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DETAILED CHARACTERISATION OF THE WASTE ROCK DUMPS AT
THE KENNECOTT UTAH COPPER BINGHAM CANYON MINE-
OPTIONALITY FOR CLOSURE

P.L. Brown”*, M.J. Logsdon®, B. Vinton®, I. Schofield®, and K. Payne®
A Rio Tinto Technology and Innovation, Melbourne, Victoria, Australia
B-Geochimica, Inc., Aptos, California, USA
C-Kennecott Utah Copper LLC, Salt Lake City, Utah, USA

ABSTRACT

A detailed characterisation of the waste rock dumps at the Kennecott Utah Copper (Rio
Tinto) Bingham Canyon Mine has been acquired from the placement and instrumentation of
four paired borings in the dumps over their full depth and analysis of the drill core. This has
been coupled with data from a substantial number of historical studies to develop a
conceptual model of the geochemical and physical behaviour of the dumps. The data show
conclusively that pyrite contained in the dumps is oxidised, with air being supplied by both
diffusion and convection. The dominant mechanism is oxygen supply by convection.

The generation of acidic effluent from the dumps could be reduced if the air supply from
convection could be controlled. Placement of new waste rock into the dumps could be used
to reduce convection by ensuring that minimal segregation of waste rock occurs. Historically,
segregation has occurred due to the dumping practices used. Reduced convection will result
in reduced acidic effluent generation which will have closure benefits.

1.0 INTRODUCTION

The existing waste rock dumps at the Kennecott Utah Copper (Rio Tinto) Bingham Canyon
Mine (BCM) occupy a footprint of 2157 ha containing 4.43 billion tonnes of material.
Leaching of the dumps for copper recovery occurred from the 1930s until leaching was
terminated in 2000. An upgraded collection system using cut-off walls keyed into bedrock
down hydraulic gradient of the waste rock dumps along their east side was installed between
1992 and 1995 to capture acidic water flowing from the waste rock. Acidity arises from the
oxidation of sulfide minerals, principally pyrite, present in the waste rock, which is moderated
by the precipitation of secondary minerals, principally jarosite, and dissolution of gangue
aluminosilicate minerals. In some parts of the waste rock, there is also sufficient calcite
present that in situ acid neutralisation may be quantitatively important. While the mine is
operating, the final fate of the captured acidic water is neutralisation and metals precipitation
in the tailings pipeline.

The aim of the present study was to develop an understanding of the mechanisms and rates
of geochemical and hydrogeological processes responsible for acid generation and release
from the BCM waste rock. In formulating the understanding, the study relied primarily on
quantitative results obtained from investigations of the waste rock dumps that occurred
during 2011 and 2012. In addition, the very extensive suite of prior studies on the dumps
have been reviewed and utilised, including the studies from the 1970s research and
development program that was aimed at evaluating the commercial leaching of copper from
the dumps. Where considered appropriate, key results from these earlier studies have been
used to support the acquired conceptual understanding. The understanding has been used
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to assess management strategies (e.g. dumping strategies, covers) that could be used in
mine and closure planning aimed at reducing acid release from the dumps post-closure.

2.0 CHARACTERISATION METHODOLOGY

During 2012, eight borings were placed in the waste rock dumps in four pairs. The pairs
consisted of one shallow boring to a depth of about 33 m and one deep boring, targeted to
terminate when bedrock was encountered. Three of the four deep borings encountered
bedrock, but the fourth had reached a depth of about 274 m when it was terminated without
contacting bedrock, as this was considered to be the depth limitation of the drill rig. Table 1
provides a summary of the borings that were placed in the waste rock dumps. Figure 1
illustrates the location of the borings in the waste rock dumps and the catchments relevant
for the east side cut-off wall collection system.

Table 1: Summary data for borings placed in BCM waste rock dumps

Well DH12-01 DH12-02 DH12-03 DH12-04

S D S D S D S D
Waste Rock Dump Code 51 Keystone N. Keystone Yosemite
Catchment Bluewater 2 Keystone Keystone Yosemite

Total Depth (m) 32.6 182.9 32.6 274.3 32.6 216.4 32.6 216.4
Bedrock Depth (m) NA 176.6 NA Deeper NA 207.3 NA 208.0
Note: S signifies the shallow and D the deep completions in the paired borings at each location

The drill holes were established using a sonic drilling method (with multiple telescoped
casings) to enable the collection of core from each of the borings that was assayed for its
chemical composition as a function of depth. A mineralogical analysis of composite samples
from each hole was obtained using quantitative scanning electron microscopy (QEMSCAN).
The moisture content as a function of depth was also determined. Some field observations
and measurements were also collected during construction of the drill holes. These included
material classification, lithology and oxidation descriptions, waste rock density, occurrence of
elevated moisture or steam vents, and temperature.

A 50 mm fiberglass support pipe with a bottom end cap was inserted into each drill hole to its
full depth. Instrumentation was placed within, or connected to the outside of the support
pipe, to enable collection of in situ data. This instrumentation included a thermistor string,
tubes for collection of gas (oxygen) samples, suction lysimeters, a vibrating wire piezometer
and a time-domain reflectometer cable. Following installation of the support pipe and
instrumentation, the entire annulus was filled with either bentonite or sand/filter mediums.
Subsequent to placement of the drill holes in the waste rock dumps, oxygen flux
measurements were taken on the dump surfaces near to the drill hole locations.

2 BROWN ET AL.
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Fig. 1. BCM waste rock dumps and catchments for east side cut-off wall collection
system and location of bore holes.

3.0 OXYGEN AND TEMPERATURE

As an example of the temperature and oxygen concentration profiles measured in the
dumps, data for two of the pairs of borings are illustrated in Figure 2. Temperature was
measured using the thermistor strings internal to the fiberglass pipe installed within the
shallow and deep bores. The oxygen concentration was measured at a number of depths in
both the shallow and deep borings, and a measurement was made at a depth of about 30 m
in both borings.

3 BROWN ET AL.
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Fig. 2. Temperature (blue) and oxygen concentration (red) measured

as a function of depth in borings DH12-01 (left) and DH12-03 (right).

DH12-01 exhibits much lower temperatures throughout its profile than the other borings. Itis
believed that these relatively low temperatures are a direct result of the extensive leaching
that occurred in the region where the boring is located, the leaching removing heat from the
dumps. However, it should be noted that the average ambient temperature at the mine site is
about 10 °C, so the temperatures of between 20 and 30 °C observed at this location still
indicate a substantial amount of in situ heat generation. In addition, the change in the
temperature profile at a depth of about 90 m may be indicative of the change in dumping
practices that occurred at this depth. The oxygen concentration profile shows very high
concentrations (up to almost 21% between 6 and 30 m and about 14% at about 85 m). The
very low oxygen concentration at about 30 m is believed accurate as both the shallow and
deep bore exhibited a low concentration at this depth.

The high oxygen concentrations are clear evidence of convective air transport into the
dumps. If only diffusive air transport occurred, the oxygen concentration would decrease
from ambient (21%) at the surface of the dump to near zero at some depth below the surface
(in this particular boring, this depth is 6 m). Below this depth, the oxygen concentration
would remain low because no oxygen is transported further into the dump. High
concentrations can only occur at depth if there is another transport mechanism, which in this
case is convective supply due to density (temperature and/or pressure) differences in the
dump drawing additional air (containing oxygen) into the dump.

Beneath the zone of diffusive oxygen consumption (depth of 6 m), the oxygen concentration
then increases to near ambient followed by a very steep drop in concentration to near zero.
This drop is associated with a further increase in temperature as a result of the oxidation of
pyrite, with oxygen supplied by convective transport. On the basis of the temperature and

4 BROWN ET AL.
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oxygen concentration profiles, the thickness of the oxidising zone in this region is estimated
to be about 12 m. Beneath this zone, the oxygen concentration again increases and there is
an associated decrease in temperature, beneath which the oxygen concentration again
decreases which is coupled with an increase in temperature. In this zone, again it is believed
that there is oxidation of pyrite fuelled by convective air supply. The thickness of this zone is
estimated to be about 22 m. Thus, the total thickness of oxidising material at this location is
calculated to be about (6 + 12 + 22 m =) 40 m.

The oxygen concentration and temperature profiles in DH12-03 are very different from those
obtained from any of the other borings (Figure 2). The temperature measured in this boring
is below 20 °C for the top 100 m of the profile, but for at least the first 50 m, the oxygen
concentration is near zero. The low temperatures and oxygen concentrations in the top 50 m
at this location suggests that the air permeability in this region is quite low, limiting the ability
of air to diffuse into the dump from the surface or to migrate into the top portion of the dump
by convection from depth. On the basis of the small temperature increase that occurs to a
depth of about 36 m, this depth has been derived for diffusive oxidation at this location (and
confirmed by surface oxygen flux measurements).

Beneath a depth of 100 m, there is a rapid increase in temperature. This increase is coupled
with a decrease in the oxygen concentration. In this zone there is oxidation of pyrite
occurring due to convective air supply. The thickness of oxidising zone is of the order of 21
m. Near the base of the dump, at this location, there is a large increase in the oxygen
concentration, again confirming the supply of air into the dump via convective mechanisms.
The total thickness of oxidising zones at this location is about (36 + 21 m =) 57 m.

In 1975, the Wyoming Minerals Corporation drilled 48 holes in the BCM waste rock dumps,
using a Becker hammer drill. Twenty-four of the total of 48 holes did not collapse after
drilling and were completed in plastic pipe to a range of depths from a few to 81 m. In
addition, the perforated plastic pipe was tested for total oxygen content (over the whole
depth), and temperature was measured with thermistors over 3 m intervals ranging from 12
to 58 m. Although the drilling did not reach the depths achieved in the 2012 drilling, and the
techniques used for measurements, especially for oxygen, were not as detailed or robust as
is currently possible, the large number of measurements and the care with which they were
taken and assessed was far ahead of its time, and provides valuable data to the current
study. The 1975 holes provided a larger distribution of data over the surface of the dumps,
particularly away from the dump crests, than was possible with only the four drill holes
installed in 2012.

In the 1975 measurements [KUC, 1976], the range of observed temperatures was from 19 to
73 °C, which is entirely comparable with the range observed in the 2012 testing. Fifteen of
the wells obtained average oxygen measurements. The range of those values was from 0 to
20% (by volume), again, entirely comparable to the 2012 range. The range of both oxygen
concentration and temperature within the dumps in 1975 provided clear evidence that there
was active thermal convection occurring, particularly in the dumps that were under (or had
recently ceased) leaching. There was a tendency for the wells that were within 30 m of the
crest to have higher oxygen concentrations, typically greater than 15%, whereas there was a
tendency for wells completed more than 90 m from the crest to have relatively low oxygen
concentrations (i.e. less than 5%). However, the low oxygen concentration wells far from the
crest tend to have high temperatures, and it was inferred that this signified that the low
oxygen concentrations were a consequence of active oxidation in the region of the low
oxygen concentrations. In addition, there were two wells at distances greater than 90 m from
the crest that had oxygen concentrations greater than 14%.

5 BROWN ET AL.
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From the 1975 data, it is inferred that the convection observed today is a physical process
that has been characteristic of the entire history of the waste rock dumps. In addition, the
data show that there has been active oxidation occurring in the deeper part of the dumps for
many decades.

31 Oxygen Consumption

On the basis of the oxygen concentration and temperature measurements, the average
thickness of oxidation in the dumps is 59 m, whereas the average thickness of oxidation due
to diffusive oxygen supply is about 10% of this. These measurements, when coupled with
the oxygen flux measurements, lead to an average oxidation rate of about 2.7 x 10°
kg(Oz)/m*/s. The flux of oxygen consumption in the dumps is thus 2.7 x 10°® kg(O,)/m*/s x 59
m = 1.6 x 10 kg(Oz)/m?/s.

The flux of sulfate collected in the east side drainages can be utilised to assess the fraction
of sulfate being released from the dumps of the total amount of sulfate that would be
produced from the oxidation of pyrite. These calculations indicate that the flux of sulfate
collected in the east side drainages is less than the oxygen consumed within the heap,
indicating that a large amount of the sulfur is remaining within the heap in secondary
minerals, such as jarosite.

4.0 INFILTRATION INTO AND EXFILTRATION FROM THE WASTE ROCK DUMPS

O’Kane Consultants (OKC) have undertaken several studies examining the infiltration into a
number of different scenarios (test plots) relating to BCM waste rock [OKC, 2005, 2009,
2011]. In their 2009 study, OKC determined the net infiltration into both weathered and fresh
waste rock. The range of net infiltration into weathered waste rock was from 13 to 32% of
incident precipitation whereas that into fresh waste rock was somewhat higher, ranging from
17 to 42%. In a subsequent study [OKC, 2011] they indicated that during wet years the net
infiltration could increase to over 50% of incident precipitation. The moisture content of the
dumps following such high precipitation seasons would likely increase and then drain down
more slowly over time during drier periods. OKC indicated that the most likely net infiltration
into the BCM waste rock dumps would be similar to what they measured for weathered
waste rock, which averages 23% of incident precipitation. The range of net infiltration
defined by OKC [2009] was almost identical to that calculated in their previous study [OKC,
2005] which varied between 15 and 30%, which also has an average value of 23%.

The quantity of water exfiltrating the waste rock dumps has been determined from water
balance calculations on two occasions [KUC, 2001, 2006]. Both of these studies indicated
that the quantity of water emanating from the waste rock dumps was approximately 20% of
incident rainfall. On average this value is about 3% less than that entering the dumps, and
the difference can be readily accounted for by water consumed in chemical reactions within
the dumps for which there is strong mineralogical and geochemical support that cannot be
neglected.

The dominant geochemical processes occurring in the dumps are the oxidation of pyrite and
the subsequent precipitation of jarosite. The combination of these processes can be
represented by the following chemical reaction:

FeSz + 1/3K+ + 3%02 + 21/2H20 - 1/3KF63(SO4)2(OH)6 + 1%8042_ + 3H+ [1]

It is evident from this reaction that 3% moles (120 g) of oxygen react in the oxidation of pyrite
at the same time as 2% moles (45 g) of water is consumed. The load of water entering the

6 BROWN ET AL.
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waste rock dumps from meteoric precipitation is 138 kg(H,O)/m?/year. At the average
oxidation rate measured in the dumps (2.7 x 10 kg(O,)/m?/s), the infiltrating water would be
completely consumed in the dumps (i.e. no exfiltration) over a distance of 432 m, assuming
that all of the waste rock was oxidising at the same rate. However, it was shown that the
thickness of the oxidation zones beneath any point on the dumps has an average thickness
of 59 m. Therefore, the amount of water consumed in the dumps is equal to 23% x (59 m /
432 m) = 3.1%. This latter value is in excellent agreement with the amount of water
consumed that was determined from difference between the average net infiltration entering
weathered dumps (23%) and the measured exfiltration (20%) from the dumps. The
potassium in reaction [1] arises from the dissolution of muscovite and/or biotite [Jambor,
2005]. ltis believed that the impact of other reactions that consume or produce water have a
negligible effect on the water balance.

Figure 3 illustrates that reaction [1] does occur in the waste rock dumps. The figure shows a
sample taken from the dumps where a pyrite crystal is rimmed by jarosite precipitates. It
should be noted that in Figure 3 jarosite precipitation does not occur around all sulfide
containing grains, even in close proximity to grains in which jarosite-pyrite contact is
extensive. This is very often seen in waste rock systems, and is thought to be associated
with the details of microscopic conditions of pH and fluid hydrochemistry at mineral-grain
contacts. In the detailed mineralogical analysis of samples from the 2012 drilling, the results
show that a textural association of jarosite and pyrite is present in only about 30% of the
grains examined. These statistical results are considered consistent with the optical record
[Jambor, 2005], as illustrated in Figure 3.

Fig. 3. Sample obtained from the Keystone dump at BCM showing a plain reflected
light image (left) and an internal reflected image (right) of the same field (1.3 mm in
width). On the left of the two images is a pyrite clast that is contained within a jarositic
cement (greenish colouration on the right image).

5.0 DRILL LOGS, ASSAY DATA AND MINERALOGY

The colouration and lithologies logged as a function of depth in the drill core obtained from
DH12-02 are shown in Figure 4. The grey colour is indicative of predominantly unoxidised
waste rock, with the red and orange colours representing oxidised waste rock. The orange
colour is indicative of the presence of jarosite and the red colour either ferrihydrite and/or
goethite.
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Fig. 4. Colouration and lithology of drill core as a function of depth compared to
oxygen concentration and temperature measured in the DH12-02 bore.

There is much less red and orange colouration noted in this core than was the case for
DH12-01 (due to the substantial leaching that took place at the latter location there is much
more secondary mineralisation), there being only three small areas where red colouration
was noted. It is also worth noting that the main areas of orange colouration coincide with the
highest temperatures, consistent with the endothermic nature of jarosite precipitation. That
is, the precipitation of jarosite is favoured at higher temperatures. The higher oxygen
concentrations in the centre of the profile coincide with an area that is unoxidised that
consists of a large band of intrusive rocks. In these regions, it is believed that air transport
occurs mainly through relatively coarse zones where the surrounding fine material has a
relatively low permeability. Thus, some oxidation can occur but at a reduced rate. Neither
the basement (bedrock contact) nor the overlying alluvium was intersected in this bore; pre-
mine topography data indicate the bedrock occurs at a depth of 283m, about 9 m deeper
than the hole could be drilled.

The most important assays reported on the cores taken during drilling relate to those of iron
and sulfur. These two elements are predominantly contained in pyrite and jarosite. The
molar ratio of the two elements in pyrite and jarosite is quite different; in pyrite it is 0.5 whilst
in jarosite it is 1.5. Thus, determining the molar iron to sulfur ratio from the assay data as a
function of depth allows the relative proportions of pyrite and jarosite in the core to be
ascertained. Ratios close to 0.5 will contain predominantly pyrite whereas those close to 1.5
will be predominantly jarosite; a ratio of 1.0 will be indicative of equal molar proportions of the
two minerals. The molar ratio of iron to sulfur from all four bore holes clearly showed that the
ratio only ranged between 0.5 and 1.5; only in basement rocks does the ratio go above 1.5,
where the iron content remains relatively high but the sulfur content is quite low. As shown
by the colour in the drilling logs (Figure 4), the precipitation of jarosite is generally high near
the surface of the dumps and increases at depth in the regions of high temperature.
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Table 2 provides an example of the mineralogical results provided on the drill core obtained
from DH12-04. The data were obtained using two techniques; quantitative scanning electron
microscopy was used to determine the +20]m fra ction and X-ray diffraction was used to
determine the -20 [Jm fraction. The combined results from both fractions are presented in
Table 2.

Table 2: Mineralogy of drill core samples from well DH12-04. Minerals are reported in %.

Monitoring Hole DH12-04
Depth (ft) | 10-20 30-40 50-70 90-110 190-210 390- 590-610
410

Chalcopyrite 0.04 0.14 0.43 0.05 0.09 0.12 0.18
Bornite 0 0 0.01 0.02 0 0.01 0

Covellite 0 0 0 0 0 0.02 0

Chalcocite / Digenite 0 0.03 0.06 0 0.01 0.06 0.01
Other Cu minerals 0.06 0.78 0.34 0.07 0.13 0.22 0.42
Pyrite 0.98 6.29 5.56 5.18 5.21 4.82 3.51
Jarosite 2.16 0.48 0.40 0.57 0.43 0.86 2.36
Quartz 54.6 52.0 61.8 58.6 54.6 48.2 29.3
Plagioclase 3.64 5.29 3.15 4.65 4.93 7.18 6.28
K-feldspar 9.75 11.6 6.20 8.77 11.9 12.5 13.2
Muscovite 3.74 4.05 2.80 8.06 3.68 7.62 9.15
Biotite / Phlogopite 1.09 0.59 0.86 1.03 0.94 0.90 1.14
Chlorite 4.25 3.01 2.68 2.74 2.67 2.01 2.23
Kaolinite 0.39 0.87 0.33 0.24 0.29 0.63 0.78
Pyroxene / Amphibole 4.93 2.28 5.90 2.71 4.69 5.59 6.16
Talc 4.59 1.18 1.52 1.29 1.90 1.67 2.30
Calcite 0.15 2.62 2.40 0.39 1.96 0.70 4.22
Iron oxides 2.97 1.13 0.40 0.43 1.13 1.65 2.91
Gypsum 1.33 2.04 0.89 0.57 0.17 0.81 2.73

An important difference in the mineralogy is found for DH12-01, the boring located where
extensive leaching had taken place, as compared to the mineralogical results from DH12-02,
DH12-03 and DH12-04 (where no or limited leaching occurred). For DH12-01, the
mineralogical results show negligible calcite content, relatively low pyrite content and high
jarosite content. Conversely, the mineralogy results from the other three sonic drill cores
show a significant calcite content in most samples, much higher pyrite content and lower
jarosite content. Thus, it would appear that there has been an insufficient flux of acid
generated in these locations to access and dissolve all of the calcite that is present.
Sufficient acid may have been produced in the vicinity of these locations to dissolve the
amount of calcite that is present, but it must be able to diffuse into the waste material to be
able to first access and then dissolve the carbonate minerals. The presence of calcite,
however, does not imply that drainage from these areas will be near neutral because, as
indicated, the acid may not easily access the locations where calcite is present and so fluid
with low pH and high acidity may bypass some calcite-containing zones. It would also
appear that in the zones that have not been leached the amount of oxidation is also less, as
evidenced by the higher pyrite content and lower jarosite content. The secondary minerals
that precipitate within the dumps are largely associated with the -20 [ Jm fraction.
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The mineralogical assessment confirms the molar ratio analysis carried out on the assay
data, in that there are substantial quantities of both pyrite that is yet to be oxidised and
jarosite formed from the oxidation of pyrite present throughout the drill core profiles. The
upper profile in the core from DH12-01 shows a predominance of jarosite over pyrite as was
indicated by the iron to sulfur ratio. In other locations, there are smaller quantities of jarosite
relative to pyrite, where in some locations pyrite predominates. This also supports the
observed range of the iron to sulfur ratio data that was shown to vary between 0.5 and 1.5.

6.0 CONCEPTUAL MODEL

A conceptual model of the geochemical and physical processes occurring in the waste rock
dumps is illustrated in Figure 5. The model has been derived from the detailed evaluation of
data described in the previous sections. The figure shows that air ingress into the waste rock
dumps occurs by both diffusive and convective mechanisms. The convection of air into the
dumps occurs at the toe of the dumps through coarse zones created because of material
segregation by mass that occurred during the top-dumping process (often from heights of
150 to 300 m). Water ingress into the dumps now only occurs from incident precipitation
(snow melt and rainfall), whereas historically the majority of the water ingress for several of
the dumps was as a result of irrigation for leaching purposes.

The diffusion of air into the dumps occurs in a narrow thickness at the top of the dumps that
is of the order of 2 to 6 m, based on the measured rates of oxygen consumption and the
observed oxygen concentrations in the pore space of the dumps. As indicated in Figure 5,
convective air supply occurs primarily from the base, although there may also be a smaller
supply that occurs through the slopes of the dumps (as seen in DH12-02). The ingress of air
into the dump results in the oxidation of sulfide minerals, principally pyrite, within the dumps.
Oxidation in the diffusive zone occurs throughout the whole thickness of the diffusion and
also in deeper zones due to convective air supply. These layers may be immediately
beneath the diffusive ingress zone or may occur deeper within the dump (i.e. away from the
batters). The thickness of the convective oxidising layers is of the order of 9 to 20 m for the
BCM waste rock. Outside of these oxidising zones, oxidation may still occur but at a much
lower rate. The flux from such zones is unlikely to be greater than 10% of the flux from the
oxidising zones which, considering the thickness of the non-oxidising zones, suggests an
oxidation rate about two orders of magnitude lower than in the oxidising zones. Convective
air supply into the dumps arises due to differences in density (caused by temperature and/or
pressure differences) within the dump as compared to the ambient conditions (i.e. hotter
temperatures inside the dump resulting from heat generated from the oxidation of pyrite
and/or lower pressures resulting from the consumption of oxygen in air through reaction with

pyrite).
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Fig. 5. Conceptual model of processes occurring in the BCM waste rock dumps.

7.0 OPTIONS FOR CLOSURE

The acid generation from the BCM waste rock dumps could be substantially and sustainably
reduced if convective air flow into the dumps could be controlled. Oxidation from convective
air supply accounts for the majority (90%) of the acid generation in the dumps. Convective
air supply occurs largely from the base of the dumps, due to segregation of the waste rock
during truck dumping. The air passes into the dumps via “chimneys” and the rate of oxygen
ingress increases significantly due to the differences in temperature and/or pressure within
the dumps.

BCM is planning an expansion of the mine that would lead to the generation of an additional
1.3 billion tonnes of waste rock. Placement of this additional waste rock in an engineered
dump in front of the existing dump would have the ability to prevent convective air ingress
into the existing waste material as well as the new dump material. The essential conceptual
element of the design would be to construct the dump extension in such a manner that high
convective fluxes of air cannot move into the dumps. This can be accomplished, whilst
maintaining the necessary drainage required for physical stability, by using construction
techniques that will prevent the formation of high gas permeability zones that are
characteristic of traditional top-dumping methods in which coarse boulders accumulate near
the base of the dumps (i.e. shorter dump lifts, blading fine-grained material from dump crests
to dump toes, different dumping directions). This would have a substantial impact on the
amount of oxidation that occurs in the dumps, potentially reducing it to about one third of the
current amount. Some convective air transport may still occur in the slopes of the dumps,
but at depth within the dumps convection would largely be eliminated. This would therefore
allow neutralisation of acidity, due to dissolution of gangue minerals, to occur over a
substantially greater depth, leading to a reduction in the acidity emanating from the dumps.
Placement of covers on the outer slopes of the dumps (obtained from existing fine-grained
soils and sub-soils recovered from the new dump footprint prior to construction) would lead to
a significant reduction in net infiltration into the dumps.
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8.0 CONCLUSIONS

Four paired and instrumented borings were placed in the waste rock dumps at BCM that
extended the full depth of the dumps. Data acquired from the borings and dump surface
were utilised to characterise the geochemical mechanisms occurring in the dumps that lead
to generation of acidic effluent. The data have been combined with an extensive amount of
historical information on the dumps to show conclusively that oxidation of pyrite within the
dumps occurs as a result of both diffusive and convective air supply into the dumps, with the
convective supply being dominant.

The generation of acidic effluent in the dumps could be reduced by decreasing the
convective supply of air (containing oxygen) into the dumps. Controlling the convective
supply of air into the dumps could potentially be achieved by placing new waste rock in front
of the existing dumps that would also provide closure benefits via decreasing the acidity of
exfiltrating water.
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International Network for Acid Prevention, 2105 Oneida St., Salt Lake City, USA 84109

ABSTRACT

The recent contraction of the mining industry has been difficult for all elements of this sector.
INAP has also experienced some of these challenges, but we are continuing to grow in the
breadth and depth of our activities. This paper presents these activities and recognizes the
support that we have received, not only from our member companies, but also from the
numerous world-wide volunteers from the Global Alliance. A summary of the very successful
9" ICARD in Ottawa, Canada is also presented with the plans for the 10" ICARD in
Santiago, Chile on 20-25 April 2015.

1.0 INTRODUCTION

| have been asked to present an update on INAP and the 9" ICARD, but before | do that |
would like to outline some of the background for the INAP activities, and why they have such
strong momentum during this difficult time in the mining industry.

This story begins at the 7" Australian Workshop in Darwin that occurred in April 2011. Many
of you were there and perhaps you are part of this story. At that workshop, Dr. Bruce Kelley,
the Rio Tinto Global Practice Leader for Environment at that time presented an excellent
paper on the management of mining waste. He focused his talk on the substantial effort that
is placed on stripping the overburden and mining waste to recover a very small volume of
ore. In fact, he suggested that mining companies might more accurately be called mine-
waste management companies, except there is little value derived from this considerable
effort of mine waste management. Historically, the corporate focus has been on the ore,
while the significant volume of mine waste was considered a corporate orphan, with its major
concern being how to remove and dispose of it with a minimum of cost. Dr. Kelley used the
phrase, “the elephant in the room” to describe this dichotomy of the potential importance of
waste management and its apparent lack of concern. Dr. Kelley went on to suggest that this
topic was worthy of further consideration.

“The Elephant in the Room” captured the interest of good portion of the attendees at that
workshop, and an ad hoc group was formed to discuss this topic in greater detail. | satin on
this discussion, and | was pleased to see about 40 experienced practitioners engaged in a
spirited discourse that ran until dinner.  Early the next morning, they were back again
developing a path forward and a plan to engage SMIKT and INAP in its plan. | was struck by
the focus and energy of the group and by all those that attended the workshop.

I would like to make a quick side comment at this point. The enthusiasm and commitment of
the SMIKT and the AMD practitioners in Australia reflects a common characteristic of many
of the Global Alliance (GA) members. Once they have the critical size of membership in their
region, they can become a fantastic source of ideas and energy and are able to implement
amazing activities. Examples of this trait, which are described in this paper, are shown by
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the quality of the 9" ICARD as organized by MEND and the support of ADTI for the Sulfate
Workshop recently held in Salt Lake City, UT, and the publication of a 6 volume set of
workbooks on Mine-Influenced Waters prepared by ADTI and published by the Society of
Mining, Metallurgy and Exploration.

At the next INAP Operating Committee (OpCom) meeting in November 2011 following the
Darwin AMD workshop, a presentation was made to the INAP OpCom by members of the
Australian group assisted by SMIKT. Resulting from that presentation, the OpCom was in
favor of looking further at mine-waste management, but they were concerned with limitations
of the INAP budget. They also knew that the 9" ICARD was fast approaching where other
options might be presented, and they postponed a decision on this proposal.

2.0 THE PATH FORWARD SYMPOSIUM

To engage a broader discussion of mine-waste management and other topics of interest,
INAP and the GA organized the “Path Forward Symposium” that was held the day preceding
the ICARD in May of 2012. Global Alliance members (ADTI, MEND, INAD and SMIKT)
participated in this symposium. The format of this symposium was unusual, in that the initial
session was planned for half a day. Hence, our time for presentations was limited, as there
were 18 presentation scheduled. To enable this tight schedule, the speakers were allowed
only 5 minutes per presentation followed by 2 minutes for a brief question and answer period.
Thus we had 18 “Elevator Speeches” or “Lightening Presentations” that were designed to
catch the attention of the audience of 70 ARD and mine-waste-management experts. These
18 presentations were grouped into 4 general topics, which included 1) Mine-waste
management; 2) Biogeochemistry; 3) Innovative technology and 4) Stakeholder engagement.

Following the opening session, the audience was allowed to separate into one of the four
topic groups for further discussion. The break-out sessions were designed as “free-form” to
follow the general interests of those in the break-out group. There was a concern that this
approach could create a situation where a strong leader would control the direction of the
group. However with the breadth of leaders in the groups, this possibility did not occur, and
most participants felt that they had ample opportunities to express their thoughts.

Following the break-out session, the participants reconvened and presented a draft summary
of their findings. The organizers felt that by having this symposium prior to the ICARD, it
would capture the imagination of the participants and that they would think about these waste
management and discharge issues during the ICARD proceedings. Hence, it was proposed
to the assembly that they meet for a second summary meeting at the end of the ICARD.
This suggestion was met with enthusiasm, and a room was reserved for this final meeting.
Some of the groups met independently and formalized their thoughts and concepts in more
detail.

We met early on Friday before the ICARD tour and each group made a final presentation.
The discussion was then opened to the audience. There were some frank comments
expressing the need for the mining industry to take a stronger position relating to some of
these topics. A list of recommendations was compiled and this list was utilized at the INAP
Strategic Planning Meeting that was held in the fall of 2012 in Vancouver, BC. This list is
presented below.

CHATWIN
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Findings from the Path Forward Symposium May 2012 - Ottawa, Canada

e Mine Waste Management e Develop Stakeholder Capacity
0 Volume of Mine Wastes o0 Expand Stakeholder Dialogue
0 Potential Impacts o0 Expand use of Global Alliance
o Soil Covers 0 More Focused Workshops
o0 Land Form Design ¢ Innovative Technologies
0 Recovery of Low-grade Ore 0 INAP be more supportive
e Biogeochemistry e Case Studies
0 Advisory Panel 0 Linked to GARD Guide
o0 Application of Biogeochemical 0 Great Learning Tools
Tools o0 “What the mining industry is
o0 Stakeholder Issues doing right”

o0 Lessons Learned
3.0 INAP STRATEGIC PLANNING MEETING

The 2" INAP Strategic Planning Meeting was held in Vancouver, BC in conjunction with the
INAP OpCom and Board Meeting in November 2012. This meeting was facilitated by Dr.
Dirk van Zyl, and it was preceded by a number of development conference calls and
planning sessions. Much of the preparatory input was based on recommendations from the
2008 INAP Strategic Planning Meeting, prior OpCom discussions, as well as the inputs from
the “Path forward Symposium”. We also had a set of Global Alliance conference calls to
obtain input from these partners as well.

From these inputs, it was determined that many INAP members, partners and stakeholders
thought the mining industry would be facing significant changes in the future. It was also
believed that these changes would come from many sources affecting the mining industry
including: 1) Environmental, 2) Regulatory, 3) Societal, 4) Water issues, 5) Mine-waste
management, and 6) Increasing size of mines.

3.1 GARD Guide

As expect, one of the major topics discussed was the GARD Guide and how to enhance it
acceptance by the mining community. It is recognized that there is strong support for use of
the GARD Guide in the consulting and regulatory community. But often exploration and mine
operations are concerned that designing and operating for closure increases their present
costs and with little recognition for their effort to minimize future savings. Hence, there was
much discussion as to developing a holistic mine management approach that would not only
view mine planning and operations on a “time-value” approach, but would also consider
“sustainable development” where the future use of land, water and resources are respected.
With this vision in mind, it was proposed to prepare focused versions of the GARD Guide for
exploration geologists, mine planners, and mining financial accountants.

There was also much discussion about preparing less technical and illustrated versions for
non-technical stakeholders and community leaders, who need to understand the basis of
ARD/AMD mitigation and prevention actions without being inundated with the technical
details of the process.

CHATWIN
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3.2 Transformative Leadership

We discussed transformative leadership, and how it applied to the mining industry and its
commitment to preventing ARD/AMD. It was recognized as a long and involved process that
needs the commitment and support of the entire mining industry from the truck driver who
places the potentially acid generating (PAG) waste to the financial planners, who prepare the
detailed budgets to the upper management, who must understand and articulate the value of
mitigating ARD/AMD to both stakeholders and stockholders.

Because of the vast framework of this overarching process of transforming the thinking of the
mining industry, it is imperative that we partner with all groups and organizations of similar
interest including ICMM, IFC, World Bank, AMC, MAC, and NMA. This need for partnering is
also being recognized by these other organizations. At the recent annual meeting of the
Society for Mining, Metallurgy and Exploration in February 2014, | met with Dr. Anthony
Hodge, the president of ICMM, who stated that it has been decided that ICMM needs to team
with INAP to distribute and promote the GARD Guide and other INAP technical endeavors
that are relevant to the mission of ICMM. INAP was also requested to review the upcoming
International Finance Corporation’s (IFC) mining guidance document for issues relating to
mine waste management and ARD, at the recent Sulfate Workshop. | believe that these
partnerships can be a significant stepping stone in the implementation of transformative
leadership within the mining industry.

3.3 INAP Technical Sharing

Another key topic discussed during the strategic planning meeting was the continued
commitment to the ideal of sharing of information, experience and ideas between INAP
members. The members recognize that the expectations of their lenders, shareholders and
stakeholders, require companies to develop parallel expertise. But these companies also
know that by sharing this environmental information the mining industry as a whole prospers
with minimal loss of internal advantage resulting from being the “first user”. In fact, | believe
that recognition of being innovative by mining industry stakeholders often times outstrips the
potential advantage of being a “first user”.

Since the strategic planning meeting, | have seen a strong growth of internal INAP
information sharing. Rio Tinto has offered to share its 10-years of experience in minimizing
environmental risk including their audit process and its internal mechanisms. At recent,
OpCom meetings we have one to two presentations by member companies on topics relating
to INAP focuses including: Anglo American - the “True Value of Water”, Barrick - “Soil Cover
Design for the Gold Strike Operations” and Freeport McMoRan — “Pilot Plant Design for
Mining Discharges”. At the recent INAP/ADTI Sulfate Treatment Workshop, we had
presentations by five INAP member companies. At the most recent OpCom meeting, INAP
toured the Freeport McMoRan Copper and Gold’s Bisbee waste-rock management and
tailings closure facilities and the Sierrita mine-water discharge pilot facility, which includes 3
separate pilot operations treating separate groundwater and process-waste-water streams.

3.4 Capacity Building

The importance of INAP supporting the capacity development of mining industry
stakeholders across the globe was discussed at the strategic planning meeting. This is of
particular importance in many of the developing regions. It has been observed that as
regulatory personnel become trained and experienced, they are often hired away by service
and consulting firms resulting in regulatory agencies continually training new personnel.

CHATWIN
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INAP has made a commitment to support the promotion of best practices in all regions of the
globe. Obviously, this was one of key justifications for the development of the GARD Guide.
Portions of the GARD Guide have been translated to Spanish and French; we understand
that the GARD Guide Executive Summary is being translated into Turkish, by local ARD
practitioners.

INAP believe that this is an excellent way for the GARD Guide translation to proceed. INAP
will continue to upgrade the English version of the GARD Guide on a regular basis, and then
global practitioners and service providers can translate the relevant sections as needed.

The GARD Guide Executive Summary was also translated to Spanish by the U.S. EPA and
appended to the Central American Mining Industry Guidance that was prepared by U.S. EPA
for use by countries in Central America. This recognition of the value of the GARD Guide
and of INAP’s efforts is very satisfying.

3.5 Case Studies

INAP believes that case studies are a critical part of the capacity development of
stakeholders. Not only are case studies a great learning tool, they can be an effect method
for the mining industry to illustrate their commitment preventing and mitigating ARD/AMD.

Over the past several years, some members of the Global Alliance have been pressing for a
case study companion volume to the GARD Guide. This volume would be composed of brief
case studies that illustrate the successful application of best practices put forth in the GARD
Guide as well as lessons learned. The recent downturn in the mining industry has slowed
the publication of relevant case studies and delayed the development of this case study
compendium.

During a recent Global Alliance conference call, GA members suggested the idea that INAP
should sponsor a contest or recognition of brief 4 to 5 page case studies that would capture
successful operations or specific ARD migrating techniques that could be compiled and used
as a companion volume to the GARD Guide or used separately as an illustration of best
practice or as a learning tool. This idea was forwarded to other GA members and received
strong support.

To expand interest in ARD prevention, mitigation, modeling and treatment case studies and
also in the GARD Guide, it is proposed that INAP and the Global Alliance sponsor a
challenge to recognize the best brief of a published or non-published ARD case study that
reflects ARD best practices of principles described or reflected in the GARD Guide. Potential
sources of published articles could be the proceedings of ICARD, IMWA, BC/MEND ARD
Workshop, and the Australian AMD Workshop, also the following journals Mine Water and
the Environment, Environmental Science and Technology and Mining Engineering. We
believe that this activity would be of particular interest to academics, since this would be an
excellent exercise for students in geochemistry, geology, environmental, mining and civil
engineering as well as related fields of study.

The competition would be held on two levels. The first selection would be done on a regional
basis and sponsored by the Global Alliance member (ADTI, CNAMD, INAD, MEND, PADRE,
SANAP, SMIKT, and WRC) with the support of INAP. Each of these winners would then be
submitted to the judges to select a grand winner, in which additional awards would be added.
All regional and subsequent awards would be recognized at the 10" ICARD in Santiago,
Chile in April 20 — 25, 2015.
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The case study brief should be in English and contain about 1000-1500 words. The length of
the brief should be 4 to 5 pages including figures or pictures. The regional award would be
$500 USD for the editor and $500 USD for the original authors if the case study is based on
a published article offered by INAP. Additional awards may be granted by Global Alliance
members. It was also felt that obtaining written approval of the original authors or owners of
copyright. The challenge would be open to all. Since some published case studies have
particular merit, multiple briefs of the same paper will be accepted. All of the best ARD briefs
as selected by a panel of judges would be published in the INAP ARD Case Study
Compendium.

4.0 MINE WASTE MANAGEMENT

As INAP pursued options relating to mine-waste management, we encountered a MEND
report entitled, “Cold Regions Cover System Design Technical Guidance Document,” by
O’Kane Consultants (OKC). This report caught the attention of a number of INAP members.
While this document was focused on cold regions, it included many of the mine-waste
characteristics that INAP was interested in investigating a broader range of climatic
conditions. These characteristics including cover design theory, objective and application. It
also included a discussion of failure analysis and utilized case studies to good advantage.

INAP approached OKC with the intent of using this report as a model for a guidance
document with a broader climactic range of cover design and application. INAP also wanted
a broad range of international experts to participate in this activity. As part of the proposed
agreement OKA proposed to have a meeting in Adelaide at the time of the 8" Australian
AMD Workshop to engage Australian practitioners into the review process. In September
2013, INAP entered into an agreement with OKC to product a guidance document for soil
covers addressing a broad range of climatic conditions. Michael O’Kane will be presenting
on the investigation at this conference.

INAP is still pursuing other activities in the area of mine waste management and source
control for acid rock drainage to sponsor.

5.0 INAP WORKSHOPS

On February 27 and 28, 2014, INAP organized a Sulfate Treatment Workshop in Salt Lake
City, Utah with the help of an outstanding committee composed of Scott Benowitz, Lisa Kirk,
Charles Bucknam, Carol Russell, Linda Figueroa, Chris Howell and Jim Fricke. Many of
these committee personnel are members of ADTI (Acid Drainage Technology Initiative).
Over 110 participants attended the 1 and a half day workshop. INAP was also supported by
three sponsors: Veolia Water, Golder Associates and Arcadis in funding the workshop.

The workshop began with an up-date of the Lorax Environmental’s investigation of Sulfate
Treatment in Water, which was developed for INAP in 2003. The update was presented by
Bruce Mattson of Lorax. This presentation was followed by a panel discussion with members
from industry, academia, consulting, state and Federal governmental agencie