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Abstract

A field study is on-going at the Diavik Diamond MinNT, Canada, to examine at several spatial sthées
hydrologic, geochemical, microbiologic, gas tramspand heat transport mechanisms that controlndgg
water quality. Data sets on volumetric moisturateat within a 15 m high waste rock pile (test pikstimated
using time domain reflectrometry (TDR), and disgeaat the base of the test pile are presentedaacterize
the seasonal wetting of the test pile, freeze-tbgeles within the test pile, and the dischargeewtithe base of
an uncovered test pile. Differences in the dielegroperties of ice and water enable the propagatf freeze-
thaw fronts to be recorded via TDR. A spatiallyfarm initial wetting of the matrix material throbgut the
test pile was recorded. Moisture contents follanine initial wetting phase suggest that the mdtextion has
saturation values exceeding 0.8. Outflow from thst tpile follows an annual cycle that is controlleg
snowmelt infiltration on the batters, and the moeatrof thaw front into the core of the test pile.

I ntroduction

Flow Mechanismsin Waste Rock Piles

The heterogeneity of waste rock piles results ftbmgrain size distribution of the material, and th
proportion and spatial arrangement of matrix-supggbrand matrix-free zones (Smith and Beckie,
2003). This heterogeneity means that multiple flo@chanisms characterize the movement of water
within the piles. Matrix flow occurs within the fn fraction of waste rock, where capillary forces
enable water storage, and fluid flow can be desdrliy conventional unsaturated fluid flow equations
The finer fraction is categorized by Yazdani (20@G®) particles less than 5 mm, based on the
observation that media with particles greater thamm exhibit little capillarity. Preferential flgw
such as through large macropore pathways or asaitiary film flow, may occur in both the coarser
waste rock fraction and open voids (matrix freee)n With little capillarity, this coarser fraati@an
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result in rapid movement of water through wasterpites, and is difficult to monitor in situ with
current hydrological instruments.

The proportional contribution of each of these flomechanisms, and interactions between them,
control solute mobilization, solute transport withthe piles, and subsequent drainage to the
environment. Infiltration rates on the surfaceaoivaste rock pile control the initiation of prefetial
flow; whereas the pile structure influences theidesce time of water within the matrix and
preferential flow paths and the temporal variationsolute loading (e.g. Smith and Beckie, 2003;
Wagner et al., 2006). Stockwell et al. (2006) desti@te the difficulty in characterizing fluid flow
pathways within waste rock and then correlating liigdrologic properties of the waste rock with
geochemistry.

Previous and concurrent field studies have examiloed mechanisms in unsaturated, heterogeneous
waste rock; however, the Diavik Waste Rock Projgctnique in that a large scale field experiment is
being conducted on waste rock deposited in a peostagetting, where water flow is disrupted by
freeze-thaw cycles, and is restricted to an actoree that develops during the summer months.

Diavik Project Overview

The Diavik Diamond Mine is located approximately03dn northeast of Yellowknife, NT, Canada, in
the zone of continuous permafrost. Three 15 m higiste rock test piles were constructed and
instrumented between 2005 and 2007 to monitor yerdiogy, geochemistry, microbiology, gas
transport and heat transport mechanisms that iméei@cid rock drainage. The hydrology component
of the Diavik Waste Rock Project focuses on thareration of flow mechanisms, water balances and
hydrological parameters of the waste rock obseatadultiple scales including laboratory (tempe,cell
lab permeameter), 2 m (lysimeter), and 15 m (tés} pcales. One objective of the Diavik projecto
address scale-upsues in the prediction of fluid flow charactedstat the scale of the Diavik full-scale
waste rock piles. An improved understanding ofrttezhanisms of water flow through waste rock in a
permafrost setting can help advance mine closuagegiies for waste rock piles in the Arctic.

15 m Test Piles

A summary of the aspects of test pile constructedavant to water flow is provided here. Additibna
details are provided in Smith et al. (2009b). Tefathe test piles are distinguished by their sulfur
content, whereas the third test pile is distingedsby its construction configuration. The Typedtt
pile has an average sulfur content of 0.035 wt. %l the Type Il test pile has an average sulfur
content of 0.053 wt. %S. The Covered test pileddype Il core with an average sulfur content of
0.083 wt. %S that has been re-sloped and coveredSogn of till and a further 3 m of Type | waste
rock. Each test pile was constructed on top obws basal drainage water collection system that
consists of a basal drain composed of a high-depsitethylene (HDPE) impermeable liner, as well
as multiple 2 m x 2 m and 4 m x 4 m basal collectisimeters. The basal collection lysimeters are
intended for the study of spatial variability il paths and aqueous geochemistry within the piles.
Heat trace is used to facilitate routing of theirlige water to instrumentation huts. The Typed an
Type lll test piles have dimensions of approximat# m by 60 m at the base with slopes at the angle
of repose of waste rock (38° or 1.3H:1V). The Ceddest pile has dimensions of approximately 80 m
by 125 m at the base with slopes recontoured tool&H:1V. Base dimensions of the piles were
determined such that the crests of the piles wdngdda minimum of 20 m wide to accommodate
equipment accesslhe test piles were constructed by both push-dnghand end-dumping techniques,
in a series of tip faces with instrumentation itisthalong these faces. By constructing the pitea
series of tip faces, the waste rock can segregatdals down slope, resulting in the larger clebéand
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boulder fractions preferentially accumulating loveer the tip face and the finer fraction tending to
remain higher on the tip face.

Hydrology I nstrumentation

Flow in the basal drainage water collection systemecorded using a suite of tipping bucket flow
gauges. Hydrology instrumentation interior to tb&t piles consists of:

" Custom-built Time Domain Reflectrometry (TDR) serssanstalled on the tipping faces of the
test piles during construction, which measure niogstontent of the matrix material at different
vertical and horizontal locations.

" Commercial ECHO (Decagon Devices) capacitance sensors instaitdthwhe test piles
measure moisture content of the matrix materialyelsas electrical conductivity and
temperature of the pore water in the matrix, ded#nt vertical and horizontal locations.

" Tensiometers, installed within the upper 1.2 mheftest piles, measure near surface matric
potential during thawed conditions.

These instruments facilitate the monitoring of weftfront migration. The TDR and EGB permit
monitoring of the propagation of freezing and thagvironts within the test piles. All instrumentsvie
been placed within matrix-dominated zones, sineg ttan only function within finer-grained material.
This restriction of the instruments highlights tthéficulty of monitoring fluid fluxes in matrix-fre
zones within waste rock piles. A series of thetaristrings were also placed within the pile (Phetm
al., 2011).

Results

This paper presents a subset of the data collectedhe Type 1l test pile, for the purpose of
guantifyingthe wetting-up of the test pile, the freeze-thawleywithin the test pile, and the discharge cyate
the base of an uncovered test pile at Diavik.

Precipitation

Precipitation typically occurs as rainfall betweday and October. Mean annual precipitation is 280
mm, with approximately 40% occurring as rainfalhggonment Canada, 2008). Rainfall values, for
the test piles area, are averaged from three aiigeytipping buckets located on the crests ofdke t
piles. Snow accumulation occurs primarily on lgeward batters of the piles, and is observeceto b
minimal on the crests of the piles due to wind scmu(Neuner, 2009).  Obtaining measurements of
snow depth remains a gap in the water balanceeofet$t piles, and work is ongoing using alternative
means to estimate the contribution of snowmeltheniatters to flow in the test piles. Table 1 repo
the annual rainfall at the test piles.

Table 1: Average annual rainfall at the Typelll test pile
Year Total Rainfall (mm)
2007 153*
2008 152
2009 73
2010 95

* Natural rainfall was only 93 mm for 2007. Applieainfall events to conduct a tracer test raised t
total to 153 mm for the Type Il pile.
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Moisture Content | Wetting Fronts | Freeze-Thaw

Time domain reflectrometry (TDR) probes were bialtowing the design of Nichol et al. (2002). The
probes can be used to determine the dielectric igesty of the matrix-fraction of the waste rock
(Topp et al., 1980), which can be correlated taurrdtric moisture content via the Topp et al. (1980)
equation and lab calibrations. Neuner (2009) rsptirat the estimation error in moisture content
measured by the probes for the Diavik waste rackpi03 cniycm®. Figure 1 displays the locations of
the TDR probes within the Type Il test pile.
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Figure 1: Plan and cross-sectional views of the TDR probe locations used in thispaper. (Top
figure from Neuner (2009). Bottom figure adapted from Smith (2009a))

Figure 2 presents the volumetric moisture contemtthe probe-locations along Face 1, the first
instrumented tip face, 2 m south of the centre ¢ihthe crest (location 31S2). The annual osailtat
response of the volumetric moisture content is tdune waste rock undergoing freezing and thawing
cycles in response to the ambient seasonal airdeatyse. This freeze-thaw cycle is captured by the
TDR probes due to differences in the dielectriayptivity of the different phases of water. A tgpi
seasonal oscillation is described here using 280haexample. From January to June of 2009, frozen
pile conditions yield TDR measurements that renh@mw (moisture content is not measured due to ice
phase being present). A rapid rise in the measm@dture content begins in June, starting withlthe

m depth location, followed in order by the 3 m, 5amd 9 m depth locations. This rapid rise
corresponds to the pile thawing in response toeeming summer air temperatures. The TDR probes
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are positioned below the crest of the pile and #rerefore, not a representation of moisture cdnten
response in the batters of the pile where snowraataies over the winter. As air temperatures drop
below freezing again, the probes respond with ddrajecrease in measured moisture content
corresponding to freezing conditions at the pramation. The onset of this freezing response @n b
seen starting in November and December. Figun@@ges moisture content from the same locations
as Figure 2 and compares these results to the tatope measured by thermistors installed within the
test pile at corresponding depths. The nearegpeesture measurements to the 31S2 location are at a
location 3 m horizontally south, on the same tipefas the TDR probes (location 31S5). Despite the
TDR probes being located 3 m closer towards théreed the pile than the thermistor locations, éher

is a clear correlation between the onset of bel®€ @emperatures and the rapid decrease in moisture
content measured by the TDR probes (vice-versthioonset of above 0 °C conditions).

In addition to capturing the freeze-thaw resportise,initial wetting-up of the matrix fraction ofeéh
pile was recorded by the TDR probes. The matrixigo of the waste rock was below or near residual
saturation during the construction of the test gNeuner, 2009) and as a result, the pile had a
measurable capacity to store water in the matritiggo of the waste rock. This resulted in watemfr
early infiltration events going into storage andreaasing the moisture content of the matrix pores
before further downward infiltration could occutollection of TDR data began in September of 2006,
and the evolution of the moisture contents at ckfié depths from late 2006 to 2008 shows a clear
wetting-up phase of the pile. Natural and appiedfall events in 2006 and 2007 resulted in wettin
fronts reaching at least a depth of 5 m in 200thatlocation shown in Figure 2. Two probes at 7 m
depth within the test pile, not shown here, indidhie wetting front reached at least 7 m depttO®ir2

At this location, wetting fronts did not reach gptteof 9 m until the test pile thawed in 2008. hi
initial wetting-up of the test pile, shown by th®R probe data, suggests that a larger proportion of
infiltration was retained as storage in 2007 and&than in subsequent years. Moisture contertief t
matrix surrounding the probes after initial wetwere approximately 25% (during thawed conditions),
suggesting that the matrix fraction throughoutttrs pile has a saturation greater than 0.8. At
probes at the same depths (but different horizolotzdtions) show very similar moisture content
responses to the wetting-up of the test pile. d&a from these additional probes are not presented
this paper; however, the similar responses of tiobgs highlight the degree of uniformity matrix
response under the crest of the Type lll test pile.

In 2009 and 2010 (after the initial wet-up phasa)jsture contents that are 2-5% higher at the arfset
the thaw than at the end of the previous seasen firior to freezing), and the increase in moastur
contents at the 1 and 3 m depths beginning in @ctebggest that infiltration into the test pile wisc
predominantly during those two time periods. Tteady decline of moisture contents from July to
October, and the absence of probe response toaltagfents, reflect a draindown condition and
suggests that rainfall occurring during these meigHost to evaporation, with limited recharge.
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Figure 2: Typelll test pile volumetric moisture content at 1, 3, 5, and 9 metre depths along
tip face 1, 2 m south of the centreline of the crest
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Pile Discharge

Water reaching the base of the Type Il test pitevé across an impermeable HDPE liner that is
graded to direct the water through a perforatedndipe and finally to two tipping buckets for
measurement of discharge volumes. Tipping budkate been calibrated to determine the non-linear
relationship between tip-time and flow rate, an@ tipping bucket data has been processed to
determine flow rates and volumetric discharge ftbmbase of the test pile.

Figure 4 presents discharge recorded from the badbe Type Il test pile for the period from
construction completion to the end of 2010. Daligcharge (left axis) is presented in litres, while
cumulative discharge for each calendar year (regti$) is presented in cubic metres. A subplot of
precipitation (left axis) and air temperature (tigiis) is also shown for comparison. The bar lyraip
daily discharge only corresponds to flow that wesorded by the tipping buckets. There have been
instances of discharge not being automatically neexb throughout the project. Tipping bucket
problems in 2007 for the Type Il test pile resdli@ data loss; however, manual measurements of
discharge taken during that time allowed flow voaso be interpolated. Total annual discharge has
been annotated on Figure 4 and, given that thigevalay include interpolated volumes, should be
viewed with this approximation in mind

The Type 1l test pile flows in an annual cycle ttt@rresponds to thawed conditions and when
precipitation occurs as rainfall. As mentionedth® Precipitation section, thawed conditions and
rainfall typically occur from May to October, whidiffectively limits the infiltration of water intaas
well as discharge out of, the test pile to thisetirmnge. Snow that accumulates primarily on theetsa

of the test pile melts at the onset of thawing domas. Neuner (2009) found that infiltration of
snowmelt into the batters of the test pile haspibiential to refreeze as it encounters waste roakis
still at sub-zero temperatures, and then remobé&éhis area of the test pile continues to theviark

is currently ongoing to quantify the volume of diacge that is associated with early season irtitina

of snowmelt.

By comparing test pile discharge, TDR response, @mdperature, we can obtain a preliminary
definition of the active zone within the Type Iést pile, and how it may evolve throughout the geas
The shorter flow paths of water moving from thetdxat to the test pile base (as opposed to the tonge
pathways from the crest to the base), combined théhearlier thaw (and larger accumulation of
snowfall) of the batters, likely means that earbason flow is a combination of direct snowmelt,
remobilized water in the batters during thaw andyeprecipitation events infiltrating through the
shorter pathways within the batters. This is aoméd by discharge that occurs before TDR and
temperature measurements in the core of the tlessbplow the crest record above-zero temperature
conditions. As the test piles thaw towards theedbroughout the summer more of the waste rock is
able to contribute to discharge, as frozen poresxviom the previous season is remobilized and can
continue to infiltrate downwards. Work by Pham igrogress) shows that the Type Il test pile thaws
to a depth of at least 11 m in the summer. Thezena thermistors located between a depth of 11 m
and the thermistors located along the base ofatepile; however, sub-zero temperatures meastred a
the base of the test pile throughout the summertinsssuggest that some section of the core of gte te
pile below 11 m may remain frozen year long, whi¢esal collection lysimeters that flow briefly ineth
summer months suggest that some section of the dfafige test pile may thaw in the summer.
Additional work is needed to evaluate this concepi] to determine which sections of the test pile
contribute to the observed discharge.
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TYPE Il BASAL DRAIN | 2007 to end of 2010
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Figure 4: Typelll test piledischarge
Conclusions

Diavik’s location in a permafrost region means tthatv through waste rock in an experimental waste
rock test pile is restricted to an active zone tatelops during the summer months as ambient air
temperatures rise above freezing. The freeze-thyae below the crest of an uncovered test pilét as
pertains to flow, is described by TDR measuremémds are sensitive to the differences in dielectric
properties of the different phases of water. Thegting-up of the test pile is also recorded by the
arrival of wetting fronts at the matrix materialrsaunding the TDR probes. The similar response of
the probes at the same depth in different locatismithin the test pile indicates the degree of
uniformity in matrix response due to infiltrationrbugh the crest of the test pile. Post-wet-upspha
moisture contents that remain around 25% suggasthle matrix fraction throughout the test pile has
saturation values exceeding 0.8. Outflow from téwsd pile follows an annual cycle that corresponds
with thawed conditions. Work is on-going to deterenthe relative contribution of both rainfall and
snowmelt, as well as the contribution of infiltati through the batters as compared to infiltration
through the crest and core of the test pile, taotheerved test pile discharge.
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