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Attantion: Eric Cznhoim 
Sr. Environmental Engineer 

Dear Eric: 

Re: Report on 1996 Drillinq and Piezometer Installation Pro~ram 

Please find enclosed two copies of the final report providing details on the Drilling and 
Piezometer Installation Program conducted during the period August 28 to September 
10, 1996 at the Faro and Vangorda Plateau minesites. As requested, one copy is 
unbound for further reproduction of the report. 

As outlined in the report, we recommend that all but two of the new piezometers be 
included into the routine water quality monitoring program currently conducted by Anvil 
Range Mining Corporation. A semi-annual sampling interval is recommended. 

Two piezometers (MW96-1 and MW96-2) were screened within the granular toe drain 
of the Intermediate Dam to allow monitoring of pore pressures within the dam. 
Piezometric readings indicate that currently no significant excess pore water pressures 
exist within the toe drain. It is recommended to monitor the water levels in these two 
piezometers on a semi-annual basis. 

We trust that this document satisfies your needs. 

Yours sincerely, 

ROBERTSON GEOCONSULTANTS INC. 

Christoph Wels, Ph.D. 
Senior Hydrogeologist 
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Anvil Range Mining Complex - 
1996 Drilling and Piezometer Installation Program 

1 Background 

1 .  Introduction 

Robertson GeoConsultants Inc. (RGC) was retained by Anvil Range Mining Corporation 

(ARMC) in 1996 to supervise the drilling and hydraulic testing program of several monitoring 

wells at the Anvil Range minesite. 

The majority of these wells were to be drilled in two distinct localities at the Faro minesite: 

a Rose Creek Tailings area 

downstream of the Faro rock dumps 

The monitoring wells located in the Rose Creek tailings area were intended to replace older 

(destroyed) monitoring wells which are required sampling stations as part of the existing Faro 
water licence (IN #89-001, Schedule D) whereas those near the Faro rock dumps represent 

new monitoring sites. 

Additional monitoring wells were to be installed downstream of the G N ~  Main rock dump at the 

Vangorda Plateau minesite. 

The primary use of all these monitoring wells is to monitor groundwater quality downgradient of 

the waste rock dumps and tailings. 

The number and approximate locations of the monitoring wells were initially decided by Eric 
Denholm. ARMC, and Dr. Christoph Wels, RGC, during the site visit on July 11-12. Detailed 

terms of reference for this project were provided in a letter proposal submitted to ARMC on July 

19, 1996. As outlined in this proposal, RGC was responsible for supervision of the drilling and 
piezometer installation work, logging of boreholes and well development. RGC was also 

responsible for hydraulic testing of monitoring wells at selected sites. The drilling work was 

contracted out directly to Midnight Sun Drilling Ltd. of Whitehorse, Yukon Territory. 

A total of ten boreholes were drilled and 17 piezometeffi installed at the Faro and Vangorda 
Plateau minesites. Some aspects of this field investigation (in particular ground water quality) 

have already been described in the Integrated Conceptual Abandonment Plan (ICAP) for the 
Anvil Range Mining Complex (RGC Report No. 03300113). The present report gives a detailed 

description of the field investigation including drilling, monitoring well installation, hydraulic 

testing, and the initial round of groundwater quality sampling carried out by ARMC. 

Robertson GeoCowultants Inc 
December 1996 
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1.2 Locat ion and Description 

The Anvil Range Mining Complex, currently owned and operated by Anvil Range Mining 

Corporation, is located near the town of Faro, approximately 200 km NNE of Whitehorse, the 

capital of Yukon Territory (Figure 1). The Anvil Range Mining Complex consists of the Faro mine 

site located approximately 15 km north of the Faro town site, and the Vangorda Plateau mine site 

located approximately 9 km northeast of the Faro town site. The Faro mine site includes the Faro 
Pit and Dumps, mill facilities as well as a series of tailings impoundments -(Figure 2). The 

Vangorda Plateau minesite includes the Vangorda Pit and Dumps as well as the Grum Pi and 

Dumps (Figure 3). 

1.3 Regional Hydrogeology 

The study area is underlain almost exclusively by bedrock consisting of schists and phyllites of 

Proterozoic and Paleozoic age, which have been intruded by Mesozoic granodiorites and quartz 

rnonzonites of the Anvil Batholith. This bedrock does not contain deep, contiguous aquifers of 

any significant size. Groundwater flow in bedrock occurs predominantly along structural 

features such as fault zones and individual fractures provided the bedrock is competent and 

supports open fractures. The anisotropy of groundwater flow is further enhanced by the 
schistosity of the bedrock in the study region. 

Most groundwater flow in the study region is confined to local, shallow aquifers in surficial 
deposits of glacial till, colluvium andlor alluvial sediments. These surficial deposits are 

distributed irregularly within the region, typically comprising thin deposits in the upland areas 

and thicker deposits in the valleys. The direction of shallow groundwater flow is largely 
controlled by surface andlor bedrock topography. In many uphill areas surficial sediments 

comprise only a thin veneer of glacial till over bedrock, and shallow groundwater flow occurs at 

the bedrockfoverburden interface, often within a narrow zone of intensely weathered bedrock 

and overlying permeable sediments. In those upland areas with deeper surficial deposits, 
groundwater is often confined to narrow zones of permeable sand and gravel which represent 

high-permeability conduits that deliver shallow groundwater from the hillsides to the valley 

bottoms. 

Shallow groundwater from the hillsides either discharges to surface waters or flows into a valley 

aquifer located further downstream. The largest aquifer located within the Anvil Range Mining 

Complex is the Rose Creek Valley aquifer which underlies the Rose Creek Valley Tailings Facility. 
The sediments in this valley consist of a complex of fluvial and glaaoflwial sands and gravels with 

irregular and apparently discontinuous fine grained deposits. The fine grained deposits are either 

lacustrine, silty till-like soils or fine grained layers in flood plain deposits. The sands and gravels 

and the fine grained portions of the valley fill have all been dissected by fluvial and glacial action. 

A till layer has been encountered in most places between bedrock and the aquifer complex and in 

Robertson GeoConsultants InC. 
December 1996 
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many areas a thin till-like layer has been reported to overlie the aquifer on the original ground 

surface (RGC, 1996). 

2. Field Investigation 

The drilling and piezometer installation/testing work was undertaken from August 28 to 

September 10, 1996 under the supervision of Mr. Todd Hamilton (SRK Canada Inc.) and Dr. 
Christoph Wels (Robertson GeoConsultants Inc.). The initial round of groundwater quality 

sampling was carried out by ARMC staff from September 25 to October 9, 1996 as part of their 

routine water licence sampling program. 

2.1 Drilling and Monitoring Well Installation 

2.1.1 Methodology 

Drilling was performed by Midnight Sun Drilling of Whitehorse, Y.T., using a track-mounted 

ODEX air rotary drill. The ODEX system utilizes an eccentric (off-centred) drill bit to under- 
ream the borehole, allowing casing to fall into place behind the bit. Borehole diameter was 

approximately 175 rnm (7"). The ODEX feature is most useful when drilling through boulders or 

waste rock, and promotes ease of casing removal. The drilling rig was equipped with a portable 

hydraulic hammer, enabling the collection of SPT (Standard Penetration Test) data and split- 

spoon soil samples. Soil and groundwater (where practicable) samples were collected at 3.1 m 

(10 ft) intervals, or when a change in lithology or groundwater conditions was encountered. 

Soil samples were logged in the field with respect to composition, colour, moisture content and 

evidence of contamination. Groundwater samples were decanted, and measurements of 
electrical conductance (EC) and pH taken in the field, in order to assess general groundwater 

quality. 

Following drilling to the target depth, 50 mm (2") and 25 mm (1") diameter, flush-jointed PVC 
monitoring wells were installed in each borehole through pull-back of the well casing. Well 

screens varying in length from 1.5 m (5 ft) to 4.6 m (15 ft) with 0.254 mm (0.010") or 0.508 mm 

(0.020") aperture slots, and including a slotted endcap, were placed at the base of each well. 
The larger slot size was utilized where the screened interval was set within coarser sediments 
to enable collection of accurate hydraulic data. Where possible, a silica sand filter pack was 

emplaced around the full length of the screened interval, and extended a minimum of 0.3 m (1 

ft) above the screened interval. A bentonite seal with an approximate thickness of 0.6 m (2 ft) 
was installed above each screened interval. Nested piezometers were installed in five of the 

boreholes. Where possible, bentonite seals were emplaced between each of the screened 

intervals, in order to provide hydraulic isolation. Upwelling sand prevented the emplacement of 

bentonite seals within several of the boreholes, however subsequent hydraulic testing indicated 

Report 033002/1 Robertson GeoConrultants Inc. 
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that no hydraulic 'short circuiting" was occurring between nested wells. Each installation was 

completed with a cemenffbentonite seal at surface and a 6  ̂ diameter steel protective casing, 

extending from 0.6 to 0.8 m (2 ft to 3 f t )  above surface. 

A geodetic survey of the ground surface elevations at the monitoring well locations in the 
tailings area was carried out by ARMC staff following well completion. The surveying of the 

boreholes located near the Faro rock dumps and at the foot of the Grum rock dump was not 
completed at the time of report preparation. 

2.1.2 Drilling Results and Monitoring Well Description 

Ten boreholes were drilled at various locations within the Anvil Range site, and a total of 17 
monitoring wells installed, from August 29 to September 7, 1996. Borehole locations at the 

Faro and Vangorda Plateau minesites are indicated on Figures 2 and 3, respectively. 

Monitoring wells were placed in order to provide both physical and chemical groundwater data 
from each of the following areas: 

BH96-1 to 4 Intermediate Tailings Dam 

BH96-5 Second Embankment Tailings Dam 

BH96-6 to 8 Faro Rock Dumps 

BH96-9 G ~ r n  Rock Dump 

Borehole logs are shown in Appendix A. Grain sue analyses were performed on selected soil 
samples collected during drilling. Grain size data and plots are included in Appendix B. A 

summary of all monitoring well installation details is provided in Table 1. 

Report 033002/1 Robertson GeoComuitanls Inc. 
December 1996 
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Table 1. 

Groundwater Monitoring Well Construction Details 

Monitoring Stickup 

Well (m) 

T.O.P. Ground 

Elevation Elevation 

(rn a.s.1.) (rn a.s.1.) 

Screened 

Interval 

(rn a.s.1.) 

Filter Pack Seal BackW 

(rnbgs) (mbgs) Cave 

(mbgs) 

18.17-19.80 

NIA 1 0.0-1.00 1 1.00-6.48 

NIA NIA 1 6.48-11.30 

18.37-21.80 NIA 1 11.30-17.36 MW964C 

below 96-4 

MW 964D 

2249.14 1 0.0-2.29 1 N/A 

10.67-14.69 1 9.14-10.67 1 NIA 

no survey no survey + 
no survey no survey + 

1.20-4.30 1 0.0-1.20 1 NIA 

5.80-920 1 4.30-5.80 1 9.20-9.45 

no survey no survey 

Report 03300211 Robertson GeoConsultants Inc. 
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BHs 96-1 and 2 were drilled through the crest of the lntermediate Dam (inset in Figure 2) to the 

granular toe drain at the base of the dam in order to acquire dam construction and seepage 

information, for assessing seepage volumes and dam stability in this permeable earth dam 

structure. BHs 96-1 and 2 were completed to depths of 22.3 m (73 ft) and 20.1 m (66 ft) 

respectively, and encountered clean to silty sand and gravel fill material. Single monitoring 
wells were installed in each of BHs 96-1 and 2, screened within the granular toe drain. 

BH96-3 and 4 were drilled at the toe of the lntermediate Dam to obtain groundwater and soil 

information for the Rose Creek valley sediments underlying the Intermediate Dam. These 

boreholes replace older groundwater monitoring wells (X24 and X25) which were lost during the 

last raise of the lntermediate Dam in 1991. BH96-3 is located on the southern flank of the 

lntermediate Dam replacing the old licence station X25. BH96-4 is located near the northern 

abutment of the lntermediate Dam replacing the old licence station X24 (inset in Figure 2). 

BH96-3 was drilled to a depth of 19.8 m (65 ft), and encountered gravel fill overlying native 
alluvial sands, gravels and silts. Two aquifers were identified; an upper, unconfined aquifer 

situated from surface to a depth of approximately 13 m (43 ft), and a deeper, semi-confined to 

confined aquifer at a depth of approximately 17 to 19 m (56 to 62 ft), with an intervening silty 

sand aquitard between 13 and 17 m depth. Two monitoring wells were installed in BH96-3, one 

each within the upper and lower aquifers. Based on the groundwater samples collected during 

drilling, groundwater quality is relatively uniform within the upper sand and gravel aquifer at this 
locale, with electrical conductance (EC) ranging from 800 to 920 uS/cm. In the lower aquifer, 

EC values were somewhat higher (1300 uSlcm) suggesting slightly poorer water quality. 

BH96-4-1 was drilled to a depth of 30.5 m (100 ft), and also intersected alluvial sands, gravels 

and silts. Three monitoring wells were installed in BH964-1, however difficulties were 

encountered during the installation process. One well, MW96-4A, was broken during casing 

pull-back, and was left in the installation as an open-ended monitoring well, with no well screen. 

BH96-4-11 was drilled approximately two metres southwest of BH96-4-I to a depth of 28.0 m (92 

ft) and encountered similar stratigraphy to that in BH96-4-1. One monitoring well was installed 

at the base of BH96-4-11. MW96-4A and 48 were installed in the upper sand and gravel aquifer. 

Water quality is generally poorer within the upper aquifer at this locale than at BH96-3, with EC 

in the range of 1600 to 1800 uSlcm. MW96-4C and 4D were installed in deeper aquifers, with 
similarly poor water quality (EC of 1600 to 2000 uS/cm). The groundwater chemistry in the 

valley aquifer is discussed in more detail in section 2.4. 

Several boreholes were drilled into the Rose Creek valley sediments in 1979-1980 in the 
immediate vicinity of the lntermediate Dam as part of the original dam construction work and 

subsequently in 1988 (Golder Associates. 1991). Golder Associates (GA) drawing # 912-2402- 
2 shows all borehole logs along the longitudinal profile of the lntermediate Dam location. The 

borehole logs of BH96-3 and BH964-I have been superimposed on the original Golder drawing 

Report 033002/1 Robertson GeoConsultants Inc. 
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and are shown in Figure 4 of this report. This hydrostratigraphic cross-section illustrates the 

complex interlayering of sands, gravels, and silt layers in the vicinity of the lntermediate Dam. 

Gravel within these aquifers is subangular to angular in form, indicating a rapid depositional 

environment. The silty aquitards encountered do not appear to represent a continuos layer 

extending across the valley aquifer. 

BH96-5 was drilled at the toe of the Second Embankment to replace the groundwater 

monitoring station X21 located on the crest of the Second Embankment in the northwestern 

section (Figure 2). The monitoring wells of station X21 had last been sampled in the fall of 

1989 and are now destroyed. 

Borehole BH96-5 was completed to a depth of 29.9 m (98 ft), and intersected approximately 8 

m (26 fl) of tailings overlying alluvial sands, gravels and silts. Two significant aquifers were 

encountered in the native sediments, separated by a sandy silt to silty sand aquitard at a depth 

of 17 to 23.5 m (56 to 77 fl). MW96-5A was installed within the saturated tailings, MW96-5B 

within the upper aquifer, and MW96-5C within the lower aquifer. Based on water samples 

collected during drilling, water quality within the upper aquifer is poorest, with EC in the range of 
1450 to 1600 uSlcm, while EC in the lower aquifer was measured at 890 uS/cm. No 

groundwater samples were collected from the tailings while drilling. 

There appeared to be significant mixing of tailings and natural aquifer material in the first two to 

three meters below the tailings deposit based on examination of the cuttings returned by the air 

rotary drill to the surface. Visual observations of the cuttings also suggested that there were 

significant pyrite contents (26% by weight) present in aquifer material at greater depths in the 

profile (in particular in the silty aquitard layer at 17 to 23.5 m bgs). A geochemical solids assays 

(metal and sulphur species content) of cuttings taken from different depths confirmed these 

visual observations (see Appendix C for details). 

BH96-6 was drilled on the northwestern slope of the North Fork of Rose Creek Valley, at the 
foot of the lntermediate Dump, near the large rock drain (Figure 2). The borehole is located 

some 20 to 30 meters uphill from the area where North Fork Rose Creek is ponded upstream of 

the rock drain. The primary purpose of this borehole is to monitor quality of seepage originating 
from the lntermediate Dump and draining towards the North Fork of Rose Creek. 

This borehole encountered approximately 17 m of silty sand and gravel colluvium and glacial 

tills overlying alluvial gravel. One monitoring well was installed within the alluvial gravel aquifer. 

Water quality during drilling was consistent within this aquifer, at 550 to 620 uSlcm. 

BH96-7 was drilled at the foot of the Main and Intermediate Dumps as indicated in Figure 2. 

The primary purpose of this borehole is to monitor quality of seepage originating from the Main 
and lntermediate Dumps (in particular from the 'Sulphide Cells") and draining towards North 

Fork Rose Creek and the Rose Creek Valley aquifer. 

Report 03300211 Robertson GeoConsultants Inc. 
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Approximately 8 m of silty sand colluvium was encountered overlying fractured phyllite bedrock 
at this location. 81-196-7 was screened across the upper portion of the bedrock, including a 

gravelly layer overlying bedrock. 

BH96-8 was drilled in the old Faro Creek channel, near the toe of the Main Dump, directly east 

of the surface water monitoring station 'X23" (Figure 2). The primary purpose of this borehole is 

to monitor water quality of seepage originating from the Main. Northwest and Intermediate 

Dumps (referred to as "X23 watershed^ in RGC Report 03300113) and draining towards the 

Rose Creek valley. 

Drilling intersected approximately 8 m of alluvial sand and gravel overlying phyllite bedrock. 

Two monitoring wells were installed; a shallow monitoring well (MW96-8A) within the upper 

alluvial sands and gravels, across the water table. and a deeper monitoring well (MW96-80) at 

the bedrock interface. An EC value of 1680 uSlcm was measured at a depth of 6 m, while 

drilling. 

BH96-9 was located at the southem toe of the Grum Main Dump in a small tributary stream 

valley which drains the centre of the Grum Main Dump (including the 'Sulphide Cells"), as 

indicated on Figure 2. The primary purpose of this borehole is to monitor quality of seepage 

originating from the Gmm Main Dumps (in particular from the Sulphide Cells) and draining 

towards Vangorda Creek. 

This borehole was drilled to a depth of 18.0 m and encountered 3.5 m of silt fill overlying 
probable colluvial sand and gravel and sandy silt to silty sand till. Permafrost was intersected 

at an approximate depth of 9.5 m (31 ft), while phyllite bedrock was encountered at a depth of 

17.4 m (57 fl). MW96-9A was installed within the upper silty sand and gravel colluvium. 

MW96-90 was screened across the upper fractured bedrock, and a narrow sand zone 

immediately above bedrock. This well was flowing immediately following installation. 

2.1.3 Well Development 

Following well completion, dedicated WaterraTM inertial samplers were installed in each well, 

and a quantity of water was purged in order to remove as much fine sediment as possible from 
the zone around the screened interval. Observation of groundwater pH, electrical conductivity 

(EC), sediment load, colour and odour were made at regular intervals during the well 
development process. Well development observations are summarized in Table 2. 

Well development in MW96-5C deserves special commenting. Very high pyrite contents (-20- 
40%) were observed in the fines material purged from the deepest piezometer in borehole.96-5 
located just downstream of the Second Tailings Impoundment (MW96-5C). The geochemical 

composition of this fine purged sediment is very similar to that of the tailings deposited near the 

surface suggesting that some tailings fines were carried downward into the base of the 
borehole either inside or outside of the casing (see Appendix C for details). The impact of this 

Report 03300211 Robertson Geoconsunants Inc. 
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'contamination" on groundwater quality is considered to be very limited as most of the pyrite- 
rich sediment was purged from the piezometer 96-50 during well development. The deep 

piezometer was the only one at BH96-5 producing pyrite-rich sediment during well 

development. 

Water level observations were also made during the well development process, on the well 
being developed, and in other wells within the piezometer nest. The observations made 

indicate there is no significant 'short-circuiting" or direct hydraulic connection between wells in 
any of the piezometer nests. 

Report 033002H Robemon GeoConsultants Inc. 
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Monitoring 

Well 

- 
Volume 

Purged 

(1) - 

Table 2 
Summary of Well Development Data 

pH Temp. 

initial final initia 

- - - 
- - - 
5.8 6.5 8 

6.8 6.9 8 

- 6.8 - 

7.2 6.6 8.0 

- - - 

- 6.8 - 

- - - 

7.2 7.3 - 

6.6 7.9 - 

initial final - 

Comments 

not developed 

not developed 

51. turbid. bmwn 

mod. turbid. 
orange-brown 

sl. turbid. bmwn 

turbid, brown 

rel. dear, H2S 
dou r  

mod. turbid. 
orangebrown 

not developed - 
lost 2 internal 
check valves 

mod. siny, grey- 
bmwn 

turbid, dark grey, 
fine ovrite 

51. turbid, 
orange-brown 

51, turbid, brown. 
dried well out 

sl. turbid, brown, 
solvent odour 

sl. turbid. bmwn 

turbid, brown 

mod. turbid. 
grey-brown 

(flowing) 
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2.2 Permeability Testing 

Rising and falling-head slug tests were conducted on eight monitoring wells in order to obtain 

horizontal transmissivity (or average bulk hydraulic conductivity values K) for the aquifer 

intervals tested. Water level data was collected using a TrollTM datalogger and pressure 
transducer assembly, and was processed using WinSitu" software. At each monitoring well. 

the pressure transducer was inserted near the base; water levels were subsequently given time 

to equilibrate. Hydraulic head measurements above the transducer were correlated with water 

level in the borehole as a quality control measure. Immediately following commencement of 

data acquisition, a 'slug" consisting of a 5 fl long, 25 mm (1") diameter solid PVC pipe, was 
quickly dropped into, or withdrawn from, the water column. Data was then collected until the 

water level had returned to the original static level, or until at least 213 of the hydraulic response 

had been observed. Multiple falling and rising head tests were conducted on each monitoring 
well, in order to procure the most reliable data possible. The volume of the slug 

injected/removed was also varied between tests, where possible, as a further quality assurance 

measure. 

Data collected through the WnSituTM program was then exported to a spreadsheet file for 

analysis and presentation. Depending on the nature of the hydraulic response, slug testing 
data was analyzed using conventional Hvorslev-type analysis, or using a van der Kamp model 

for oscillating response types. Hydraulic testing data were also analyzed using the AQTESOLV 
computer program. All slug test data and the fitted response functions are shown in Appendix 

D. 

Permeability testing results are summarized in Table 3. At MWs 96-3A, 3B,4C, 4D and 58, the 

water level recovery after slug injectionlwithdrawal was very rapid, and produced an oscillating, 

or underdamped response. These data were analyzed using a method developed by van der 
Kamp (1976). MWs 96-5C, 9A and 98 recovered less quickly, producing an overdamped 

response with no significant oscillation. These data were analyzed using the methods of 

Hvorslev (1951) for confined aquifers. and Bouwer and Rice (1976) for unconfined aquifers. 

Bulk hydraulic conductivity values for the monitoring wells tested ranged from 3 X l o 4  mls to 2 

X l V 3  mls. The highest of these hydraulic conductivity values is considered to be near the 

upper range of testing accuracy for the testing setup utilized. 

Hydraulic conductivity values for the Rose Creek valley aquifer range from 3 X 10" mls to 2 X 

mls with a geometric mean of 4 X l o 4  mls. The hydraulic testing in the tailings area was 

biased towards high K values since most piezometers in boreholes 96-3 to 96-5 were screened 

in more permeable, water-bearing units. The bulk permeability of the valley aquifer material is 
probably less than 1 X l o 4  mls. 

Robertson GeoConsultants Inc. 
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Hydraulic conductivity results for MW 96-9a and 9b, situated within colluvial sands and gravels 

at the Grum Dump, range from 8 X 10" to 2 X lo-' mls. 

For soil samples collected from MWs 96-4, 6 and 8 the hydraulic conductivity was estimated 

based on the grain size distribution (see Appendix B) and using the Hazen relation: 

K - - 0.01. (dl,)? 

where: 

- K - -  hydraulic conductivity in rn/s 

- 40 - grain-size diameter at which 10 % of the particles are finer 

Hazen analysis results are presented in Table 4, below. 

Table 4. 

Hydraulic Conductivity Values Determined by Hazen Grain-Sue Analysis. 

Monitoring Depth (mbgs) dl0 (mm) Hydraulic 

Well Conductivity 

(mls) 
h 

Hazen grain-size analysis results for the three sand aquifer samples range from 1.2 X 10J to 

1.1 X 105 mls. Comparison of the hydraulic conductivity values obtained from MW 96-4 using 

Hazen and slug-testing analyses indicates the Hazen results are substantially higher. This may 
be explained in part by the angular to subangular nature of the gravel encountered within the 
Rose Creek Valley aquifer, the effects of which are not incorporated in the Hazen method. In 

addition, the Hazen method is considered most effective for uniform sands and gravels. The 

alluvial aquifer samples collected, however, were for the most part well-graded. 
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2.3 Hydraulic Head Measurements and Interpretation 

A complete survey of static water levels in all newly installed monitoring wells was undertaken 

by RGC staff on September 8, 1996 using a water level tape with acoustic sounder. The results 

of this water level survey are,summarized in Table 5. A brief discussion of these results is 

given below for the various sites. 

Table 5 
Summary of static water levels recorded during field investigation, September 8. 1996. 

Piezomete 

Report 033002/1 

Ground 

Elevation 

(m a.s.1.) 

Screened 

Interval 

(m bgs) 

Piezometric Head Readings I 
Date SWL 

(m bgs) 

8-Sep-96 19.31 

ESep-96 18.99 

8-Sep-96 1.69 

8-Sep-96 1.62 

8-Sep-96 2.31 

8-Sep-96 2.29 

8-Sep-96 2.28 

8-Sep-96 2.18 

8-Sep-96 3.79 

ESep-96 3.77 

8-Sep-96 3.80 

8-Sep-96 12.21 

8-Sep-96 5.17 

ESep-96 2.84 

8-Sep-96 2.78 

8-Sep-96 4.82 

SWL 

(m a.s.1.) 

1029.99 

1030.31 

1029.41 

1029.78 

1029.99 

1030.01 

1030.02 

1030.12 

1047.61 

1047.63 

1047.60 

- 
- 
-- 

-- 

- 
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2.3.1 Rose Creek Valley Aquifer 

The most detailed information about hydraulic head conditions in the Rose Creek Valley aquifer 

was obtained from the four new boreholes drilled in the vicinity of the lntermediate Dam. The 

construction of the lntermediate Tailings lmpoundment and the Cross Valley Dam with polishing 

pond (refered to also as "Down Valley Scheme") has resulted in a significant rise in the water 

level in the sand and gravel aquifer at this location. Figure 4 shows the current water level of 

the upper unconfined aquifer of the valley sediments in section along the lntermediate Dam as 

well as the original water level prior to construction of the Down Valley Scheme. At present, the 

water level in the sand and gravel aquifer underlying the lntermediate Dam is some 8.5 meters 

above the original water level surface (Figure 4). This increase in saturated thickness of the 

aquifer is likely a result of increased recharge to the aquifer from the lntermediate 

Impoundment. 

Seepage through the lntermediate Dam itself appears to be limited to the granular toe drain and 

underlying fill andlor natural aquifer materials. The piezometric readings taken in MWs 96-1 

and 96-2 (screened in the granular toe drains) indicate that there are no significant excess pore 

pressures in this earth dam suggesting that the toe drain operates as designed. Figure 5 
illustrates the hydraulic head conditions for the northern section of the lntermediate Dam (at 

BH96-2 and 96-4). As indicated in the drawing the phreatic surface in this earth dam lies at or 

just slightly above the toe drain near the center of the dam with most seepage occurring either 

in the toe drain itself or in the underlying permeable sands and gravels. The low permeability 
blanket on the upstream face of the dam (Class VI material) and the deposited tailings slimes 

probably limits the amount of seepage that occurs directly from the ponded water upstream of 

the dam to the toe drain. 

At the downstream side, the toe seepage and groundwater flowing in the uppermost layers of 

the valley aquifer is discharging into the Cross Valley pond. As indicated in Figure 5, the 

horizontal hydraulic gradient between the center base of the dam (BH-96-1) and the 

downstream toe of the dam (MW96-4A) is approximately 0.9 percent. At the toe of the 

lntermediate Dam (at BH96-4) there is some upward flow with vertical gradients in the order of 
-0.6 percent (see Figure 5). 

Similar overall groundwater flow patterns were inferred in the vicinity of BH96-1 and BH96-3 on 

the southern flank of the lntermediate Dam. However, at this locale the vertical flow gradient 

was significantly greater (i,,=3.6 percent) suggesting a greater upward groundwater flow 
component than at the northern locale. 

At BH96-5, just downstream of the Second lmpoundment (Figure 2) piezometric heads were 

very similar at different depths (Table 5) with vertical gradients less than 0.2 percent suggesting 

that groundwater flow in this area is predominantly horizontal. The piezometric head in the 
aquifer is several meters above the interface of aquifer and tailings material. It is thus possible 
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that the sand and gravel aquifer is confined in this area by the finer tailings material above due 

to the differences in permeability. However, the piezometric data are not conclusive since the 

screening interval of the uppermost monitoring well MW96-5A is not located entirely within the 

tailings but extends down into the uppermost layers of the aquifer material. 

Figure 6 shows the piezometric head contours in the Rose Creek Valley aquifer in plan view. 

The contour map was derived from piezometric readings taken on September 26-27, 1996 by 

ARMC staff during the groundwater quality sampling (see section 2.4). The ARMC data were 

used for contouring since they include readings from the new MW-06 series as well as all other 

monitoring wells in the Rose Creek Valley area. The point values shown in Figure 6 were taken 

in the upper-most monitoring well at a given location. 

Groundwater flow in the valley aquifer is predominantly horizontal in a northwesterly direction, 
i.e. parallel to the valley axis (Figure 6). The contour map illustrates that horizontal gradients 

are greatest in the vicinity of the lntermediate Dam and Cross Valley DamlPond (i,, - 2.4 

percent). The average horizontal gradient beneath the lntermediate Impoundment is 

approximately 1.2 percent. The lowest horizontal gradients were observed downstream of the 

Cross Valley Dam (i,,, - 0.5 percent between monitoring well X16 and X17). These horizontal 

gradients are significantly higher than horizontal gradients observed in the aquifer prior to 

construction of the Down Valley Scheme (ranging from 0.2 to 0.8 percent; Klohn Leonoff, 

1981). Increased recharge from the tailings impoundments and the polishing pond is the likely 

cause for the increased horuontal groundwater flow gradients observed in this area today. The 

piezometric heads in deeper layers of the Rose Creek Valley aquifer are generally very similar 

to those in the upper layers. 

2.3.2 Faro Rock Dumps 

At borehole 96-6, located in the North Fork Rose Creek valley at the toe of the lntermediate 

Rock Dump, the water table was at least 12 meters below the ground surface. Most 
groundwater flow at this locale occurs in the permeable sand and gravel layer at depth. This 

gravel layer appears to be confined by the overlying silty sand and silty till. It is likely that the 
piezometric head in the gravel layer at this location is higher than the water level in the North 

Fork and that groundwater is flowing into the valley sediments andlor is discharging into the 

North Fork Rose Creek. However, a geodetic survey of the monitoring well will be required to 

confirm this contention. 

Similar hydraulic conditions were encountered at borehole 96-7, located at the southwestern 
toe of the lntermediate Rock Dump (Figure 2). Here, shallow groundwater flow occurs at the 

interface of overburden soils and fractured bedrock. The drilling records suggest that 
groundwater was confined within this narrow layer. The piezometric head in the water bearing 
layer was some five meters below ground surface. 
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The monitoring wells 96-8A and 96-8B were completed in the alluvial soils of the former Faro 

Creek channel next to the surface water monitoring station X23 (Figure 2). At this location a 

shallow, unconfined aquifer was encountered in very permeable alluvial sands and gravels with 

the water table approximately 2.8 m below ground (Table 5). The total saturated thickness is in 

the order of 5 meters. The piezometric readings suggest that shallow groundwater may be 
discharging into the near-by creek. A geodetic survey of these piezometers and the near-by 

creek would be required to confirm this contention. 

2.3.3 Grurn Rock Dump 

Borehole 96-9 was drilled next to a small creek draining the Main G N ~  Dump (Figure 3). At 

this location two water-bearing layers were encountered. The upper, unconfined aquifer is 

located in alluvial sands and gravels with the water table approximately 5 meters below ground 

surface. This upper aquifer is likely hydraulically connected with the near-by creek. 

The lower aquifer is located in a well graded sand layer separated from the upper aquifer by a 

silt layer which was frozen (probably representing permafrost). The piezometric heads in the 

lower aquifer were higher than ground surface and the well was flowing at approximately 1 liter 

per minute. ARMC staff reported that this well was still flowing a month after piezometer 

installation. 

2.4 Groundwater Chemistry 

The initial round of groundwater quality sampling was carried out by ARMC as part of their 

routine water licence monitoring program. The monitoring wells at the Faro minesite were 

sampled on September 25 and 26, 1996. The monitoring wells at the Vangorda Plateau 

minesite were sampled on October 9, 1996. The groundwater samples were sent out to 

Cavendish Laboratory Ltd. for analyses. The chemical parameters analyzed include those 
specified in water licence IN #89-001, Schedule D and IN #89-002, Part G, Section 4 for the 

Faro and Vangorda Plateau minesite, respectively. The original groundwater quality data 

sheets were prepared by ARMC and are attached in Appendix E. The results for selected 

chemical parameters are shown in Table 6. The water quality data are briefly discussed site by 

site in the sections below. A more detailed discussion of groundwater quality at the Faro and 
Vangorda Plateau minesites, including water quality trends over time, is given in the Integrated 

Comprehensive Abandonment Plan (ICAP) for the Anvil Range Mining Complex (RGC Report 

No. 033001/3). 
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Table 6. 

Summary of initial groundwater chemistry data collected by Anvil Range Mining Corporation in 

1996 monitoring wells. 

2.4.1 Rose Creek Valley Aquifer 

Borehole BH 96-5 was drilled just downstream below the 1974 tailings berm from the tailings 
surface into the valley aquifer to replace the X21 monitoring wells which were destroyed in 1989 

(see Figure 2). The groundwater immediately below the tailings in natural aquifer material 

(MW96-B) shows a water quality typical of buffered acid rock drainage (ARD) (Table 6). The 

pH is near-neutral, sulphate concentrations are high (767 mglL) and dissolved metal 

concentrations are elevated (0.13 mglL zinc and 9.89 mglL Fe). The elevated concentrations 
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of sulphate and metals are most likely caused by recharge from tailings pore water infiltrating 

into the valley aquifer. The available data are inconclusive, however, as to whether the 

contaminants are introduced from the tailings located immediately above the monitoring well 

(i.e. in the lntermediate Impoundment) or from the older tailings located in the Original and 

Second Impoundments further upstream (Figure 2). No water quality data are available from 

the upper piezometer (MW96-5A) screened in the tailings above the original ground surface. 

The deep piezometer (MW96-5C) was completed in a gravel layer confined above by a low 
permeability silt layer. The very low concentrations of zinc, iron and sulphate in this layer may 

be a result of limited recharge from the upper contaminated aquifer. Alternatively, they could 

be a result of reducing conditions in this lower, confined aquifer causing a reduction of sulphate 

to sulfide and subsequent precipitation of zinc and other metals. The observed very low vertical 

(downward) hydraulic gradients favour the hypothesis of limited mixing of the upper and lower 

aquifers. 

Similar groundwater quality conditions were observed near the northern abutment of the 

Intermediate Dam, i.e. at BH96-4 which replaces the old monitoring wells of station X24 (Figure 

2). Again, the groundwater quality data indicate well-buffered ARD with elevated 

concentrations of metals (in particular iron) and sulphate in the upper aquifer (MWs 964A and 

96-48; see Table 6). Zinc concentrations are above background, but significantly lower than at 

MW96-5B), possibly as a result of greater distance from the source (oxidized tailings further 

upstream). 

At this location the sulphate concentrations are high even at greater depths (Table 6) 
suggesting that there is significant vertical mixing within the aquifer. Field observations of 

upward groundwater flow and the lack of a confining silt layer (as for example at BH96-5) is 

consistent with this contention. 

At the southern side of the lntermediate Dam, i.e. at BH96-3 which replaces the old monitoring 
station X25, the groundwater is less impacted by ARD than on the northern side. Here, the 

groundwater is typically more alkaline (pH - 8.0) and the sulphate concentrations are 
significantly lower than at any depth at BH96-4 (Table 6). Similar trends were observed in the 
past for monitoring wells installed at X24 and X25 (RGC, 1996). Several mechanisms could 

contribute to the higher contaminant levels in the northern side of the valley aquifer. First, the 

source of contamination may be greater on the northem side of the Rose Creek Valley, e.g. due 

to more reactive tailings andlor higher infiltration through the tailings. Second, the "contaminant 

plume" may be traveling slower on the southern side of the valley due to lower permeability 
material in this portion of the aquifer. Finally, groundwater on the southern side of the aquifer 

may receive recharge from the Rose Creek Diversion thus diluting any contamination 

introduced by seepage from the tailings. 
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2.4.2 Faro Rock Dumps 

Monitoring well MW96-6 was installed upslope of the Rose Creek valley below the toe of the 

lntermediate Dump (see Figure 2) screening a water-bearing layer of sandy gravel at a depth of 

approximately 18 m. The groundwater in this gravel layer down-gradient of the lntermediate 

Dump is slightly alkaline (pH = 8.00) and has an alkalinity of 228 m g L  This groundwater is 

relatively high in iron and zinc (3.53 mg/L Fe and 0.54 mg/L Zn). Presumably, the elevated metal 

concentrations observed in BH 96-6 are a result of oxidation of mine rock from the Intermediate 

Dump. It should be noted, that the concentration of sulphate is relatively low (106 mglL SO,) 

suggesting only limited neutralisation. 

Monitoring well MW96-7 was installed at the toe of the Intermediate Dump upslope near the 
drainage divide between North Fork and Far0 Creek (see Figure 2). At this location, the shallow 

groundwater is slightly alkaline (pH -7.7) and has an alkalinity of 160 mglL. Concentrations of 

sulphate and iron are elevated (882 mglL and 1.86 mglL, respectively) suggesting some influence 

of acid rock drainage. However, metal concentrations of Zn and Cu were below the detection limit 

suggesting that these metals are either not released from the dump areas draining towards this 

location or are immobilized in the soil profile. 

Monitoring wells MW96-8NB were installed in the lower Faro Creek valley southwest of the Main 

Dump (Figure 2). This valley is the main discharge point for seepage from the Faro rock dumps. 

Significant portions of the Main Dumps and the Northwest Dumps drain towards this valley. There 

is sufficient accumulation of dump seepage in this valley to maintain a small, perennial stream 

which emerges just below the Main Dump near the sampling station X23 (see Figure 2). This 

stream shows consistently high levels of zinc, sulphate and other oxidation products (RGC, 1996). 

As expected, the shallow groundwater in the lower Faro Creek valley is impacted by acid rock 

drainage showing high sulphate and elevated zinc concentrations both in the upper piezometer 

(MW96-8A) and in the lower piezometer (MW96-88) (Table 6). The pH is slightly acidic (pH -6.3) 
but alkalinity values are relatively high (484-702 mglL). There is a notable vertical gradient in zinc 

concentrations with high concentrations in the upper sediments (16.1 mglL) and lower 

concentrations near the sediment-bedrock interface (2.37 mg/L). The water quality of shallow 

groundwater in the upper valley sediments is very similar to that of the near-by stream (e.g. -23 

mgIL Zn measured at X23) suggesting that there is a hydraulic connection between the stream 
and the groundwater. 

2.4.3 Grum Rock Dump 

Monitoring wells MW96-9NB were installed in a small valley next to a tributary to Grum Creek 

which drains the central portion of the Grum Dump (Figure 3). The groundwater quality in the 

upper, unconfined layer (MW96-9A) shows no signs of acid rock drainage. The shallow 

groundwater has a pH around 8.0 and an alkalinity of 178 mg1L. The concentrations of 
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dissolved metals are very low (iron -0.23 mglL and Zn < 0.01 mgk). Sulphate concentrations 

are also low (54 mglL) suggesting that there has been little or no release of contaminated 

seepage from the Grum Dump to date. 

The groundwater quality in the lower confined sand layer (MW96-9B) is similar with pH at 8.2 

and an alkalinity of 87 mglL. Sulphate concentrations are somewhat higher (156 mglL) but 

dissolved iron and zinc are both very low (Fe = 0.19 mglL and Zn < 0.01 mg1L). 

3. Summary and Recommendations 

A total of 17 monitoring wells were installed during the 1996 drilling program at the Anvil Range 

Mining Complex. 

Eleven monitoring wells were installed in the Rose Creek tailings area, nine of which replace 

older (destroyed) monitoring wells which are required sampling stations as part of the existing 

Faro water licence (IN #89-001, Schedule D): 

Water Licence Station Monitoring Well 

X21 AIBIC MW96-5AIBIC 

X24AIBICID MW964AIBICID 

X25NB MW96-3AIB 

These monitoring wells should be sampled for groundwater quality according to the 

specifications laid out in the existing Faro water licence. A semi-annual sampling interval is 

recommended. 

Two monitoring wells were screened in the toe drain of the lntermediate Dam (MW96-1 and 
MW96-2) to monitor the piezometric conditions at the base of the dam. Readings of 

piezometric head (water level in piezometer) should be taken at least at a semi-annual interval 

in these piezometers. 

A total of four monitoring wells (MWs 96-6, 96-7 and 96-8AIB) were installed downstream of the 
Faro Rock Dumps (Intermediate and Main Dumps including Sulphide Cells). These monitoring 
wells are intended for monitoring seepage quality draining from the rock dumps. They 

complement the existing monitoring wells located in the North Fork Rose Creek ("BH series") 
and downstream of the lntermediate Dump ("Sulphide series"). Monitoring of seepage quality 

downstream of the Faro Rock Dumps is an integral part of the closure plan philosophy for this 

site, i.e. "collect and treat^ (RGC, 1996). It is recommended to monitor groundwater quality in 

these new monitoring wells in a semi-annual interval. The suite of chemical parameters 
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analyzed in the first round of sampling (see Appendix E) is sufficient for an evaluation of ARD 

development at the site. 

It is further recommended to survey the position of these new monitoring wells (location as well 

as elevation of top of piezometer) to allow a more detailed interpretation of flow patterns, in 
particular any hydraulic connection between the shallow groundwater and the near-by creeks. 

Two monitoring wells (MW96-9NB) were installed downstream of the Grum Rock Dump in a 

narrow valley of a small tributary draining towards Vangorda Creek. These wells are intended 

for monitoring seepage quality draining from the Grum Main dump and specifically the Sulphide 

Cells. The permeable sand and gravel layers in this area are more likely to transmit 

groundwater downstream than the valley slopes where only a thin veneer of low permeability till 

is present. Hence these monitoring wells could serve as early indicators of potential 

development of ARD in the shallow groundwater. Continued monitoring of groundwater quality 

in these boreholes is recommended to detect any potential ARD well before it reaches the 

downstream receiving waters. A semiannual sampling interval is recommended. 
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