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ABSTRACT

Microbial colonisation plays an important role inneral dissolution in heap bioleaching of low grade
ore. To date, colonisation studies have focusedhmnobial attachment of single species to mineral
concentrate under batch conditions, not represeatat the heap leaching environments, with recent
extension to flow systems (Africat al. 2010, Minerals Engineering, 23, 486; Bromfietdal. 2010,
Bio- & Hydrometallurgy conference proceedings). koldgy and soil engineering investigations have
suggested significant interactions between mictotéonisation and fluid flow in porous systems.
Therefore, heap hydrology is expected to affectrohial colonisation through solution-ore and
microbe-mineral contacting.

The influence of the irrigation rate on microbialanisation was assessed using columns packed with
acid agglomerated low grade copper-containing dhe. systems were inoculated via irrigation with
iron and sulphur oxidising mesophilic microorganssiild? cells/ton ore), whilst operating under
continuous flow through the unsaturated, aeratel] gng three different irrigation rates @and 18
I/m?h). A novel in-bed sampling technique allowed fbe extraction of ore samples at intervals
during the leaching process to give novel insigkd the microbial growth and the interstitial, wiak
and strongly attached microbial population.

Increasing bacterial adherence and cell numbemestan the ore bed was clearly seen over the 32
day leaching period. Average specific growth rasésore-associated micro-organisms of 0.0053,
0.0052 and 0.0043*hwere found for 2, 6 and 18 Lfthr, showing faster colonisation under low flow
regimes. At higher irrigation rates, higher detaehimand cell removal are postulated, as the total
number of cells exported from the ore bed was 28x®5.5x16° and 7x16° cells for irrigation rates

of 2, 6 and 18 L/mhr respectively. For all conditions, the inteiatitells from the stagnant zone of
the ore bed were the most dominant form of ceksiailated within the heap systems.
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1 INTRODUCTION

The need for alternative methods to those conwveallp used for the extraction of valuable metals
e.g. smelting, has become increasingly importanéxtmact metals from ores of lower grade, and
reduce the energy footprint and the environmentdémrof extraction. The development of heap



bioleaching as an alternative technology was prethpy the increasing complexity and low grade of
ores mined (Watling, 2006). In the hydrometalluafjidbeap leaching process, crushed ore is
inoculated with a consortium of micro-organismsctialyse iron and sulphur oxidation reactions
providing leach reagents in the form of ferric irmmd acid to assist the mineral dissolution of Isudle
minerals (Brierley, 2001).

To optimise the performance of the heap bioleacktesy a comprehensive awareness of the
contributing processes and sub-processes is regqWatling (2006) highlighted the cause of lack of
in-depth understanding of bioleaching to the sdpdrand independent focus of investigations on
different aspects such as chemistry, microbiolagy laydrodynamics. The aim of this study is to add
to the bioleaching knowledge base through intedratieidy of microbiological and hydrological
aspects of heap bioleaching. Particularly, the hpaf irrigation application rate on microbial
colonisation is investigated.

Microbial colonisation of the mineral surface o through the following steps:

(1) The transport of microbial cells occurs as theitiqphase is transported throughout the heap to
the mineral surface (Rossi, 1990; van Loosdretht., 1990). The microorganisms can either
be eluted in the leachate, or accumulated withinhdap in the stagnant zones, or attached to
the ore in response to surface interactions, st by Figure 1. Microorganisms present in
the free-flowing fluid are referred to as plankongells, whilst those planktonic cells
accumulating in the stagnant regions are knowhagterstitial cells.
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Figure 1. Schematic of the inside of the heap, showing plamkt cells in the flowing mobile liquid phase,
microorganisms weakly and strongly associated Wl ore surfaces, and microorganisms accumulatiitginvthe
stagnant regions of the porous rocks.

(i) There is selective reversible and irreversiblecattaent to the mineral surface (Rossi, 1990;
van Loosdrechegt al., 1990, Rockholdt al., 2002). Reversible attachment accounts for the
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microorganisms loosely associated with the oreaserf whilst the irreversible attachment
accounts for the microorganisms strongly associdtkd loosely attached microorganisms can
be detached from the ore surfaces by repulsivetrettatic forces (Ghauret al., 2007;
Rodriguezet al. 2003) and mild shear forces (Rossi, 1990; van teahtet al., 1990;
Rockholdet al., 2002; Pinteloret al., 2009). The potential for detachment of microluells
from the ore also creates an exchange betweentplaaolcells and the sessile microorganisms
(van Loosdrechét al., 1990).

(i)  The growth and multiplication of microorganismsuiesin the formation of microbial cultures
which contribute to biooxidation (Rossi, 1990; amosdrechtet al., 1990, Rockholdt al.,
2002).

Studies of microbial colonisation reported to datainly focus on the degree of attachment of
microorganisms to the mineral concentrates (Ge#brlak, 1998; Sampsod al., 2000; Kinzleret al.,
2003; Sand and Gehrke, 2006), the mechanisms behiobbial attachment (Rossi, 1990; van
Loosdrechtet al., 1990, Rockholcet al., 2002; Rodriguezt al., 2003; Ghauriet al., 2007), EPS
formation, and more recently the location and dm#tgi of microbial attachment to mineral (Africa

al., 2010; Bromfieldet al. 2010, Bio- & Hydrometallurgy conference procegsin These studies are
important in understanding the microbial sub-preessoccurring within the leaching environment.
These observations have limited applications becausst experimental findings were derived from
systems with conditions which were not analogousatbual heap bioleaching environments.
Additionally, studies relating microbial colonisari of low-grade ore bioheaps to the influence of
irrigation conditions have not been reported extehg.

Bioheaps are typically irrigated at an applicatiate which does not cause saturation (Brierley,1200
to ensure oxygen and carbon dioxide transfer toagh&s. Researchers have investigated the effect of
irrigation rate on temperature in the heap, sulplodidation rate and metal recovery (Cooper and
Dixon, 2006; Bouffard and Dixon, 2009), largely ngiheap leaching simulations rather than
experiments. Few researchers have assessed thef fte bioleaching microorganisms under the
different irrigation rates employed during heapchléag operations. Lizamet al. (2005) focused on
heap leaching of pyrite and sphalerite at irrigatiates ranging from 1.8 to 21.6 flimin columns at
heights varied from 1 to 8 m. They concluded thateased irrigation rates had no effect on thé&init
colonisation period. However, the postulated deteait of microbes from the heap system by fluid
shear forces (Rossi, 1990; van Loosdresthdl., 1990; Rockholdt al., 2002; Pinteloret al., 2009)
and the reported preferential sorption of microbet the gas-water interface over the solid-water
interface (Wanet al., 1994) suggests otherwise. From these studiesant be postulated that
employing low irrigation rates facilitates good mnalbe-mineral contacting, enhancing colonisation
rates while preventing detachment of microbes duiuid shear. The objective of this study was to
examine the effect of irrigation rates on microtagtechment, growth rates and removal of microbes
in systems that mimic heap conditions, throughraparative study.



2 METHODOLOGY
2.1 Ore, Microbial Culturesand Growth Media

Low grade copper-bearing ore, containing 0.69% egpp.95% iron and 2.02% sulphur was utilised.
The crushed ore was agglomerated using 50 ml d&dni3O and 3.7 ml conc. ¥$0, / kg ore to
secure the fines fraction.

A mixed mesophilic stock culture containiyg. ferrooxidans, At. caldus, and predominantly.
ferriphilum, grown on pyrite concentrate in a batch stirredkta@actor at 30°C, was used
preliminary study was conducted to determine tloeutum concentration at which the concentration
of the cells eluting without attachment was withive detection limit of the total microscopic cell
count (3x16cells/ml). The range £ao 10 cells/ton of ore was considered and®ells/ton of ore
chosen in this investigation.

The irrigation feed composition was: 0.5 g/l F@SBLO, 183.3 mg/l (NH).SO;, 60.5 mg/l
NH4HPO, and 111.2 mg/l KSO; in deionised water. The pH was adjusted to pH wLisibg 96-98%
concentrated sulphuric acid £600,). All reagents used were of analytical grade.

2.2 Column Operation

Figure 2 represents the system used in this irgagin. The experiments were conducted in small
scale heap leach columns of 100 mm diameter andr86Cheight. The columns were packed with
approximately 4 kg acid agglomerated ore as desdriiy van Hilleet al. (2010). Liquid irrigation
rates of 2, 6 and 18 IA# were used. Prior to inoculation, the systemsevemid washed at the same
rate (6 I/mi/h) for 1 day to remove readily leachable materaid create an environment conducive to
microbial attachment to the ore surface. The cokimmere operated under ambient temperature
conditions and a feed pH of 1.15. The columns veemated from the base at 200 ml/min and drip
irrigated from above with acidic feed solution réisig in counter-current flow systems. The
experiments ran for 32 days, with in-bed sampliogducted at intervals during the leaching process.
Sampling of the liquid effluent (PLS) took placealga
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A — Air Outlet E — Rotameter

B — Column F — Inlet feed point
C — PLS Collection vessel G — Air inlet

D — Temperature sensor H — Pump

Figure 2: lllustration of column experimental set-up
2.3 In-bed Sampling Technique

The in-bed sampling technique was developed foradterisation and quantification of the microbial
community associated with the mineral ore bed danation of time, following inoculation and
subsequent colonisation. This provided a novel @ggr to the attainment of time progression data at
the laboratory scale, not reported previously. FegBl provides a schematic representation of the in-
bed sampling equipment. Figure 4 illustrates thegpession of the sampling procedure used. The
bottom of the column was opened, carefully remowimg supporting perforated plate to avoid out
spillage of the packed bed. The in-bed sampler atched to the column (Figures 3 and 4). The
packed bed of ore was lowered slowly using thevgcuatil it reached section B of the apparatus. The
metal slicing plate was inserted into the slicifag,cutting through until the narrow tip ejecteat the
other side of the opening. The screw was loweredpdetely to allow the bottom half of the packed
bed to drop into the section B of the in-bed sam@ection B was detached. A slice of the ore
remaining in section B was removed manually forlysis. Section B was reattached to section A and
the screw lifted until the ore bed touched the ingteing plate. The slicer was removed and the ore
bed slowly inserted back into the column. The id-Bampling apparatus was removed, the bottom
column plate replaced and operation continued asalo



2.4 Analytical procedures

The pregnant leach solution (PLS) volume collectess recorded daily. Variation in pH was
measured using a Metrohm 691 pH meter. The redtenpal was measured with a Crison GLP 21
Redox meter relative to a reference solution ofepoél 468 mV at 25°C. The ferrous iron
concentration was measured spectrophotometricadipguthe colorimetric 1-10 phenanthroline
method described by Komadel and Stucki (1988). [Tioda in solution was determined using both
atomic absorption spectroscopy (AAS) and spectrtmphetric method following conversion of all
iron to the ferrous form. Copper concentrationatugon was also obtained from AAS. The analytical
measurements were performed in triplicates. Mi@abbell counts were determined using a Thoma
counting chamber and an Olympus BX40 MicroscopeX®0 magnification (oil phase, phase
contrast optics detection limit of direct countimgthod of 3x18cells/ml, inherent 30% error margin
(Bryanet al. (submitted for publication))). Cell counts werafpemed on the eluted PLS as well as
the samples obtained from the mechanical detaabiirthe microorganisms from the ore using the
practical but still robust detachment protocol deped in CeBER and reported by Bryanal.
(submitted for publication). The detachment protacas developed to be able to distinguish between
the planktonic, interstitial, weakly-associated astrbngly attached microorganisms present within
heap systems. The limitations of this techniquéuthe the inability to remove all the cells from the
ore within the number of washing steps prescritzed the difficulty in determining the protocol’s
efficiency (Bryanet al. (submitted for publication)).
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Figure 3: In-bed sampling apparatus
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Figure 4: lllustration of the step by step in-bed samplinggadure.




3 RESULTSAND DISCUSSION

The data generated over multiple runs at an iiogatate of 6 l/fth are first presented to illustrate
the typical findings obtained using the new in-bsmimpling technique. This is followed by a
comparison of the systems operating under therdifteflow conditions.
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Figure 5: Trend in (a) the redox potential and (b) pH, of tHeted solution passing through the column heapnat
irrigation rate of 6 I/rffh, over replicate experimental runs.

The volumetric flow rates out of the system werastant within 20% for the duration of the leach run
(data not shown), indicating low influence of threbed sampling technique on the heap systems.
Figures 5 (a) and (b) show the redox and pH pfiethe eluted leachate as a function of leacle tim
at an irrigation rate of 6 I/fth. The redox potential of the feed solution wag806-8nV. The redox
potential of the leachate increased slowly from 4®@70 mV during the first 10 day phase. The
redox potential increased rapidly from 470 to 650 between days 10 and 12, due to enhanced
microbial growth and biooxidation of ferrous torferiron. Thereafter, the redox potential fluctuhte
between 580 and 700 mV. The feed solution was jaid @f 1.15. The pH of the eluted solution
fluctuated between 1 and 1.5 for the duration efléach run.
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Figure 6: Cumulative removal of microbial cells in column laént at an irrigation rate of 6 IAM, over replicate
experimental runs. Error bars represent the prapdgaror determined from the standard deviatiothefmean cell count
within each experimental run.

Figure 6 shows the cumulative planktonic cells iegvthe ore bed in the PLS over time, at an
irrigation rate of 6 I/fh. Due to the low detection limit of the micros@mpell counting technique,
no cells were observed in the eluted solution duthe first 8 days of leaching. This could also be
attributed to the cell attachment to the ore fokdowby a period of low growth in which the
microorganisms adapted to the new heap leachingogmwent. Microbial cells were detected in the
eluted leachate on day 8 at a concentration of 8°¢ells/ml, and an increase in cell number exported
from the columns observed, corresponding to theeased redox potential. After 32 days of leaching,
the total number of cells exported was in the raddex13° to 6.5x10%ells, and the PLS cell
concentrations fluctuated around 2%ddlls/ml (data not shown).

Figure 7 shows the growth curve of the combinedrstitial and attached cells determined by in-bed
sampling and detachment during the leach runsp atigation rate of 6 l/ifih. Figure 7 also shows
the reproducibility across the experimental rungréased accumulation of microbes within the
systems was observed over the leaching period. eetvl.2x18" and1.9x103 cells translating to
3x10" and4.8x103° cells/ton ore remained in the columns after 32 damy®ss replicate runs. The
error bars represent the error within each experiaterun, taking the standard deviation across
triplicate cell counts as a percentage of the m@de variations between replicate runs may be
attributed to the limitations of the detachmentteque in the removal and recovery of the microbial
cells from the ore samples analysed.
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Figure 7: Microbial growth curve obtained by combining théenstitial and attached cells accumulated in tleebmdies,
determined from the mechanical detachment of dedis) the ore samples periodically removed from lleap systems
using the in-bed sampling technique, given foricepé runs at an irrigation rate of 6 ffim Error bars represent the
standard deviation of the combined interstitial attdched cell counts.

Figure 8 shows the progression of the microbialvginowhilst identifying the difference between the
exported planktonic cells (accumulated within tineetintervals between the in-bed sampling points),
interstitial and attached cells during leach raisn irrigation rate of 6 I/fth. The data was obtained
from the microscopic analysis of the cells mechallyadetached from the ore extracted using the in-
bed ore sampler. Increased bacterial adherenchet@re was observed over the 32 day leaching
period across all runs. Increasing cell numbergagnant fluid (interstitial phase) were also obser
The interstitial cells were the most dominant foomncells accumulated within the heap systems
(58 %), compared to 20 % exported (in the intebetiveen 24 to 32 days) and 22 % attached cells
after 32 days leaching. Where data are consideredtbe whole time period, 26.9 % were attached,
54.1 % in the interstitial phase and the remairfifd% eluted from the column over the overall time
period.
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Figure 8: Comparison of planktonic cells (removed within ediche period), interstitial, and attached microangas
present in the column reactors, determined fromniieehanical detachment of cells from the ore sasnpériodically
removed from the heap systems using the in-bed Isggriechnique, given for replicate ru@ Run 2(b) Run 3A andc)
Run 3B, at an irrigation rate of 6 [th.
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A comparison of data generated in experimental Zuat irrigation rates of 2, 6 and 18 fiim is
presented in Figures 9 to 12. Figure 9 showsrdratin redox and pH profiles of the eluted leaehat
The arrows indicate the days on which in-bed samgpivas conducted. The fluctuations in the redox
potential at 18 l/rfth correspond to the days immediately after eadbeih sampling point, indicating
greater susceptibility of the high flow system kaoges in the leaching environment caused by the in
bed sampling procedure technique. However, indher runs such fluctuation was not observed. The
redox potential of the leachate increased slowdynfd00 to 470 mV during the 10 day lag phase at
irrigation rates 6 and 18 Ifth. From day 10 to 12, there was a significantéase in redox potential
from about 450 to 650 mV, indicating the rate otrabial oxidation of ferrous iron was greater than
ferric leaching of the sulphide minerals preseiiergafter, the redox potential fluctuated betwe@h 6
and 650 mV. Under low flow conditions (2 fth), the redox potential took longer to climb to060
mV (16 days) than the other flow conditions, befstabilising at 650 mV. This occurrence can be
attributed to slower transport of microorganismt ithe ore bed. Additionally, the slower rise in
redox potential could be a result of mass trarigfetation within the low flow system.
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Figure9: Trend in (a) the redox potential and (b) the pHthef eluted solution passing through the colummluaen for
different irrigation rate$ - 2 I/m%h, o - 6 I/nf/h andA - 18 I/nf/h, during run 2. Arrows are indicative of in-beahspling
days.
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Figure 10: Cumulative removal of microbial cells in columnleént at irrigation rateg - 2 I/nf/h, o - 6 I/nf/h andA - 18
l/m?h, during run 2. Error bars represent the propabjatror determined from the standard deviatiothefmean cell
count within each experimental run. Arrows are ¢ative of in-bed sampling days.

The pH of the leachate fluctuated between 1 andfdr.5he duration of the leach run (Figure 9b).
There was no significant difference between theaplthe different flow rates 6 IAth and 18 I/fvh.

The profile indicated that the pH was higher atr@/h than for the other irrigation conditions. This
could be due to acid consumption via gangue disolwccurring at a faster rate than the delivery o
acid to the leaching environment at low flow cormtis and the microbially assisted acid regeneration

Figure 10 shows the cumulative planktonic cellsepbsd in the leachate over time, at irrigation sate
of 2, 6 and 18 I/rfih, during run 2. No cells were detectable in tffeient during the first 8 days of
leaching. Thereafter, the removal of cells throtigh PLS was observed indicating microbial growth.
The microbial cell concentrations in the PLS froi #ree columns fluctuated, with cell
concentrations reaching as high as 6.6x®ls/ml (2 I/nf/h) and 3x18cells/ml (18 I/ni/h) (data not
shown). After 32 days of leaching, high cell exptian from the column was observed for 6 and 18
I/m?h removing approximately 6.5x10and 7.0x1#’ cells respectively, compared to 2.2X36ells at

2 |/m%h, with the propagated cumulative error being <985The larger cell removal at the higher
flow conditions could be attributed to the detachtnef cells as a consequence of the greater shear
stress induced, suggesting a lower colonisatiche@heap at higher irrigation rates. In this dttare
was little variation between the planktonic celtadfor irrigation rates of 6 and 18 [#h. However,
one of the three repeat runs showed higher celbvairfrom the column for high flow (18 I/#h)
with a total of 2.2x18 cells exported after 32 days leaching, compared1®13° and 5.7x18 cells

for 2 and 6 I/Myhr respectively (Table 1).

Table 1: Total cumulative exported cells after 32 days hixag for runs 2 and 3, and the preliminary run 1.

Cells (x10%)
Irrigation rate (I/mYh) 2 6 18
Run 1 1.1 5.7 22
Run 2 2.2 6.5 7.0
Run 3 1.2 4.2 5.9
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Figure 11 shows the growth curve of the combingerstitial and attached cells at irrigation ratés o
2, 6 and 18 l/rfih, during run 2. Increased accumulation of miceowéthin the systems was observed
under all flow conditions resulting in final condgations of ore associated cells of 4.3%1@ I/mf/h),
3.0x13° (6 I/m?/h) and2.0x103° (18 I/mf/h) cells/ton ore remained in the columns afterdags. A
greater number of ore associated bacteria accuadulatthe systems under low flow conditions (2
and 6 l/nf/h).
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Figure 11: Microbial growth curve obtained by combining theeirstitial and attached cells accumulated in theebadies,
determined from the mechanical detachment of dedis the ore samples periodically removed from lileap systems
using the in-bed sampling technique, given forediéht irrigation rate$ - 2 I/nf/h, o - 6 I/nf/h andA - 18 I/nf/h, during

run 2. Error bars represent the standard deviatidhe combined interstitial and attached cell ¢eun

The rate at which the bacteria multiplied,is a function of the available microbial popubatj X, at a
particular time, t.

rk = dX/dt = uX

The growth rates were calculated using the conatair, X, represented by the sum of the interstitia
and attached cells, whilst neglecting the planktarglls which were removed from the column. The
specific growth rates obtained from the gradieningX) as a function of time are shown in Table 2.
Investigations of the growth kinetics of mesophiioleaching microorganisms have been carried out
in continuous culture systems (Breed and Hansfd®@99; Demperst al., 2003). Demperst al.
(2003) reported growth rates ranging from 0.0380t%19 K for experiments conducted with
temperatures varying from 30 to 40°C and pH froh tb. 1.7, using a mixed culture of mesophilic
bacteria under conditions typical ofLaptospirillum dominated culture. Further unpublished growth
rates on whole ore suggest specific growth ratethefmesophiles in the range 0.01 to 0.08 h
(Minnaaret al. 2010). The growth rates determined in this stadyless than 15% of those reported
by Demperst al. (2003) and approximately 50% of the lower ratemaestrated on whole ore using
gPCR to quantify cell growth (Minnaa&t al. 2010), showing a clear difference in microbiabwth
within the various leaching environments. Furtheisirecognised that by neglecting the planktonic
cells the growth rate may be underestimated. Howyelre relative proportions suggest that this error
should be less than 20%.
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Table 2: Growth rates (JI** = bacterial specific growth rate 1) calculated based on the combined interstitial an
attached microbial population within the columns

™ (h’) determined based on ore-

Condition (V/nt/h) associated ore population

Combined

Run 2 Run 3A/B un 2 and 3

2 0.0055 0.0051 0.0053
6 0.0052 0.0054/51 0.0052
18 0.0043 0.0043 0.0043

Figure 12 shows the progression of the microbialwgin and the relative proportions of exported
planktonic cells, interstitial and attached celisttee three irrigation rates, during run 2. Incregs
bacterial association with the ore was observed thee32 day leaching period across all conditions.
A greater number of bacteria adhere to ore undefflmv conditions (2 and 6 l/fth), due to reduced
detachment of microorganisms by the fluid shear @ladier exportation of microorganisms from the
systems. Higher attachment of microorganisms tatkeat low flow rates could also be a response to
nutrient and ferrous iron limitations due to thevlavailability as a consequence of slower supply to
the system. Additionally, the higher surface attaeht and colonisation observed for lower flow rates
can be attributed to the control of the availalde\space by the irrigation rate (Bouffard and West
Sells, 2009) and gas saturation of the system ailp¥or higher microbial retention within the syste
(Wanet al., 1994). Under low flow conditions, microorganigme contact time increased within the
leaching system, allowing the cells to form strangerfaces bonds and remain attached for longer
periods.

Increased cell numbers in stagnant fluid were alsserved. A cell balance over the system is shown
in Table 3. For all conditions, the interstitiallsavere the most dominant form of cells accumulate
within the heap systems. The total quantity ofscedtained in the ore bed for an irrigation rate 8f
I/m%h was much lower than for the other flows, infegrithat under higher flow conditions the
detachment and transport of microbial species btiteocolumn affected the microbial growth.

Table 3: Cell balance over the 3 flow systems during leaghun

Irrigation rate (I/rfh)
2 6 18
Inoculated (cells) 4.00E+09 4.00E+09 4.00E+09
Total planktonic (cells) 1.18E+10 4.50E+10 5.88&8+1
Total interstitial (cells) 1.13E+11 1.28E+11 7.298

Total attached (cells) 6.02E+10 6.35E+10 2.32E+10
Total cells (cells) 1.85E+11 2.36E+11 1.55E+11
% planktonic 6.4 19.0 38.0
% interstitial 61.0 54.1 47.0
% attached 32.6 26.9 15.0
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Figure 12: Microbial attachment to the low grade copper bepdre body in the column reactors, determined ftben
mechanical detachment of cells from the ore sampb®dically removed from the heap systems ushwey ih-bed
sampling technique, given for different irrigaticateso - 2 I/nf/h, o - 6 I/nf/h andA - 18 I/nf/h, for run 2.
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4 CONCLUSIONS

Investigations assessing the impact of irrigatiates on microbial colonisation have not been
presented previously. This study has shown thatdteeat which microbes multiply and attach to ore
in simulated bioheap leaching systems was influgtigethe irrigation rate.

The new in-bed sampling technique demonstratedaliiléy for ore samples to be obtained without
significant disruption of the ore bed under lowmoderate flow conditions. The data collected from
this provided useful information on the relativegoees of attachment of the microbes accumulated
within the heap structures. This is the first aseyand report of the data obtained from the in-bed
sampling technique. This instrument can also beaprtated and used to assess colonisation at
different heights within the bed of a particulaadbing system.

In particular, the enhancement of microbial surfecienisation at lower irrigation rates was obsdrve
as illustrated by the increase in attached andstiti@l cell numbers with time and with respect to
similar experiments. There was preferential accatiut of the microbes in the stagnant regions over
both those in the PLS and on the ore surfaced|ussrated by the dominant interstitial population.
Growth rates on whole ore in the column geometryevahiown to be significantly lower than those
measured in submerged continuous culture studies.
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