add sterile water to the tube and then roll the ball back in.   We recommend a sterile 
phosphate buffer (SPB-VIAL) that is available from the company.

In Canada we have a problem equivalent to your acid sulphur soils (ASS), sulphur block, and that 
is in the blocks of sulphur that are accumulating in the prairies as a result of increased extraction of 
sulphur necessary for the new low-sulphur fuels and gases.  Western Canada has a lot of natural gas 
and oil, and a lot of it has sulphur. Right now, there is about 20 million tonnes of elemental sulphur 
sitting up on the surface, exposed.  The three deposits I visited were at least 1.3 km in length, roughly 
0.6 to 0.8 km in width, and 20 metres high.  Molten sulphur is dropped on the top at about 160ºC, 
it comes down and solidifies.  When they have a market for sulphur, then they will take the sulphur 
away.  Right now it is about $35/tonne, basically a money-losing situation.  You end up with the base 
of sulphur which is more than 25 years old, leaking acid water with a pH of 1 to 1.5.  If you want a 
real horror story, there is one of these piles that was put onto peat; it is sinking into the peat at the 
same rate as they are putting sulphur on the top.  Obviously, there are issues with acid leachate.  As a 
microbiologist, I have been hunting for species of Thiobacillus.  When we look at the block, we find 
moulds.  There are a number of moulds that just dominate the system, but we havenʼt yet reached the 
point of culturing those moulds to see if they .....  Snatches of Thiobacillus have been detected, but 
nothing of the scale....  Everybody says I have to look for Thiobacillus; my comment is ʻwhy?  ̓This is 
99.9% sulphur, and the Thiobacillus would have to live off the 0.1% of whatever else there is. And it 
is exposed and unprotected; in the winter there is snow, there is dirt flying around.  When you look at 
the old base of sulphur, it is cracked and as much grey as yellow.  There are great cavities in it where it 
has all spalled out.  We developed Thiobacillus tests for the BARTs.  We are just doing it again, broad 
spectrum.  But the moulds are positive in two days.  Sulphate reducing bacteria have not been found 
in the sulphur blocks but they are present in the surrounding and underpinning soils in a deep basin.

Q: In doing these tests, is it possible a sample might have both kinds of bacteria?
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A:   Yes, if we take a sample there will be a potential for both aerobes and anaerobes to both be 
present and both be active in different places within the BART. Generally the aerobes tend to win 
when oxygen is present (at the start of the test) and the anaerobes tend to win in the end when all of 
the oxygen is gone.  Reaction patterns usually occur during that transitional phase.  The twister is a 
peculiar event that you detect because there are two light sources going: if the bottom light  detects  
reduction (reduced sorption) ahead of the upper light - you could possibly detect the twisters - I would 
say that was predominantly aerobic.  If the top light detects reduction first, and the bottom one goes 
very shortly afterwards, it is a mixed community of the two but leaning towards the anaerobes.  If the 
top one goes first and it is a long time before the second one, it is fundamentally anaerobic.

Q: What if there is a reducing agent in the sample?

A: No, the only  common chemical in the sample that we take seriously as a potential interference 
factor is chlorine as a disinfectant.  The original BART did not use a neutraliser for chlorine, and we 
got really stupid data because residual chlorine would impact on the bacterial activities and there 
would be a lot of variation.  Then we put in sodium thiosulphate and it gave us our precision.  I am 
not comfortable putting in so much sulphate, thiosulphate, but we found it worked for us.  We havenʼt 
found any sufficient reason why we should neutralise other agents, as a general rule. If there was 
a specific industry-based case, we would look at it. We have just limited it to a disinfectant agent 
because it is so commonly a residual, as in municipal water supplies. 

The nitrifying bacteria BART  also can create problems if there is a significant level of nitrite in the 
water sample.  We have basically made an advisory that if there is more than 4 ppm of nitrite in the 
system, this test will not work.  People are comfortable with that. I am loath to put more neutralisers, 
supposed neutralisers, into the BART because we donʼt know what else those neutralisers will do. 
With the ETVs, you would have to change the whole ETV because you are locked in stone if you 
made an amendment.

Q: Presumably you would have to recognise quite a wide range of reducing agents such as organic 
acids could be substrate?  In terms of that kind of reducing agents, the microorganism population will 
cater for that anyway.  It may, in fact, have some contribution to the overall time.

A:  The bottom line is that all water has a lot of slime colloid in it, and it is not behaving as a free, 
liquid water. In reality, very little water behaves as a free liquid. When you are dealing with the 
BARTs, you are taking the premise that with colloidal structure with reducing agents in it, it would 
become accumulated within these colloidal particles and have an impact. But what would happen 
with ascorbic acid is that there would be a weighting of the relative degradability that the bugs would 
make and the ascorbic acid compared to everything else available, and they would then hone their 
enzyme systems accordingly to the most degradable (and the most beneficial). So there would be an 
increase in time lag, because the bugs are going to have to adjust to what is a perpetual ʻdessert.  ̓The 
methylene blue has been remarkably robust; it is taken up into the slimes very quickly. So now, the 
reducing agent has to get into the slimes, and now you are in an environment where the bacteria are 
in control.  It would be of considerable interest and concern to us if it was a common phenomenon. 
ʻCommon phenomenon  ̓is a regulatory term that means ̒ something that happens more than 5% of the 
time.  ̓ The ʻgeneral tolerance level  ̓is something that should work 19 times out of 20.

Extreme oxidation keeps methylene blue a very deep colour.  Basically,when you lose the oxygen, the 
methylene loses the ability to sustain the blue form, so it clears.  It is still there; if you shake it, it will 
go blue again. It is a primitive oxygen indicator.

Q: If you have a voided BART test, could you restart it?

A: No, you couldnʼt.  What has happened is, you already have activity.  If you were to restart, you 
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would have to add the time lag and redo the test again - too difficult to do and achieve any level of 
confidence.  We are very dogmatic about it: itʼs gone.

Bill: What happens with methylene blue?

Roy: Methylene blue is neutral.  If you reduce it and then shake it up, it gets oxygen in there and goes 
blue again.  We do tests which are up to 4 weeks long.

I could also argue that there is something mindless if you donʼt take into the case the colloidal systems 
you just saw on the videos, and that is common.  The microbes in groundwater systems and BARTs 
do not operate in a free, planktonic, swimming state: they are colloidal, and they are adjusting their 
regime.  In medical circles, when you get a colloidal structure in a tube and you create an alkaline 
condition so it is going white, it is floating, it is very pure, then you add nigrosin, which is a black 
dye.  You see the black dye come down, like India Ink.  It will come down and rest on the top of the 
colloid, then it will trickle down through pathways and come underneath.  So, clearly, the colloid has 
permeability.  It is still not absorbed.  It is black underneath, white in the middle, black above. Then it 
reverses and the nigrosin is taken up, and you have a black cloud in a white liquid. Which is interesting.  
Nigrosin is really not a stain, but particles, and there is a time lag between the receptiveness of the 
colloid and the acceptance of the particles.  Then the biocolloid adjusts to that and takes it all in.  The 
colloidal matrix, generated as a product of bacterial activity, now is controlling that system. They are 
not in an aqueous medium, but in a colloidal medium, a charged medium.  The bugs control even 
molecules outside their cells because it is a way of protection.

Phil: Roy is suggesting what I know: they are throwing out enzymes which are colloidal, which are 
also affecting the surrounding chemistry as a means of putting things in their cells.

Roy: When you look at all the complexity inside plant and animal cells; they are structured inside. 
Microbes are different in that they create structure outside the cells.  Cells are really rather simple-
looking, but the structures outside are where all the action is happening; it can be complex like in the 
rusticles.  That is how the microbes operate: they have a domain which is much bigger than the cell 
itself.

Q: If a test takes up to 5 days, how do we cope with this in the field,  particularly if you are moving 
from one field site to another? 

A:   In the field and moving around from site to site creates real problems for monitoring the BART 
tests that may take 5 or more days to go positive. That is why we developed the “take the laboratory 
ot the sample” approach.  You will be able to keep the Reader at a fixed location convenient for the 
field sites and you will not lose the data, particularly if you are running the full system.

When you are dealing with biofouling in water wells, the usual time scale is weeks, months and years 
for the events to occur.  If you are working with weeks, months and years and you have a routine 
preventative protocol, then that works fine.  For example, if they are on a one-month cycle and they 
only do the one test, if that became positive, they would know within two weeks. They would then 
immediately set up duplicates.  If those went positive, it would be in the next two weeks. That means 
that just before the end of that monthly cycle they would know that there is an increase in the activity 
and they have to do a preventative maintenance. If the simple test is fine and it is not a cause for 
concern, it is just the same as the previous test, they just do the one test. Wait two weeks, do the next 
test.  For those 25-year old wells, the cycle is OK.  When we put the Reader on there, you need this 
level of precision. You might as well look at it every day and not use the Reader.  What this does, is 
mean that the data that is gathered is stored; you can look at it and see if there is any anomaly, because 
you do have a fingerprint.  If it is an unusual anomaly that keeps coming up again, it will help you 
track down the cause of the problem.   The City of Fredricton, New Brunswick, Canada, has been 
using this approach for the last nine months to monitor the changes in biofouling activity in their 
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wells. 

They had one Reader set up right at the water treatment plant and took samples on the spot.  Then 
they took two other samples; both followed standard practice.  One went within 20 minutes to a local 
laboratory and tests were done there.  The other one was couriered to Waterloo on ice for 24 hours. 
There were significant differences in holding it for longer periods of time as a sample.  In the ETV 
literature we talk of holding samples for no longer than 4 hours, preferably less than 2.  Once you go 
beyond 4 hours, then you get instability in the sample.  If you say 2 to 4 hours, it means that you have 
somewhere local you can put the Reader in a room at the same temperature all the time.

Q: Would you be concerned about exposed volume inside a sample container, prior to the BART?

A: Obviously if you have a big head space volume in a container, and it is shaking around, you are 
likely to create a sample saturated with oxygen, which will stimulate the aerobic bacteria.  If there is 
no head space air, the probability is that you will lose that oxygen in a matter of 1 or 2 hours, which 
will bias the population.  This is why we keep saying, “Take the laboratory to the sample,” and 
observe the 4-hour max for the storage time.  The sample container is a critical issue that we havenʼt 
addressed in ETV.  I would rather have a big head space for oxygen for water wells simply because it 
will maintain the aerobic form more effectively.  The anaerobe in the column will last anyway. If you 
take out the oxygen and have no head space, you will probably stress the aerobes in an hour or two, 
and it will send the time lag shooting upwards.

Phil: Normal well sampling practice is a sample with no head space.

A: Yes, but I am also suggesting a much shorter holding time.  A standard protocol that primarily is 
designed by chemists who want to restrict the oxidative degeneration of the sample. Given that this 
process would severely impair aerobic microbes and they are often dominant then eliminating the 
headspace would be a bad idea from the microbes viewpoint. 

Phil: But it is important that we know, in a court case situation.

A: In a court case situation, I agree with that.  But I disagree about what is a sample.  That is one the 
Standard Methods Committee run away from. You could spend $5,000 on a stupid sample that was 
taken from the wrong place.  I have total sympathy, but it is very challenging to write a protocol that 
will allow you to get to the sample you want to look at and be comfortable with the findings.  It has 
been ignored very expertly in the last hundred years.  The bottom line is, we have to be able to find 
ways to get that.  The National Research Council in Canada is bugging me to move the BART Reader 
right to the site.  We have just finished what is called the Automatic Testing System set up right at the 
site that you want to find out about.

Colin: If I had a vehicle-based BART Reader, would the vibrations damage the process?

A:  Simple answer: No.  We have used a Reader out at sea going through high seas and gale force 
winds that have the ship pitching at all sorts of angles but the Readers kept on ticking and the BART 
Testers did not appear to lose precision.  You saw how colloidal they are; they will take a fair level 
of vibration without losing position.  One thing about that Reader: it is designed to come up to 28ºC, 
not to go down.  You would have to put the Reader into a refrigerated box if the ambient temperatures 
were higher than the Reader needed.  An aircontioned vehicle might not suffice; you need to keep the 
Reader cool when you are out of the vehicle.  There needs to be a 5º differential in temperature.

Q: I am in the irrigation business.  When I take a sample, I usually take it out of a sprinkler.

A: If you take it out of a sprinkler, what you would be looking at is the terminal fouling before the water 
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whistles out into the air.  You are going to get a reflection of the biology of the whole system, including 
the sprinkler.  If you then went back and did one on the main pipe through a reasonable sample port, 
then you could assess by the time lag difference and population size how much population you have 
in your system to that sprinkler.  The sprinkler, of course, has a high amount of turbulence. Microbes, 
generally, like turbulence because it brings more nutrients more quickly.  They build themselves 
around it, so you will probably find more biological activity.  If you sample from one sprinkler, you 
couldnʼt relate that to one done further down the line.  That is another protocol issue.  Think about 
that survey in the US where they took the samples from the kitchen tap.  They just ran it for 5 minutes. 
They knew it was bad, but they had 5,500 houses to do as quickly as possible and get the tests done 
as quickly as possible.  That is what they chose to do.  It is not really a reflection of the quality of the 
water in the well: it is just a reflection of the quality of the water in the kitchen.

We ran into the same problem in Alberta and Saskatchewan when we did the regional surveys to 
look at the variations in the biofouling.  There were 400 wells in one region.  They wanted us to do a 
series: turn the well off for 24 hours, take a sample, another sample at five minutes, 10 minutes and 
2 hours.  The householders objected: we canʼt do that because we donʼt have enough water for 24 
hours.  OK.  Leave it off over night.  We canʼt do that because we fill our water tank up over night.  At 
the same time they donʼt want to spend money on maintaining their system.  We managed in the end 
because of the involvement of Canada Agriculture.  We could get them to agree to turn the well off for 
a minimum of 4 hours to start the process, and then we would take the samples.  Well, where do you 
take the samples?  There is no tap on the pump, on the well.  You have to come back and half the time 
we are back in the kitchen.  Then, what is the effect of the softener and the other gismos they have on 
their system.  It is very poor, very difficult.  It really makes me nervous about protocols and standard 
methods.  In the sampling business, it is how you define the sample.  And you can spend $5,000 on 
analysing a simple water sample.  The water sample is flawed in terms of how or where it was taken, 
transported.  What is the value?

If you do not have the ability to take the sample in a routine manner and the customer does not see the 
need then it might be up to regulators to say you have to do that, then it becomes a part of the basic 
cost of doing business.  If everybody has to do it, you will not be penalised personally.  They did some 
survey of a series of well owners in small communities about what they would be prepared to accept 
to get better sampling.  It has been left in abeyance for now, but I know it is going to come back to 
haunt us.  So if I am a bit reactive on the subject of sampling, it is because we have to come back to 
the fact that data you get is only as good as the sample that you take.

The National Research Council says, “Build it right there.”  Of course, if you put in a piece of 
sampling equipment, it is going to biofoul.  So, how are you going to take a sample in a device that 
may have a high level of precision if it biofouls before you take the sample?  However you deal with 
the water, there is going to be some physical apparatus, some method, to move the water in, if that is 
going to be the true sample.  If you have that then you do need a standard protocol not only to sterilize 
the apparatus before sampling but also catching the correct sample!
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