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s u m m a r y
Characterization of the rate of water migration through unsaturated mine waste rock dumps is an essential element in assessing the chemical loading from these landforms; yet our understanding of how water
moves into, through and out of waste rock is incomplete. To further understand the rates and magnitude
of percolation through waste rock, deep high-resolution (every 0.1–4.5 m) depth profiles of the stable isotopes of water (d2H and d18O) at two coal waste rock dumps and a natural alluvial deposit down-gradient
of one of the dumps were collected in the Elk Valley, British Columbia, Canada. The profiles were generated using vapor equilibrium techniques applied to continuous core samples collected using dry sonic
drilling methods. Elevated core temperatures (up to 80 °C) were measured during sonic coring. The isotopic values of pore waters measured in the core samples were corrected for water loss to the atmosphere
attributed to the elevated core temperatures. The average isotopic composition of the core samples were
compared to water collected from rock drains discharging from the base of the dumps. The results indicate that high-resolution profiles of d2H and d18O can be measured to depths of 86 m in coal waste rock
dumps and, based on the seasonal cycles in the isotopic composition of recharging water, can be used to
characterize the migration of recharge water within these dumps. These profiles also suggest that
recharge into these dumps occurs from both rain as well as snow melt and may be as high as 400–
600 mm/yr (60–75% of annual precipitation). Combined with the relatively low volumetric water contents of these dumps (5–10%) the rates of water migration through the dumps are tens of meters each
year.
Ó 2016 Elsevier B.V. All rights reserved.

1. Introduction
Characterizing the volumes and rates of water migration
through unsaturated mine waste rock dumps is foundational to
an evaluation of chemical loading associated with the flushing of
constituents of interest (CI) from these waste deposits. Few
large-scale investigations of flow through mine waste overburden
dumps have been conducted, and there has been limited success
in relating the timing and volume of net percolation (recharge)
to rates of water migration through the dump (Anterrieu et al.,
2010; Azam et al., 2007; Nichol et al., 2005; Poisson et al., 2009).
Natural stable isotopes of water such as deuterium (2H) and
oxygen-18 (18O) have been used as tracers to measure recharge
and flow rates in natural profiles of deep unsaturated soil. The
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isotopic composition of infiltrating meteoric water varies seasonally (wetter vs. drier, colder vs. warmer) while remaining on a local
meteoric water line (LMWL). These seasonal cycles in the stable
isotope of water signature of infiltrating meteoric water have been
used to track recharge (i.e. net percolation) in natural soil profiles
(Adomako et al., 2010; Allison et al., 1994; Barnes and Allison,
1988; Gazis and Feng, 2004; Mathieu and Bariac, 1996). Yet the
number of studies in which deep (>10 m) profiles of stable isotopes
of water have been studied are limited (Bath et al., 1982; Cheng
et al., 2014; DePaolo et al., 2004; Gaye and Edmunds, 1996).
There are two particular challenges associated with estimating
net percolation rates from deep isotopic profiles: the first is the
shift in the signature of recharging water relative to meteoric
water as a result of surface evaporation (Allison, 1998; Barnes
and Allison, 1988; Melayah et al., 1996) and the second is the loss
(dampening) of the seasonal signal as water moves downward
through the unsaturated soil profile (Bath et al., 1982). DePaolo
et al. (2004) and Singleton et al. (2004) show that in semi-arid
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zones (i.e. high evaporation relative to net percolation) the stable
isotope profile in finer textured soils (e.g. clayey silt and silty sand)
may only propagate to depths of a few meters, after which the profile tends to become uniform with depth and shifted relative to
meteoric water as a result of the fractionation by evaporation during dry seasons. However, in sandy soils under greater rates of net
percolation (e.g. >200 mm/y) the seasonal cycles in the isotopic
composition of infiltrating water are propagated to greater depths
and without a significant (i.e. relative to analytical error) shift in
the isotopic profile relative to meteoric water. Cook et al. (1992)
and Bath et al. (1982) show that the seasonal fluctuations of isotopic signatures may propagate to great depths (and consequently
are representative of sources of surface recharge over a greater
time) if the recharge rates are high (>100–200 mm/y) and the volumetric water content within the profile is relatively low (e.g.
0.05–0.1). It is hypothesized that these restrictions are met during
the recharge of meteoric waters into waste rock dumps in subhumid regions of western Canada.
The other major challenge in applying the stable isotopes of
water to trace net percolation in mining waste rock dumps is the
assumption that flow through these deposits is dominated by preferential flow through the coarser rock and gravel which segregates
from the finer matrix of sandy material during placement of the
waste rock by dumping. For example, in waste rock dumps associated with coal mining in the Elk Valley of southern British Columbia, the focus of this paper, the predominant dump construction
method is by end or push dumping. These methods tend to create
particle segregation in which the largest particles (boulders) move
to the base of the slope with a mixture of finer and coarse particles
retained over much of the slope length (Morin et al., 1991). Piteau
(1999) noted that for Elk Valley waste rock dump heights greater
than 20 m, a coarse rubble zone is formed at the base of the dumps.
The basal rubble zones act as ‘rock drains’, collecting water draining from the dump as well as water moving laterally into the dump
from adjacent natural watersheds, and channeling this water to
adjacent surface drainage (Lighthall et al., 1985). Textural breaks
can also be created by the layers of coarser and finer material running parallel to the slope as illustrated for a gold mine waste rock
dump by Azam et al. (2007). Similar breaks can also be formed as a
result of compaction associated with trucks and dozers working
along the top of dump surfaces.
It is often assumed that water migration through unsaturated
mine waste rock is dominated by non-capillarity or macro-pore
dominated water migration (Beven and Germann, 1982). There
is, however, evidence that even relatively coarse textured soils will
exhibit ‘soil-like’ capillarity depending on gradation. A commonly
used threshold for this behavior is given by a soil having greater
than 20% by mass finer than 2 mm (#10 U.S. Standard sieve) or
40% finer than 4.75 mm (#4 U.S. Standard Sieve) (Holmquist
et al., 1983; Smith et al., 1995; Strohm et al., 1978). Recent studies
by Nichol et al. (2005), Neuner et al. (2013), and Blackmore et al.
(2014) as well as literature recently synthesized by Amos et al.
(2014), highlight that in waste rock dumps comprised of these
‘soil-like’ textures, the dominant mass transport is through matrix
flow with relatively high levels of leaching efficiency. The qualitative definition of leaching efficiency being used here is the proportion of a conservative CI, initially contained within the pore water,
that is removed by the first pore volume of flushing.
In dumps in which water migration occurs primarily through
matrix flow, deep profiles of the stable isotopes of water should
provide valuable information on the source, distribution and rate
of water movement through the dumps. The application of stable
isotopes of water to track water migration has seen limited use
in waste rock dumps. Marcoline et al. (2006) applied a 2H spike
to the top of a 5 m high test pile constructed earlier by Nichol
et al. (2005) in order to track water movement by collecting sam-
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ples by trenching and hand sampling. The results were difficult to
interpret; however, due to the small volume of the spike water
addition, fractionation due to evaporation during sampling, and
dump heterogeneity. Sracek et al. (2004) collected water samples
from a full-scale dump (30–35 m) using suction lysimeters
installed in the dump and from a water well in the underlying saturated zone. These isotope data suggested an equal contribution of
snowmelt water and spring rainfall to recharge. One observation of
particular interest was the apparent fractionation due to evaporation that occurred at depth in the dump. This internal evaporation
was suggested to be due to the convective flow of atmospheric air
into the dump near the toe of the slope.
As surface mining has continued to expand, there have been
increasing calls to understand the fundamental hydrology of waste
rock dumps and how they interact with the surrounding catchment hydrologic and hydrogeologic systems (INAP, 2009, 2015).
The goal of this study is to apply isotopic hydrological approaches
to better understand water migration in and through mine waste
rock. The specific objectives of this work are as follows:
1. Develop field sampling methods to measure high spatial resolution profiles of the stable isotopes of water through coal mine
waste rock and natural alluvial deposits down gradient of a
waste rock pile.
2. Evaluate the accuracy of these profiles by comparing the average isotopic composition of the water in the waste rock to that
measured in adjacent natural soil profiles using coring and
water well samples, as well as the isotopic composition of effluent collected from rock drains.
3. Estimate the magnitude (volume) of annual recharge and the
rate of water migration through coal mine waste rock based
on the patterns (seasonality and magnitude) of the high spatial
resolution profiles of the stable isotopes of water.
2. Study sites
The sites for this study are located at two Teck Resources mines
along the Elk River watershed (Fig. 1) in southern British Columbia,
Canada: the West Line Creek (WLC) watershed and waste rock
dump at the Line Creek Operation (LCO-WLC); and the Bodie dump
at the Elk View Operation (EVO-BRD). These mines extract coal
from the Mist Mountain formation which is comprised of siltstones, mudstones, and sandstones with coal seams up to 18 m
thick (Gibson, 1985; Ryan and Dittrick, 2001).
Teck Resources initiated a multi-disciplinary research and
development program in 2012 based on the recommendations of
a Strategic Advisory Panel (SAPSE, 2010). This ongoing research
has been incorporated into the Elk Valley Water Quality Plan as
approved by the provincial government (EVWQP, 2014). The focus
of this research program is to find methods of managing water
quality, including methods of controlling water and chemical
migration from waste rock dumps. This paper presents work
undertaken to characterize the source, distribution and rate of
water movement through coal waste rock dumps.
The WLC watershed is approximately 10 km2 in area (Shatilla,
2013; Wellen et al., 2015) and ranges in elevation from 1450 to
2650 m. The dump covers approximately one quarter (2.7 km2) of
the eastern flank of the watershed (Fig. 2a). The dump was constructed over the last 35 years and has surface elevations ranging
from 1500 m in the south to more than 2140 m in the north, with
a maximum waste rock thickness of approximately 255 m and an
average dump thickness of approximately 115 m. The dump
extends from the north of the watershed to within 0.5 km of the
southern end of the watershed where the rock drain and creek
drain into Line Creek. The Bodie dump (Fig. 2b) covers approximately 1.22 km2 of the original Bodie Creek pre-mining watershed,

618

S.L. Barbour et al. / Journal of Hydrology 534 (2016) 616–629

Fig. 1. Location map showing the Elk Valley, British Columbia, Canada and regional coal mining operations (FRO, GHO, LCO, EVO, and CMO). The limits of the Elk River
watershed boundary are delineated with a solid white line.

extending from the crest of the pit to the southernmost extent of
the dump. A boulder rock drain was constructed over the original
Bodie Creek thalweg to collect and release water at the toe of the
dump. The Bodie dump was constructed over 6 years (1996–
2002). It has surface elevations of 1290–1545 m, a maximum
thickness of approximately 190 m and an average thickness of
approximately 70 m. Water from the mine pits to the northeast
of the dump is occasionally discharged into the most northerly
portion of the dump above Bodie Creek.
The general hydrological context for the WLC watershed and
the Elk Valley is summarized by Shatilla (2013) and Wellen et al.
(2015), respectively. The physical and chemical conditions in the
alluvial aquifer system downstream of the waste rock dump is presented in Szmigielski (2015). These studies are the source of the
hydrological information presented below and are also drawn
upon later in the paper to establish the hydrological and hydrogeological context for interpretation of the stable isotopes of water.
The Elk Valley has a humid continental climate characterized by
low relative humidity, highly variable temperature and precipitation. The mean annual temperature is approximately 4.4 °C as
reported at Sparwood, BC (Environment Canada, 1981–2010 Climate Normal, elevation: 1138 m). Summer mean temperatures
range from 9 °C to 15 °C and winter mean temperatures range from
2 °C to 7 °C. Mean annual precipitation is 613 mm, with considerable inter-annual variability. At Sparwood, approximately 67% of
precipitation falls as rain, although the fraction of snow increases

dramatically with elevation and is highly variable as with most
alpine environments. A local temperature and precipitation lapse
rate is approximately 0.48 °C/100 m and +21 mm/100 m.
Shatilla (2013) compared the hydrology of two paired watersheds; one with no waste rock (Dry Creek) in the same region as
the waste-rock influenced catchment outlined here (WLC).
Wellen et al. (2015) expanded this work to assess the broader
influence of waste rock on flow and streamflow chemical regimes
(specifically Selenium) throughout the Elk Valley. Shatilla (2013)
observed that the presence of waste rock within the watershed
dampens the hydrograph response, delaying snowmelt freshet
and buffering streamflow response to summer precipitation
events. Total ionic load (expressed as electrical conductivity) in
watersheds with waste rock is typically an order of magnitude
greater than watersheds without waste rock.
The groundwater flow system down-gradient of the waste
rock dump at LCO-WLC was studied by Szmigielski (2015), who
observed this system to be comprised of an upper perched
aquifer with direct hydraulic connection to the creek, underlain
by an unconfined aquifer within alluvial sediments and the upper
weathered bedrock surface. The migration of CIs from the waste
rock dump in the groundwater system was primarily along the
lower, unconfined alluvial aquifer which later discharges into
the Line Creek alluvium. The chemistry of the groundwater
reflects that of waste rock effluent and showed a seasonal
cycle controlled by seasonal mixing and dilution of waste rock
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Fig. 2. Map of (a) LCO-WLC and (b) EVO-BRD study areas with location of boreholes, rock drain/creek monitoring locations and waste rock thickness contours.

effluent by natural waters. Szmigielski (2015) estimated that
the lowest (winter) discharge through this aquifer was approximately 0.4  106 m3/y with an average discharge through the
aquifer of approximately 0.45  106 m3/y. The average flows

represent approximately 22% of the annual flows from West Line
Creek
(2.2  106 m3/y
from
2009–2014;
ranging
from
0.95  106 m3/y in the winter to 16  106 m3/y during peak
spring flow).
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3. Materials and methods
Drilling of the waste rock dumps and natural profiles was
undertaken from July to September of 2012. To help the reader distinguish between waste rock and natural site profiles in the text, an
asterisk (⁄) is added to the end of waste rock profile identifiers (e.g.
LCO-WLC-12-02a⁄). A total of 19 holes were drilled at 5 different
mine sites; however, only the holes drilled at LCO-WLC and EVOBRD are discussed in this paper. Water samples from wells
installed downstream of the waste rock dump at a number of the
WLC natural sites and from the West Line Creek rock drain
(WRD) as well as the Bodie rock drain (BRD) are also presented.
Location maps with sample locations at the LCO-WLC and EVOBRD sites are shown in Fig. 2.
All holes were drilled with a truck mounted sonic drill rig using
a 152.5–177.8 mm (6–700 ) casing with either a 120 mm (4.7500 ) or
152 mm (600 ) sampling core barrel. The coring barrel was typically
advanced 3.05 m (10 feet) ahead of the casing followed by casing
advance and core retrieval. Both ‘dry’ and ‘wet’ sonic methods were
evaluated. In the wet method, water was added to the hole to help
reduce friction along the casing. In order to evaluate the potential
for core contamination a 2H spike was added to the drilling water.
A comparison of the results from the ‘wet’ and ‘dry’ drilling method
is reported in Hendry et al. (2015b). Only the core samples from
the dry coring method are discussed in this paper.
The core was placed in a plastic sleeve after retrieval and the
sleeve knotted at each end to seal the bag. A 133 mm (5.2500 ) sleeve
was typically used for the 120 mm core and a 184 mm (7.2500 )
sleeve for the larger 152 mm core. The core was then placed in a
PVC half pipe for transfer to a sampling area near the drill rig.
The plastic bag was then split open to expose the core for logging
and sampling. The outer 1–5 mm of the core was removed using a
sterilized scraper and the core temperature was measured with a
Taylor 9840 digital thermometer inserted 1–2 cm into the core.
The time between the end of core drilling and obtaining temperature readings ranged between 5 and 15 min depending on the drilling depth. A section of approximately 2 kg of core was selected
from within each meter of retrieved core and the depth interval
recorded. This sample was then homogenized and approximately
500 g was sub-sampled to provide samples for geochemical and
stable isotope of water analyses. Geochemical core data associated
with the distribution of selenium (Se) within the waste rock is presented by Hendry et al. (2015a). The approximately 500 g of sample was placed in a medium ZiplockÒ bag (17.7 cm  19.5 cm) and
the air in the headspace was removed by squeezing and the bag
was sealed. A second larger ZiplockÒ bag was then used to double
seal the bag prior to shipping to a field isotope laboratory.
The stable isotopes of water in the pore water of the samples
were measured using the vapor equilibration method described
by Wassenaar et al. (2008). At the laboratory, the medium size ZiplockÒ bag was inflated with dry air and the inflated bag was placed
in a large, ZiplockÒ bag which was evacuated and sealed. After
equilibrating for three days the vapor phase was analyzed using
a Picarro Cavity Ringdown Spectrometer L2130-i. The stable isotope values of the vapor were corrected for machine drift and equilibration fractionation (vapor to liquid) to obtain the corresponding
pore-water values. This correction was undertaken using standard
water samples of stable isotope concentrations that bracketed the
composition of the core samples. The standards were well established laboratory standards (Birsay, Saskatchewan glacial aquitard
water; d2H and d18O of 178.7‰ and 22.86‰ respectively; Saskatoon Tap Water, d2H and d18O of 130.2‰ and 15.96‰ respectively). The analytical error associated with this method is ±0.4‰
and ±2.1‰ for d18O and d2H, respectively (Hendry et al., 2015b).

Water samples were collected from the rock drains (WRD and
BRD) on a daily basis from June through August 2012 after which
the sampling frequency was decreased to weekly samples until
October 2012. Sampling was not conducted during the winter of
2012/2013. Sampling was targeted on a weekly basis over the summers of 2013 and 2014. During the winter sampling period site
access was limited and sampling was reduced to monthly samples
for the 2013/2014 and 2014/2015 winter seasons. Sampling consisted of rinsing a clean one liter collection bottle in the drain
water prior to filling the bottle. The capped bottle was labeled
and transported back to the field lab where the water sample
was filtered using a 0.45 lm paper filter into a 30 mL HDPE scintillation vial. The scintillation vial was capped and stored at room
temperature before analysis. Analysis was conducted with the
Picarro Cavity Ringdown Spectrometer L2130-i combined with an
autoinjector and vaporizer. The isotope analysis was conducted
using the methodology developed by IAEA Water Resources Programme using U.S. Geological Survey standards USGS-46 (d2H
and d18O of 235.8‰ and 29.80‰ respectively) and USGS-48
(d2H and d18O of 2.0‰ and 2.224‰ respectively). The analytical
error associated with this method is ±0.3‰ and ±0.8‰ for d18O and
d2H, respectively (Lis et al., 2008).
The gravimetric water contents of the core samples were measured based on the method described by ASTM D2216-10 (2010).
Particle size analyses of waste rock was carried out at the Geotechnical Laboratory, University of Saskatchewan in accordance with
ASTM D422-63 (2007). Loss on ignition (LOI) was measured on
nine samples from LCO-WLC-12-05a⁄ using the procedure detailed
in ASTM D7348-08 (2008). A representative portion of each particle size was subjected to a temperature of 550 °C in a muffle furnace for 5 h. The mass loss on ignition for each particle range
was then determined. The sample was subsequently analyzed a
second time for particle size analysis according to ASTM D422-63
(2007). Particle size analysis of the natural sites was performed
in the Cameco Chair Geochemistry lab at the University of Saskatchewan using the laser diffraction method (LDM) outlined by
Sperazza et al. (2004) and the sieve-hydrometer method in accordance with ASTM D422-63 (2007). LDM analysis was performed
using a Mastersizer 2000 with wet dispersion (i.e. hydro MU) on
3 g of oven dried, crushed sample sieved through a 2 mm sieve
at a laser obscuration of 10–15%, dispersion pump speed of
2200 rpm and ultrasonic tip displacement of 3 lm for 60 s prior
to data collection. Samples were measured in triplicate for 20 s;
grain sizes were reported as the average of three successive analyses (Sperazza et al., 2004). Results of the LDM particle size analysis
were calibrated to the sieve-hydrometer method using the method
outlined in Eshel et al. (2002).
As one of the objectives of this paper was to provide an overview of the distribution and composition of the stable isotopes of
water within the waste rock and adjacent natural geologic profiles
as compared to precipitation, data collected as part of an ongoing
research program on the hydrology of the study watersheds was
utilized. A portion of this work is reported in Shatilla (2013). A total
of 313 precipitation samples were used to characterize the local
isotopic meteoric water line (LMWL) of the Elk Valley. All precipitation samples were analyzed on a Los Gatos DLT-100 Liquid Water
Isotope Analyzer at the University of Toronto. Rainfall samples
(249 with 35 field replicates retrieved within 48 h of events) were
collected using a series of five samplers built after Gröning et al.
(2012). Snow samples were collected at three sites within WLC
and at five sites in the Elk Valley ranging in elevation from 1394
to 2147 m. Snow pits were excavated in late March in 2012 and
2013 and average volume-weighted values were determined from
melted samples.
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4. Results and discussion
4.1. Local meteoric water line
The LMWL for the Elk Valley established was: d2H = 7.6
d18O  2.1‰, similar to the LMWL reported for Calgary, Alberta
by Peng et al. (2004). The volume-weighted d2H and d18O for precipitation were 130.4‰ and 17.4‰, respectively, with volume
weighted averages for rain of 114.4‰ and 14.6‰, respectively
and for snow of 155.7‰ and 20.5‰, respectively. These values
and the LMWL are for an average elevation of 1450 m with total
precipitation of 678 mm (350 mm rain and 328 mm snow). An isotopic gradient for d18O of 0.25‰ per 100 m was observed, consistent with that reported by Clark et al. (1982) at Mount Meager in
the Coast Range of British Columbia and by Gammons et al.
(2006) in the Rocky Mountains near Butte, Montana.

4.2. Isotopic fractionation correction for the drill core samples
A compilation of depth profiles of measured data from the core
samples at five waste rock sites, two at EVO-BRD and three at LCOWLC (Fig. 3), and four natural profile sites at LCO-WLC (Fig. 4) are
presented with the field generated core descriptions. The data
includes: d2H and d18O for pore water, gravimetric water content,
d-excess relative to the local meteoric water line, and core temperature measured at ground surface. Pore gas oxygen and in situ temperature measurements from gas monitoring ports within the
dump are also available at various sites and are also plotted on
these figures.
The use of dry sonic drilling provided near continuous core
samples (>90% recovery) of the coarse, unsaturated, waste rock
and alluvial soils; however, the drilling method resulted in heating
of the cores above in situ temperatures with core temperatures
generally increasing with depth and greater in coarser (drier) soils.
In situ temperatures measured in two waste rock boreholes ranged
between 0.1 and 29 °C (see Fig. 3 profiles LCO-WLC-12-05a⁄ and
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EVO-BRD-12-02b⁄) with the largest fluctuations and highest temperatures generally being measured near the surface. The maximum core temperatures reached 80 °C as measured within the
core after retrieval. Condensation of water vapor on the inner surface of the plastic sleeve was often observed following core retrieval. Since the relative humidity within the bags was close to 100%,
water vapor was released from the bag when it was opened. This
loss of water can lead to fractionation of the stable isotopes of
water within the remaining pore water.
Evaporation of water from a soil or water body will cause the
stable isotope of water composition to plot below the LWML along
an evaporation fractionation line (EL) (Clark and Fritz, 1997). The
high rates of recharge that are likely given the climate and coarse
textured nature of this waste rock suggests that the water within
the core should be near the LMWL as represented by low negative
values of d-excess relative to the LMWL. However; as shown in
Fig. 5, typical sets of isotope values from core taken from two
waste rock sites (LCO-WLC-12-05a⁄ and EVO-BRD-12-01) and a
natural profile (LCO-WLC-12-06a) show some shift below the
LMWL. The observed d-excess values for uncorrected isotope analyses ranged from 20‰ to 40‰ throughout much of the WLC
waste rock profiles becoming more depleted in zones of higher
core temperature. The natural profiles (LCO-WLC-12-06a, -09b, 12) generally have much smaller negative d-excess values, in the
range of 0 to 10‰, despite the fact that the core temperatures
reach similar values as those for the waste rock. The reason for this
smaller amount of fractionation as a result of core heating and
vapor loss is attributed to the generally higher water contents
associated with the natural profiles.
Although fractionation due to evaporation at surface is likely to
be low due to the expected high rates of recharge, there could be
zones of ‘internal’ evaporation associated with the convective
ingress of drier atmospheric air, similar to that observed by
Sracek et al. (2004). This convective air flow may be produced by
heating within the dump as a result of exothermic reactions associated with sulfide oxidation (Lefebvre et al., 2001) but can also be
created as a result of differences in internal dump temperatures

Fig. 3. Core data from waste rock sites (LCO-WLC-12-02a, 12-02b, 12-05a and EVO-BRD-12-01, 12-02b). Data includes depth profiles below ground (BG) of measured and
corrected (kinetic (K) and equilibrium (E)) stable isotopes of (i) d2H, (ii) d18O, (iii) d-excess and in situ oxygen gas content (where measured), (iv) measured core temperature
and in situ temperature (where available), and (v) measured and corrected gravimetric water content (GWC) and estimated volumetric water content (VWC, where
measured). The date ranges indicate when the waste rock was placed.
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Fig. 3 (continued)

relative to seasonal air temperature fluctuations (Goering and
Kumar, 1996).
It is not possible to separate out the impact of fractionation due
to sample water loss from internal evaporation. However, there
were locations where larger negative values of d-excess were
observed in zones associated with dropping oxygen levels (e.g.
upper 20 m of LCO-WLC 12-02a⁄, lower portion of LCO-WLC 1205a⁄) which could be associated with oxygen consumption by sulfide oxidation (exothermic heating) and convective air flow. In
addition, the bottom portion of EVO-BRD-12-02b⁄ is of particular
note in this regard, since although oxygen levels remain high, the
internal dump temperatures are close to zero from depths of 45–
60 m with d-excess values as low as 60‰. This suggests strong

inward convection of dry winter air flow leading to freezing at
the toe of the dump.
In an attempt to correct the profiles for the effect of water loss
and fractionation during sampling the measured isotopic values
were adjusted by moving them back to the LMWL along an
expected evaporation line. This correction was applied to all samples for the purpose of consistency; however, it should be noted
that in the case of internal evaporation due to convective air flow
this correction would not be appropriate.
For simplicity, a Raleigh distillation fractionation calculation
was applied as follows (Clark and Fritz, 1997; Gat, 1996):



d¼



do
ða1Þ
 1  1000
þ1 f
1000

ð1Þ
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Fig. 3 (continued)

where do is the initial isotope composition of the pore water, d is the
isotopic composition following fractionation, f is the fraction of the
water remaining in the sample, and a is the equilibrium fractionation factor. The equilibrium fractionation factor is expressed as the
ratio of the isotopic composition of the vapor to the liquid phases
(Rv/RL) which can also be expressed as:

a¼

dv  1
or
dl  1

e ¼ ða  1Þ1000

ð2Þ

where e is the enrichment factor.
Fractionation is assumed to occur as a result of equilibrium
fractionation of the porewater under the elevated core temperature (equilibrium fractionation) combined with kinetic (transport)
fractionation as a result of evaporative water loss from the sample.

The equilibrium fractionation factor was calculated from the
equations given by Majoube (1971) as follows:

Deuterium : lnðae Þ ¼

24844

Oxygen  18 : lnðae Þ ¼

T2



1137
T2

76:248
þ 0:052612
T



0:4156
 0:0020667
T

ð3Þ

ð4Þ

where T is the temperature of the core in degrees Kelvin, and ae is
the equilibrium fractionation factor.
The kinetic fractionation due to evaporation of water from the
cores was described using the equations described by Gat (1996)
or Clark and Fritz (1997):
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Fig. 4. Core data from natural sites (LCO-WLC-12-06a, 12-09b, 12-10b, 12-12). Data includes depth profiles below ground (BG) of measured and corrected (kinetic (K) and
equilibrium (E)) stable isotopes of (i) d2H, (ii) d18O, (iii) d-excess and in situ oxygen gas content (where measured), (iv) measured core temperature and in situ temperature
(where available), and (v) measured and corrected gravimetric water content (GWC) and estimated volumetric water content (VWC, where measured). Also shown is the
depth of the screened interval, the range in water level measured in the well (dashed blue lines), and range in stable isotopes measured from well samples (yellow box). Blue
circles on LCO-WLC-12-09b are estimated values because temperature measurements were missing.

Dek ¼ ð1  hÞhnC d

½‰

ð5Þ

where h is relative humidity of the air, h is a weighting term which
can be taken equal to one for a small evaporating body, n is a
weighting term related to whether evaporation is turbulent (open
water) or through a stagnant layer as through a soil profile. For
the latter case, n is taken equal to unity, Cd is taken to be 28.5‰
for 18O and 25.1‰ for 2H (Gat, 1996).
A total fractionation factor was calculated assuming that equilibrium and kinetic fractionation are additive (Clark and Fritz,
1997). The isotopic composition of the pore water within the sample prior to water loss was then calculated using:


dc ¼

dm
þ1
1000
ða1Þ

f



!
 1  1000

ð6Þ

where dm is the measured isotopic composition of the sample and dc
is the corrected isotopic composition of the sample.
Air temperature and relative humidity were not recorded on
site during drilling so these parameters were estimated from
nearby monitoring stations. There was one climate monitoring station on the Bodie waste rock dump at the time of drilling with an
additional five stations installed at Teck operations proximal to the
drill sites in August 2012: two on the WLC dump, two on reclaimed
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Fig. 4 (continued)

waste rock at GHO and one at FRO (see Fig. 1). The daily air temperature and vapor pressure at these sites, along with the Environment Canada station at Sparwood, British Columbia, were
compared to the Bodie monitoring station. The data showed a
strong correlation with elevation (R2 > 0.97) for both vapor pressure and air temperature. Consequently, these correlations were
used to estimate the air temperature and relative humidity at each
drill site for each specific drilling date based on the monitoring
data at the Bodie station and the elevation of the drill site.
An iterative method was used to solve Eq. (6) by adjusting the
value of f until the corrected d2H and d18O values fell on the LMWL.
The calculated values of ‘f’ were then used to determine corrected
gravimetric water contents (x) from the measured water contents.
The corrected isotope profiles along with the corrected water contents are presented in Figs. 3 and 4 for the waste rock and selected
natural sites. The corrected x values were also multiplied by an

assumed dry density (qd) to calculate volumetric water contents
(h). In these calculations, qd was assumed to be 1900 kg/m3, similar
to that reported by Dawson (1994) and Dawson et al. (1998) for Elk
Valley coal waste rock. This qd would result in a total porosity (n)
of about 0.24 based on a particle density (specific gravity) of 2.5.
Comparing the estimated h values to the dashed line representing
the estimated n provides a visual indication of the variation of the
degree of saturation (h/n) with depth.
4.3. Interpretation of corrected isotopic composition of pore-water
The uncorrected isotopic values (Figs. 3 and 4) for the core samples can be compared with corrections for only kinetic (K) fractionation (only relative humidity correction) or for both kinetic and
equilibrium (K + E) fractionation (relative humidity and temperature corrections). The correction for kinetic fractionation alone is
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weighted averages from the rock drains. At both LCO-WLC and
EVO-BRD the core data corrected for both equilibrium and kinetic
fractionation is in better general agreement with the observed rock
drain isotopic composition, although some differences of note can
be observed.
The mean isotopic composition of the WRD from July 2012 to
December 2014 was a d2H of 141.3‰ and d18O of 18.5‰, lying
on the LMWL. These are very similar to the valley wide volumeweighted precipitation values noted earlier (130.4‰, 17.4‰)
which, when adjusted for differences in elevation (valley wide elevation of 1450 m to the WLC average elevation of 2050 m), become
(145.7‰, 18.9‰). At BRD, the average composition of the rock
drain water (May 2012–May 2013) was (134.4‰, 17.3‰). These
values are similar to the valley wide volume-weighted precipitation values adjusted for elevation (133.6‰, 17.3‰).
The flow rates at WRD show high seasonal variability which is
related to the hydrology of the WLC watershed with a pronounced
hydrograph of peak flow during the spring freshet (e.g. peak flows
in the order of 0.48 m3/s) followed by much lower winter base
flows (e.g. 0.03 m3/s). BRD is completely covered by waste rock
and has a similar flow rate throughout the year. From May 2012
to May 2013 the annual flow rate at BRD ranged between approximately 0.01 and 0.03 m3/s with no discernible pattern in isotopic
composition of the water.
The WRD collects waters originating from both the dump and
the natural watershed. The flows from the dump will be due to
snow melt and summer rainfall but are heavily buffered by storage
within the dump, while the flows from the natural watershed are
dominated by a large rapid release of water from snowmelt.
Fig. 6 illustrates that during winter or low flow conditions (i.e. base
flow) the isotopic composition of the WRD water becomes
enriched (i.e. warmer) with peak values of 18 to 17.8‰ for
d18O, and total dissolved solid (TDS – sum of measured anions
and cations) concentrations increasing to 2000 mg/L at the lowest observed flow rates. The reason for this shift is interpreted to
be the increasing contribution of dump effluent to the rock drain,
which is supported by the increasing TDS of the effluent during this
low flow period (Fig. 6). The presence of this ‘warmer’ water
reflects the greater proportion of recharge water into the unvegetated dump from summer precipitation as compared to the
vegetated natural slopes. The work of Shatilla (2013) made a similar observation when comparing WLC (waste rock present) and
Dry Creek (no waste rock present). The WLC hydrograph was heavily buffered as compared to Dry Creek when normalized for water-

Fig. 5. Uncorrected isotope pore-water measurements from core samples plotted
with LMWL and volume-weighted rain and snow values for the Elk Valley: LCOWLC 12-05a⁄, LCO-WLC 12-06a and EVO-BRD-12-01⁄.

similar to the combined kinetic plus equilibrium fraction for many
of the sites; however, in the case of low water content sites (e.g.
EVO-BRD) the addition of equilibrium fractionation appears to produce a more monotonic profile with isotopic values which are in
agreement with values measured in the rock drain as described
in the following section.
There are a few indirect methods by which to check the method
used to correct the isotopic composition of the cores. The range of
isotopic values obtained for groundwater samples taken from wells
installed at a number of the natural site profiles are highlighted by a
yellow box in Fig. 4. In most cases there was very little variation in
the isotopic composition of these samples over the course of the
year. In general, the results from the corrected core data correspond
well with those obtained by direct sampling of the groundwater.
The other check on the corrected isotopic values is to compare
the average isotopic composition of the corrected drill core samples to that measured from the rock drains. Table 1 provides a statistical comparison of the distribution of the isotopic composition
of pore water from the waste rock and natural sites and volume

Table 1
Summary statistics on stable isotope composition of creek, rock drains, waste rock and natural profiles. Note: K+E is for kinetic and equilibrium fractionation, K is for kinetic only
fractionation and NC means no correction. Note: K+E is for kinetic and equilibrium fractionation, K is for kinetic only fractionation and NC means no correction.
Rock drain

d2H mean (‰)
d18O mean (‰)

Dry Creek
BRD

WRD

134.4
17.3

141.3
18.5

145.4
19.0

Waste rock
EVO-BRD-12-01

d2H mean (‰)
d18O mean (‰)

EVO-BRD-12-02b

LCO-WLC-12-02a

LCO-WLC-12-02b

LCO-WLC-12-05a

K+E

K

NC

K+E

K

NC

K+E

K

NC

K+E

K

NC

K+E

K

NC

136.9
17.7

124.7
16.1

120.9
11.2

131.6
17.0

119.7
15.4

116.9
12.3

143.6
18.6

135.6
17.6

133.2
14.5

144.8
18.8

134.6
17.4

132.4
14.6

144.3
18.7

142.1
18.4

141.3
17.6

Natural sites
LCO-WLC-12-06a
K+E

K

LCO-WLC-12-07a
NC

K+E

K

LCO-WLC-12-09b
NC

K+E

K

LCO-WLC-12-10b
NC

K+E

K

LCO-WLC-12-11
NC

K+E

K

LCO-WLC-12-12
NC

K+E

K

NC

d2H mean (‰) 143.1 141.7 141.3 149.8 137.6 135.3 143.2 139.7 138.9 139.5 134.2 133.0 146.2 140.0 139.7 146.3 139.7 139.1
d18O mean (‰) 18.6 18.4 18.0 19.5 17.8 14.8 18.6 18.1 17.0 18.1 17.4 15.7 19.0 18.1 17.5 19.0 18.1 16.7
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Fig. 6. d18O and TDS values for WRD water showing a seasonal pattern. Results
divided into Spring (April–June), Summer (July–September), Fall (October–December) and Winter (January–March).

shed area and the d2H and d18O signatures for WLC were approximately +4‰ and +0.7‰, respectively, warmer than Dry Creek.
The mean isotopic values in the WLC waste rock, natural profiles and rock drain are similar although the ranges are different.
The waste rock profiles have a larger range in values (e.g. differences in maximum to minimum d2H range from 33‰ to 71‰) relative to the natural profiles (e.g. differences in maximum to
minimum d2H range from 9.1‰ to 34.1‰). Mueller et al. (2014)
observed that profiles with a Coefficient of Variation (CV) of greater
than 1.5% show distinct seasonal cycles that can be associated with
net percolation estimates. Values of CV for the waste rock samples
are generally >5% (ranging from 4.8 to 9.2%) while the natural profiles are <5% (ranging from 2 to 5%), although still greater than the
1.5% threshold proposed by Mueller et al. (2014).
The isotopic profiles (Figs. 3 and 4) in both the waste rock and
natural profiles are generally monotonic, suggesting a level of continuity in water migration with depth. The monotonic nature of the
isotope profiles in the waste rock are consistent with similar deep
profiles in capillarity dominated pores from the literature (e.g. Bath
et al., 1982, for unsaturated chalk). A commonly held assumption is
that water and chemical transport through waste rock is preferential, macropore dominated flow rather than flow and transport
through the matrix pores as governed by capillarity and described
by Richards’ equation. There are some distinct breaks in the profiles, often associated with changes in water content associated
with textural heterogeneity. There is also increasing scatter within
these profiles near surface (LCO-WLC 12-2b⁄, LCO-WLC 12-05a⁄)
where flow rates would be the highest and consequently preferential flow may be more dominant.
The ranges of measured waste rock particle sizes (including coal
particles) are summarized in Table 2. The amount of coal (based on
LOI) measured on nine samples from LCO-WLC-12-05a⁄ ranged
from 1% and 8% with an average of 3.4%. The core samples do not
include larger particles which could not be captured within the
core barrel; however, in general the observed particle size distribution is consistent with those reported for the Elk Valley by Dawson
et al. (1998) and Smith et al. (1995). Based on these measurements,
even the coarsest waste rock at EVO still contains more than 20% of
particles finer than 2 mm (or 40% finer than 4.75 mm), reflective of
soil-like behavior as described earlier. This is also consistent with
the high leaching efficiencies observed for waste rock of similar
textures as summarized by Amos et al. (2014).
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The isotope profiles also show cyclic depth profiles consistent
with seasonal oscillations in the composition of recharging water
and these patterns appear to be persistent with depth, particularly
for the coarser, drier, EVO sites. Although these cyclic patterns are
present for both the uncorrected and corrected data; the patterns
in the corrected data are more monotonic with less drift to more
2
H and 18O enriched values with depth – with the exception of
LCO-WLC-12-05a⁄.
The natural profiles are typically more uniform with depth with
the exception of a small deviation as the profile enters the underlying bedrock at the base of LCO-WLC-12-09b where Szmigielski
(2015) also noted a distinct shift in geochemistry. There are several
possible reasons for the differences in patterns between the waste
rock and natural sites. The primary reason is likely that the water
migration through the waste rock profiles is predominately vertical, gravity driven water movement as a result of surface recharge
and consequently these profiles more clearly reflect seasonal
cycles in the isotopic composition of snow melt and rain water.
The natural profiles act as unconfined or perched aquifer systems,
as reflected in the water tables marked on the summary profiles.
Consequently, they receive much of their water from lateral flow
through the alluvial deposits; water that is contributed from both
the upstream watershed unaffected by waste rock placement as
well as water that has migrated through the waste rock. The seasonal range of isotopic composition observed within wells constructed by Szmigielski (2015) at the various natural sites is also
shown on those depth profiles by yellow shading. This data highlights that there is little seasonal variation in the isotopic composition of the well water at these sites although LCO-WLC-12-09b
did exhibit greater seasonal variations in isotopic composition.
This well is located near the corner of the waste rock dump close
to the natural watershed.
A second reason for the differences is likely due to the differences in particle size (texture) and consequently water contents
within the profiles. The average texture of the waste rock and natural profiles summarized in Table 2 shows that while the gravel/
sand/silt and clay fractions of the waste rock were approximately
36%/54%/10% for EVO-BRD-12-01⁄ and 44%/50%/7% for LCO-WLC12-05a⁄, the same fractions in the natural profiles were
51%/21%/27%. This difference in texture is evident in the higher
volumetric water contents of the natural profiles including zones
of saturation below the water table. The average volumetric water
content for the waste rock sites ranged from approximately 5%
(EVO) to 10% (WLC) while the natural profiles were closer to 20%.
The actual field volumetric water contents may be lower than estimated due to the exclusion of particles from the core that are larger than the core diameter (i.e. oversize fraction). For example, if
we assume that the oversize fraction is 20% (Golder Associates,
1987; Dawson, 1994; Smith et al., 1995) then the in situ volumetric
water contents would be reduced to 4% (EVO), 8% (WLC) and 16%
(Natural profiles).
The impacts of these differences in water content are also evident in the magnitude of the oscillations in the waste rock isotope
profiles. Sites that are finer textured and have slightly higher water
contents (e.g. LCO-WLC-12-02⁄, -05a⁄) have smaller oscillations in
the isotopic profiles while sites that are coarser and have lower
water contents (e.g. EVO-BRD-12-01⁄, -02⁄) have greater oscillations in the isotope profiles. This is consistent with the observations and inferences pointed out by Cook et al. (1992) and Bath
et al. (1982) that the seasonal fluctuations of isotopic signatures
may propagate to great depths (tens of meters) only if recharge
rates are high (>100–200 mm/y) and the volumetric water content
within the profile is relatively low (e.g. 0.05–0.1).
The location of peaks and troughs in the isotope profiles can be
combined with the estimates of volumetric water content to obtain
average rates of recharge through each of the waste rock dumps.
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Table 2
Statistical comparison of textural data from waste rock and combined natural profile core without the coal particles removed by combustion.
EVO-BRD-12-01

Mean
Standard error

LCO-WLC-12-05a

Natural profiles combined

% Gravel

% Sand

% Silt/clay

% Gravel

% Sand

% Silt/clay

% Gravel

% Sand

% Silt/clay

36.0
1.89

53.9
1.36

10.02
0.84

43.8
1.55

49.6
1.43

6.64
0.56

51.2
1.82

21.4
0.96

27.4
1.40

Rigorous modeling of the spatial and temporal (i.e. annual climate)
variability of these profiles is underway; however, for the purpose
of illustration the approximate ‘peak to peak’ depths were selected
from visual observation as follows: 5–10 m at LCO-WLC-12-02b⁄
and LCO-WLC-12-05a⁄ and 15-20 m at EVO-BRD-12-01⁄ and
BRD-EVO-12-02b⁄. If we assumed the depth averaged volumetric
water contents (corrected for a 20% missing oversize fraction) at
these two sites was 4% (EVO) and 8% (WLC) this would suggest
an upper limit of recharge rates at WLC of 400–800 mm/y and at
EVO of 600–800 mm/y. If this water migration acted to move
chemicals through the dump by piston flow the initial porevolume of water held within a 100 m high dump could require as
little as 5 years to flush (EVO) or as much as 20 years to flush
(WLC).
The average precipitation at the WLC and Bodie dumps (based
on Elk Valley station and observed lapse rates) would be in the
order of 700–800 mm/y and 650–700 mm/y, respectively. If an
average winter base flow rates (0.027–0.037 m3/s) and the estimated low flow discharge through the alluvial aquifer at WLC
(0.4  106 m3/y, approximately) are assumed to be due to net percolation through the waste rock, then the average water release
from LCO-WLC of approximately 255 mm/y (2009–2014 data)
would be apportioned as 460–580 mm/y of recharge through the
waste rock and only about 180–130 mm/y through the undisturbed portions of the watershed. If we assume that the observed
low flow rates at Bodie (0.01–0.015 m3/s) plus an assumed groundwater discharge equal to 1/3 of the surface flow (0.003–0.05 m3/s)
are all due to recharge through the dump overlying the original
Bodie watershed then the annual recharge rates through the dump
would be approximately 350–520 mm/y.
5. Conclusions
This work highlights the feasibility and value of developing
high-resolution profiles of stable isotopes of water within waste
rock dumps. The methods of sample collection, isotope analyses,
and the fractionation correction for evaporative water loss from
the core water provide a potentially valuable method for measuring stable isotope profiles in mine waste.
The data set presented in this paper provides new insights into
the nature of recharge and water migration processes within coal
waste rock dumps in the Elk Valley which should be broadly applicable to mine waste rock worldwide. The high resolution profiles
highlight that the seasonal oscillations of pore water that are well
documented within the literature for natural profiles are also seen
within waste rock, and in fact appear to propagate to greater
depths than have generally been observed in the literature for natural, unsaturated soil profiles. This is consistent with the postulation made by Cook et al. (1992) that oscillations should be
identifiable to great depths (and consequently reflect antecedent
recharge events over many years) under conditions of relatively
high recharge rates (e.g. 100s mm/y) into lower water content soil
profiles (e.g. <10%).
The range of the observed stable isotopes of water within the
dump suggests that the dumps are being recharged by both snow
melt, typical of natural systems in the region, but also by summer
rainfall events. The contribution of summer rainfall to recharge

into the dump is also highlighted by the ‘warmer’ isotopic composition of the WLC rock drain during the winter as the flows
decrease toward base flow conditions. The relative amount of
water associated with these two sources of recharge is expected
to be similar; however, the variation in these values from year to
year remains to be determined.
Based on the interpretations presented in this paper, it is
expected that these waste rock dumps will undergo greater rates
of recharge (relative to the natural profiles) with water residence
times of 5–20 years for a 100 m high dump. The leaching efficiency
associated with these rates of water migration is currently being
studied using the long-term water quality monitoring in rock
drains in the Elk Valley (Kuzyk et al., 2014).
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