
447Wolkersdorfer, Ch.; Sartz, L.; Weber, A.; Burgess, J.; Tremblay, G. (Editors)

Evolving kinetic testing methods to incorporate 
key dynamic waste rock dump parameters 

Ursula Salmon1, Richard Marton2, Michael O’Kane3

1O’Kane Consultants, 1/11 Collingwood St, Osborne Park, Perth, WA  6017, Australia, usalmon@okc-
sk.com

2BHP, Mineral Australia, 125 St Georges Terrace, Perth, WA 6000, Australia 
3O’Kane Consultants, 200-1121 Centre St NW, Calgary, AB, T2E 7K6, Alberta, Canada, 

mokane@okc-sk.com

Abstract
Kinetic testing of reactive mine waste material is a key step for characterising acid and 
metalliferous drainage (AMD) risk. � e recently developed Advanced Customisable 
Leachate Columns (ACLCs) allow control of key parameters that signi� cantly in� uence 
oxidation rates and pore water chemistry in the � eld. Gas � owrate and composition, 
temperature, and the water addition regime can be adjusted to better approximate con-
ditions within a waste rock dump. Results of dynamic ACLC testing are compared to 
free draining leach columns using the AMIRA (2002) method. Data from ACLCs will 
better inform AMD risk assessment and optimisation of management strategies, while 
also limiting the need for scaling factors typically required when interpreting kinetic 
tests for predicting commercial scale seepage water quality.

Keywords: kinetic testing, acid and/or metalliferous drainage, waste rock dumps, geo-
chemistry

Introduction 
Exposure of sul� de-bearing mine waste ma-
terial to atmospheric oxygen may lead to pro-
duction of AMD. Risk assessment for a site’s 
water quality typically involves subjecting 
site materials to a series of standardised tests, 
which focus on geochemical properties of the 
material, including the oxidation rate of the 
material (typically expressed in kgO2/m

3/s). 
Results of such kinetic testing are used in 
both conceptual and predictive (quantitative) 
models of how water quality at mine sites will 
evolve over time. 

� e two main methods for estimating 
sul� de oxidation rates are the sulfate release 
method and the oxygen consumption meth-
od (Elberling 1993; Elberling et al. 1994; Hol-
lings et al. 2001; Kempton et al. 2010):
• Sulfate release method – Utilises the re-

lationship between measured sulfate pro-
duction rate and the necessary oxygen re-
quired to enable stoichiometric oxidation 
of the sul� de mineral (usually pyrite) to 
estimate the oxidation rate (Elberling et 
al. 1994; Maest and Nordstrom, 2017).

• Oxygen consumption method – Estimates 

the sul� de oxidation rate by measuring 
the decrease in oxygen concentration over 
time (Hollings et al. 2001). 

� e sul� de oxidation rate determined by both 
methods is o� en presented as the intrinsic 
oxidation rate (IOR) of a material and is ex-
pressed in kg O2/m

3/s.
Current standard kinetic testing methods 

(humidity cells, ASTM 2012; free draining 
leach columns, AMIRA 2002) involve assess-
ment via the sulfate release method. Howev-
er, there are a number of ways in which the 
experimental conditions for these tests can 
limit extrapolation of the results to � eld con-
ditions:
• � e reaction rates may be overestimated 

if there is accumulated sulfate present
(e.g., gypsum) in the sample at the start 
of the experiment or underestimated if 
� ushing events do not release all the sul-
fate generated (e.g., due to formation of 
jarosite-type minerals). 

• A key control on the reaction is the avail-
ability of oxygen throughout the sample 
during the test; this is rarely measured or 
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controlled.
• � e sample is crushed; this may alter wa-

ter retention characteristics of the mate-
rial, which in turn changes oxygen avail-
ability, as oxygen di� usion through water 
is four orders of magnitude slower than 
through air.

• Crushing of the sample also exposes more 
mineral surface area for reaction than 
would be otherwise be available. 

Experimental conditions may therefore dif-
fer signi� cantly to those that the material will 
be exposed to in the � eld, to a degree that is 
rarely monitored or even considered. Mine 
wastes at many sites also contain reactive or-
ganic matter, which may compete with sul-
� de minerals for oxygen. � e standard test-
ing methods do not allow assessment of this 
potentially ameliorating e� ect. 

� e alternative approach to assessing the 
reaction rate, through the measurement of 
oxygen consumption, is the basis of the newly 
developed Advanced Customisable Leachate 
Columns (ACLCs). � e ACLC con� guration 
speci� cally allows testing of how materials 
will respond with di� erent oxygen concen-
trations and water � ow. Irrespective of the 
way in which the rate is measured, the physi-
cal conditions of the kinetic testing can be as 
important as the geochemical properties of 
the material in controlling the overall reac-
tion rate. � is is because the physical material 
properties, combined with the water balance 
over the column, a� ect the water content in 
material porespaces, which in turn a� ects 
oxygen availability, which is the main driver 
of the geochemical processes. In ACLCs, 
physical properties such as the matric poten-
tial (suction), humidity, and air� ow are con-
trolled and monitored continuously, allowing 
interpretation with respect to physical as well 
as geochemical controls on the reaction rates. 
� e ACLCs also have the capacity to hold a 
larger amount of material with larger particle 
sizes, which allows the tests to be run using 
material with hydraulic properties that are 
the same as, or closer to, those in the � eld. 

� is testing is highly relevant for assessing 
AMD management options for mine sites, as 
these typically involve altering the physical 
controls on the reaction rate, through reduc-
ing the availability of oxygen for reaction, for 

example through increasing the degree of wa-
ter saturation of the material, and/or reducing 
water � uxes to reduce export of weathering 
products. In the � eld this can be achieved by 
altering waste rock dump (WRD) construc-
tion methods and drainage, or placing a cover 
system on the WRD to limit oxygen and/or 
water ingress. � e information obtained from 
the ACLC method is therefore directly rele-
vant for assessing impacts of di� erent AMD 
risk mitigation strategies. 

Key features of the � exible ACLC con� gu-
ration include: 
• Up to 25 kg of sample is placed in the 

column (Figure 1) with, or without, pri-
or further particle size reduction, and 
� ushed with water at a user-de� ned rate. 

• � e columns are run in a temperature-
controlled enclosure; testing can there-
fore be performed at conditions that are 
relevant to the � eld. 

• � e gas phase composition in the column 
headspace/outlet is monitored over time, 
including for example O2 and CO2 con-
centrations. 

• � e columns can be � exibly con� gured to 
have constant or intermittent air� ow, or 
reaction progress monitored under sealed 
conditions. 

• Critical physical parameters such as the 
air � owrate, matric potential (suction), 
humidity, pressure, and temperature are 
continuously controlled and logged. 

• Leachate collection allows assessment via 
the sulfate release method and oxygen 
consumption method in parallel. Howev-
er, as the oxygen consumption method is 
not dependent upon leachate collection, 
experiments can be run at much lower 
liquid:solid ratios, with associated longer 
residence times, and greater potential for 
oxygen ingress into partially saturated po-
respaces, which more closely reproduces 
the conditions inside many WRDs. 

Methods 
For this paper, waste rock material (100 kg) 
was composited (2.9 wt% total S; 1.4 wt% acid 
soluble sulfate; 88 kg H2SO4/t maximum po-
tential acidity; 10 kg H2SO4/t acid neutralis-
ing capacity) and then divided into ACLCs 
and AMIRA leach columns. Results in this 
paper are presented from ACLCs with varied 
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air � owrates as summarised in Table 1. � e 
range of air� ow values were selected to rep-
resent di� erent oxygen availabilities inside 
a WRD, based on the WRD construction 
methodology, for example, low air� ow rep-
resents lower WRD li�  heights (e.g. less than 
5 m to 10 m such that material segregation 
is reduced and/or density of the material is 
increased); the intermediate (control) air� ow 
represents higher WRD li�  heights where the 
propensity for material segregation increases 
and density can decrease; and, the high air-
� ow represents relatively unrestricted oxygen 
supply. 
Table 1 ACLC conditions tested

ACLC Air� ow (L/min)

ACLC_10 0.008

ACLC_11 0.06

ACLC_15 0.2

Temperature in the ACLC enclosure was 
maintained at 35-38°C. Water was added at 
the start of the experiments, with a target wa-
ter content similar to that in the � eld (8-12 
wt%). Additional � ushing events occurred af-
ter 41 weeks and at the end of the experiment 
(≈65 weeks). Leachate was sent for analysis 
in order to facilitate geochemical equilib-
rium calculations, which give an indication 
as to whether typical secondary minerals are 
controlling aqueous concentrations. Detailed 
static geochemical characterisation was also 
completed on the materials before and a� er 
the kinetic tests (not shown).

During the � rst stages of the column tests 
the experimental conditions were adjusted as 
the methodology was � ne-tuned, including 
adjustment of air � ow rates and installation of 
a fan in the temperature-controlled enclosure 
to allow even heat distribution. Continuous 
monitoring of the physical and geochemi-
cal parameters allows responses to changing 
experimental conditions to be captured and 
analysed as the experiment progressed. � e 
results presented below demonstrate that 
ACLCs can provide insight into how the ma-
terial may behave under dynamic conditions 
in the � eld. 

Free draining leach columns based on 
the AMIRA (2002) method were run on the 
same material, a� er crushing of the sample to 
< 6 mm, compared to 42% >6.7 mm in the 
original sample placed in the ACLCs. Air-
� ow cannot be varied for AMIRA columns. 
� e AMIRA columns were run at room tem-
perature with heat lamps (150 W) operated 
for eight hours a day for � ve consecutive days 
each week. 

Results
Oxygen consumption by organic carbon
In mine waste material that contains organic 
carbon (e.g., shale) the overall rate of oxygen 
consumption is a combination of consump-
tion by pyrite and by organic matter. � e or-
ganic matter oxidation releases CO2, which 
was monitored in the control column. As-
suming typical stoichiometry of 1 mole CO2 

Figure 1 Advanced customisable leachate columns (ACLCs).
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produced for each mole of oxygen consumed, 
the CO2 concentrations indicate that the rate 
of consumption of oxygen by organic carbon 
in these samples was more than an order of 
magnitude lower than the total oxygen con-
sumption rate. For the purpose of this as-
sessment, the oxygen consumption rate was 
therefore assumed to be predominantly due 
to pyrite oxidation. 

E� ect of varied air � owrate
� e time series results of suction, oxygen 
concentration, air� ow, and calculated IOR 
are shown in Figure 2. � e suction in all three 
columns increased over time between wetting 
events. For these experiments the air entering 
the columns was passed through a moisture 
trap, and therefore there was a net export of 
moisture from the ACLCs. For future experi-
ments, the moisture trap can be replaced with 
a humidi� er, as required. 

In the column with the lowest air� ow, the 
water content was still su�  ciently high that 
a� er the second wetting event, water pooled 
on the surface of the material in the col-
umn, until the standing water was carefully 
removed some weeks later (Figure 2). � e 
oxidation rate was calculated on the basis of 
a mass balance over the column as a function 
of the air � ow rates (oxygen resupply). � e 
rate of oxygen consumption is also expected 
to be a function of the water content, as it 
a� ects the oxygen ingress into pore spaces. 
� e causes of the low oxidation rate in the 
low air � owrate column are therefore likely 
twofold: low oxygen supply, and water-� lled 
porespaces limiting oxygen transport to sul-
� de mineral surfaces. By comparison, in the 
ACLCs with higher air� ow and less water in 
porespaces (as indicated by higher suction), 
the oxidation rates were higher. 

� e experiments revealed an unexpected 
control on the oxidation rate in the higher 
air � owrate experiment. � e oxidation rate 
began to decease as the suction increased to 
around 1,000 kPa. Upon replenishment of 
moisture a� er the wetting event, the rate in-
creased back to the maximum observed. � e 
process of the rate decreasing as suction in-
creased was repeated during the second dry-
ing cycle. Our experience indicates that the 
suction required to reduce the rate of oxygen 
consumption in this experiment was greater 

than those likely to exist in WRDs, which 
indicates that the rate limitation due to very 
low water availability (as indicated by high 
suction) is unlikely to occur in the � eld. 

Comparison with AMIRA column oxida-
tion rates
� e oxidation rates determined from the 
AMIRA column are also show in Figure 2. 
Similar results were obtained for all AMIRA 
columns on this material. � e decreasing rate 
over the � rst part of the experiment may be 
due to either a gradual release of pre-existing 
sulfate in the sample or the crushing process 
may have exposed fresh mineral surface area, 
the reactivity of which decreases over time 
(or as very � ne particles are depleted); a com-

Figure 2 Time series from (top): Air � owrate, suc-
tion, oxygen concentration, and oxidation rate 
(IOR) for the three ACLCs. Also shown is an oxi-
dation rate for an AMIRA column with the same 
material (see text for explanation). Vertical lines 
indicate air� ow adjustments, water � ushing events, 
points where the compressor temporarily stopped 
and a temperature-levelling fan was installed in 
the enclosure, and when pooled water was removed 
from the top of ACLC_11 a� er the second � ushing 
event. 
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monly observed phenomenon in mineral 
weathering experiments. 

For the majority of the duration of the ex-
periment, the rate obtained from the AMIRA 
column was lower than the rates observed 
in the ACLCs with intermediate and high 
air � owrate, other than when the high � ow-
rate experiment was limited by other factors. 
Given the higher surface area of the crushed 
material in the AMIRA column, with all else 
being equal, a higher oxidation rate would be 
expected in the AMIRA columns than in the 
ACLCs. However, there are a number of pos-
sible explanations for this, including: 
• � e AMIRA columns had a higher water 

content, and therefore less oxygen avail-
ability.

• Sulfate precipitation occurred within the 
column, leading to underestimation of 
IOR. 

• Temperature as measured in one of 
the AMIRA columns varied con-
siderably on a daily basis as a re-
sult of the heat lamp cycles, ranging 
from between below 20 °C to almost 
50 °C. However, the daily average was 
5-10 °C lower than the ACLC enclosure 
temperature; temperature is a key factor 
in geochemical rates. 

Calculations with geochemical equilibrium 
so� ware indicate that leachate from all AMI-
RA columns were close to solubility equi-
librium, with the common sulfate mineral 
gypsum, indicating that this mineral may be 
dissolving or precipitating within the column. 
� e oxidation rate, based on the assumption 
that the sulfate release rate is solely a� ected 
by the rate of pyrite oxidation, may therefore 
be over- or underestimating the true rate, re-
spectively. Changes to the geochemical char-
acteristics of the material before/a� er the 
experiment are being further investigated in 
order to elucidate the processes that have oc-
curred. 

Discussion and Conclusions
� e new ACLC methodology can capture dy-
namic responses of geochemical process rates 
to physical controls (e.g., oxygen availability, 

water � ushing rates) as well as geochemical 
controls (e.g., S content). � e experimental 
methodology is being continually improved 
through OKC’s R&D team. For example, ex-
periments are currently being run at lower 
temperature (10°C) on materials from a 
site with a low annual average temperature; 
methods are being re� ned to allow accurate 
measurement of the correspondingly lower 
oxygen consumption rates. � e � exibility of 
the ACLC allows experiments to be tailored 
to best approximate conditions relevant to the 
� eld in a range of di� erent climate zones and 
under a range of di� erent waste rock manage-
ment options. � e ACLC method therefore 
provides another powerful tool to comple-
ment existing methods of kinetic testing for 
assessment and mitigation of AMD risks. 
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