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Effect of Open Pit Mine Dewatering and Cessation on a Semi-arid River Flows

Tom Myers, PhD, Hydrologic Consultant, Reno NV

Abstract

Open pit mining that extends below the groundwater table captures groundwater and can cause a very
large change to groundwater relations. At mines in northern Nevada, groundwater levels near open pit
mines have been lowered as much as half a kilometer (km) and drawdown has extended 80 km from the
pit. As pit lakes fill after mining ends, groundwater flows into the pit forming a lake. At the Lone Tree
Mine along the Humboldt River in northern Nevada, surface water flow gages above and below the mine
allow an assessment of the amount of water lost from the river due to end of dewatering. At the Lone
Tree Mine, water level measurements verifies a connection between bedrock and alluvial aquifers.
Double mass curve analysis indicates that 217 Mm? of water was lost to the river since dewatering
ceased to help recover the aquifers from dewatering. This would could have replenished either the
bedrock or alluvial aquifer drawdown or gone directly to the pit lake, which currently totals about 62
Mm?3, Patterns of groundwater level recovery suggest that water is drawn toward the recovering pit
lake from a distance in the bedrock, although the flow into the filling pit lake is certainly supplemented
by leakage from the alluvium through vertical fractures into the bedrock. River flow losses due to
dewatering continued long after mining ceased during times when river baseflow is most important due

to the lack of mine dewatering discharge into the river.

Introduction

River channels and their associated riparian areas in semi-arid regions are foci of biodiversity and

pathways for sediment and biota to pass up- and down-gradient, through a watershed (Newman et al.
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2006, Poff et al. 1997). This is especially true in semi-arid regions (Newman et al. 2006; Fisher et al.

1998, Grimm and Fisher 1984).

Although not the only ecologically important flow factor (Poff et al. 1997), river baseflow primarily
consists of groundwater discharge (Bekkam et al. 2013, Fleckenstein et al. 2006, Cherkauer 2004). In a
large watershed, there may be two or more scales to the watershed contributing the recharge (Currell et
al. 2014, Woessner 2000, Winter 1998) which would significantly affect how various development
projects affect the discharges that support baseflow. Baseflow depends on the extent of the basin
contributing to the groundwater discharge at any given time and during the lowest flows it is likely that
only a portion of the basin is contributing (Myers 2016). Additionally, late season baseflow often
depends on return flow from near-river irrigation recharge of the floodplains to the extent that the
higher late-season flows have become considered as normal (Bredehoeft and Kendy 2008, Kendy and

Bredehoeft 2006).

Management activities near rivers can obviously greatly affect the river flows (Walker et al. 2014,
Bekkam et al. 2013, Kendy and Bredehoeft 2006). Groundwater pumping near rivers draws water from
those rivers, as has been understood for a long time (Glover and Balmer 1954, Theis 1941) but can be
very complicated (Ordonez et al. 2015, Woessner 2000, Winter 1998). Complexity of the alluvial aquifer,
caused by both placement and reworking of sediments by fluvial action (Woessner 2000), causes the
interactions of surface and groundwater to be complicated such that the simple relations (Newman et
al. 2006, Glover and Balmer 1954, Theis 1941) rarely precisely describe the changes. Connections
between fractured bedrock and a thin alluvial surface aquifer can be very complicated (Ordonez et al.

2015) especially due to stresses such as mine dewatering to the underlying bedrock.

Open pit mining that extends below the groundwater table captures groundwater and can cause a very

large change to groundwater relations (Currell et al. 2014) in the watershed. If far from the river, open
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pit dewatering will capture recharge that may have reached the river as baseflow in the future (Walker
et al. 2014). Close to a river, however, mine dewatering could reverse hydraulic gradients in the water
table and if directly connected to the river, draw water from it. Dewatering may be the largest stress
that can occur to an aquifer due to the area, depth, and volume of the pits which must be kept dry.
Plume (2005) documented substantial drawdown in bedrock being dewatered and substantial mounding
in alluvium into which dewatering water was disposed either as a replacement for irrigation water or
seepage of water discharged into a previously intermittent stream in northeastern Nevada.
Groundwater levels at the Goldstrike Pit on the Carlin Trend of northeast Nevada had been lowered
almost 490 meters (m) by 2003 in response to the removal of about 900 M3m of groundwater (Plume
2005). BLM (2000) projected that a minimum of three m of drawdown from cumulative dewatering of
three mines near the Carlin Trend would extend 80 kilometers (km) from the mines covering 5000 km?,
encompassing 200 springs, and affecting baseflow in seven streams. Pits that intercept high
transmissivity aquifers or highly conductive fault zones draw very large amounts of groundwater to

lower the water table beneath the pit (BLM 2000).

Mine dewatering groundwater impacts do not end when pit dewatering ceases because of the deficit
created in the groundwater system. Groundwater returns to dewatered pits, causing the water table to
recover and forming a pit lake (Castenyk and Eary 2009). The rate of pit lake formation depends on the
rate of groundwater inflow (Niccoli 2009, Davis et al. 2006, Dowling et al. 2004, Marinelli and Niccoli
2000). Natural pit lake recovery can take from decades to as long as 500 years to reach their long-term
relatively steady state level due to the need to also replenish water to the empty pores of the
surrounding dewatered overburden, the increasing evaporation as the pit lake grows and the area
expands, and the larger lake volume per unit depth increase (Dowling et al. 2004, BLM 2000). Myers
(1997) estimated that the total ground deficit to be created by mine dewatering in the Humboldt River

Basin of northern Nevada (Figure 1) would eventually equal 4934 Mm? while the total volume of
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groundwater stored within 13 km of the Humboldt River, in the top 30 m, is just twice that amount. This
is in addition to the volume of the drawdown cone. As a pit fills with water and a pit lake forms, the
extent of the drawdown cone continues to increase while the drawdown at the pit decreases (Nicolli

2009, Plume 2005).

A significant question asked for most open pit mines concerns how the mine dewatering and pit lake
development stresses will affect nearby groundwater-related features including wells, springs, wetlands,
and groundwater seepage supported baseflow in rivers (BLM 2000, Myers 1997). Although mine pits
excavate bedrock to reach the ore, much of the water removed from the bedrock emanates from the
alluvium due to downward leakage, as documented at the Sleeper Pit in northern Nevada (Dowling et al.
2004). Numerical and conceptual models developed to simulate mine dewatering and pit lake
development provide estimates of drawdown caused by these stresses and must deal with these

complexities (Davis et al. 2006, Dowling et al. 2004, Myers 2001).

While there has been some short-term verification of estimated groundwater levels, there has never
been a study published that estimates the amount of streamflow loss in a river reach that can be
attributed to mine dewatering. There are various reasons for this, including the complexity of the
groundwater/surface water relations in a floodplain especially underlain by fractured bedrock (Ordonez
et al. 2015) and the coincidence of mine dewatering with other stresses including drought, agricultural
pumping, and even the discharge of mine dewatering water near where drawdown could be affecting a
river. Stresses near a river are cumulative and estimated using superpositioning (Kendy and Bredehoeft

2006, Wallace et al. 1990) but separating the components can be difficult.

The Lone Tree Mine in the middle portion of the Humboldt River Basin in northern Nevada (Figure 1)
provides an excellent opportunity to consider the effects of mine dewatering on a river. The pit was

excavated to more than 300 m below the bottom of the river just three km away. It operated for about
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14 years and has been forming a pit lake since 2007. Gaging stations have operated for decades both up
and downstream of the mine, providing an estimate of flow rates through the reach potentially affected

by mine-related stresses.

The purpose of this paper is to estimate the amount of river flow lost through the reach adjacent to the
Lone Tree Mine due to the formation of a pit lake in that mine since dewatering ceased in 2007. While
dewatering was ongoing prior to 2007, much of the discharge was to the river within the same reach
which complicates the flow record and renders estimates of flow losses due to dewatering impossible to
determine. Recovery of the groundwater in both alluvial and bedrock wells is considered in relation to

the changes in flow through the reach.
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Figure 1: Site map showing the Humboldt Basin and study area subbasins in the middle part of the

Humboldt Basin. The Humboldt River flows east to west through the central portion of the basin.

Subbasin names for the numbers given by the Nevada Division of Water Resources (2015).

Method of Analysis

Humboldt River Basin

The Humboldt River flows from east to west across northern Nevada and the Great Basin, from the
Independence and Ruby Mountains to the Humboldt Sink (Figure 1). The Great Basin is an area of
internal drainage (Grayson 1993), where no surface water flows to the ocean, and the Humboldt River

basin is the largest river basin contained solely in Nevada (Nevada Division of Water Planning 2000).
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Total recharge in the basin is about 275 Mm?3 per year based on methods in Flint and Flint (2008, 2007).
About two-thirds of this recharge occurs in the eastern half of the basin where precipitation is higher
and the geology is more receptive to infiltration due to the presence of carbonate rock (Maurer et al.
2004). Groundwater discharges into wetlands, springs or streams near the middle of the valleys
providing baseflow to the river (Plume 2005, Prudic et al. 2005, Berger 2000). Much of the river flow is

runoff which recharges the alluvium, maybe in addition to the mountain recharge.

Six mines within the Humboldt River basin have pumped almost 3760 Mm? of groundwater through
2014 to keep their pits or underground mines dry (Figure 2). Averaged over 24 years, the dewatering
rate had been about 157 Mm3/y. The water has been disposed by discharge to surface water, primarily
the Humboldt River or a nearby tributary, returned to the basin of origin either through reinfiltration to
nearby aquifers or by replacing existing irrigation water supplies, or consumptively used, mostly in

mining and milling operations.
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125  Figure 2: Annual dewatering rate for six primary dewatering mines in the Humboldt River Basin. See

126  Figure 1 for their location. Data provided by the Nevada State Engineer.

127  Study Reach Hydrogeology

128  The Lone Tree Mine was constructed and operated near the river in the middle of the middle Humboldt
129  River Basin of northern Nevada. Hydrogeology based on Maurer et al. (2004) (Figure 3, Table 1) is

130  complex but several trends are apparent. Most surface deposits in the two basins near the mine are
131 unconsolidated, including fluvial deposits along the river and extensive alluvial slope deposits around

132 most of the mountains (Figure 3). While extremely variable (over six orders of magnitude), fluvial
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deposits have the largest conductivity values and alluvial slopes have a moderate conductivity
dependent on position along the slope. Clastic deposits bound the west and south portions of the study
area with volcanic, both andesite and basaltic, flows on the east side. Carbonate and intrusive rocks
outcrop in several areas especially on the south and east side. Carbonate rock is the most conductive

consolidated rock if fractured and clastic and intrusive rocks tend to have low conductivity.

*
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Figure 3: Map of hydrogeologic formations (Maurer et al. 2004), monitoring wells, and river gaging
stations for the middle Humboldt River basin, including the Clovers Area and Pumpernickel Valley.
Hydrogeology formations described in Table 1. Gaging stations HR at Comus NV (#10327500), HR at

Valmy NV (#10327000), and HR at Battle Mountain NV (#10325000).
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Table 1: Description of hydrogeologic formations as shown in the legend on Figure 2. (Maurer et al.

2004).
Formation Description
Clas/SandSilt Clastic rocks
Carb-Clas/Carb Carbonate rocks
Ts Tertiary fine-grained semiconsolidated sediments
Qas Alluvial slope
Qf Valley floor
Qp Playas
Int Intrusive
Brec/Tuffs/Old V | Volcanic breccias, tuffs, and volcanic rocks older than Tertiary
Bas Basaltic volcanic flows
Rhy Rhyolitic volcanic flows
Qflv Fluvial
And Andesite

Hydrology

The Humboldt River study reach is from the Battle Mountain to the Comus gage (Figure 3). These gages
have operated from 1946 through the present with a gap from 1982 to 1991 for the Battle Mountain

gage. Both gages are rated as “fair” by the US Geological Survey (http://nevada.usgs.gov/water/). The

gap includes the highest flows of record at the Battle Mountain gage (Figure 4), so the difference in the
averages for the gages for the entire period of record is not meaningful. The average for the entire
period at the Comus gage is 310 Mm3/y while the average annual flow for the joint period of record is
317 and 275 Mm?3/y for the Battle Mountain and Comus gages, respectively, for an average 37 Mm?3/y
loss through the reach. The Valmy gage operated from 1951 through 1958 and had an average flow of
269 Mm?3/y while Battle Mountain and Comus had 293 and 259 Mm?3/y, which indicates the loss from

Battle Mountain to Comus during the overlapping period of record was spread along the reach.

The annual flow hydrograph for the Comus gage shows several periods with alternating high and low

flows. The highest flows of record peak at over four times the average between 1982 and 1986, with
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other high flow periods between 1995 and 1999 and 2005 to 2006 (Figure 4). The consistently lowest
flows of record occurred from 1959 to 1961, 1987 to 1994, 2000 to 2004, and 2007 to 2010 (Figure 4).

The flow in years 2013 and 2014 are near the lowest of record.

River flow should reflect the antecedent moisture in the area, as represented by the Palmer Drought
Index (PMDI) (Palmer 1965). The study area is split between two climatic regions, the northeast and
northwest Nevada regions (Figure 1), for which there are published PMDI values since 1895. PMDI since
1945 (Figure 5) varies similarly between the areas but also have some differences, with wetter
conditions prevailing in one region as compared to the other. The obvious driest periods are from 1953
—55,1959-61, 1987-93, 2000-03, and 2012-15. The lowest PMDI values occurred in 2012-15, with 1959
-61 and 1953-55 being a close second and third. The PMDI actually reached higher values for longer

during 1995-99 than during the 1982-85 period (Figure 5), which had by far the highest flows (Figure 4).

Mine Dewatering

The Lone Tree Mine (Figure 1), for which mine dewatering ceased in 2006, pumped the second largest
amount of water for dewatering, more than 965 Mm? between 1991 and 2014, in the entire basin, with
906 Mm? having been pumped by 2006 (Figure 6). More than 57% of that pumped, 554 Mm?, was
discharged to the river (Figure 6). Dewatering rates were near the annual river flow during some of the

low flow years in the late 1990s (Figure 4).
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177  Figure 4: Annual flows and Lone Tree Dewatering since 1945 for three gaging stations along the study

178 reach.
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Figure 5: Palmer drought index (PMDI) for northeast and northwest Nevada. PMDI from

http://wwwl.ncdc.noaa.gov/pub/data/cirs/climdiv/
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Figure 6: Annual dewatering pumpage and its disposition for the Lone Tree Mine. Valmy Powerplant
is water sent to a nearby powerplant to replace its usual cooling water source and infiltration is

dewatering water that has been infiltrated into alluvium west of the mine.

Methods of Analysis

The analysis attempts to explain the relation of changes in flow within the study reach to the inflow to
the reach. Changing relations suggest changes in conditions within the reach. The analysis techniques
involved a double mass curve analysis (Singh 1989) of the difference in flows between the up and
downstream gages in the reach and the river inflow to the reach, the Humboldt River at Battle Mountain
gage flows. The double mass curve plots the cumulative difference between gages versus the
cumulative flow into the reach. The analysis is for two periods, 1946 to 1981 and 1993 to 2014, because
of breaks in the period of record. The double mass curves were broken into segments of differing slope

based on observation of the curves with segments compared to assess differences.
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Time series of groundwater levels for wells from the three primary groundwater basins near Lone Tree
were obtained electronically from the Nevada State Engineer (NSE), who monitors groundwater levels
on many wells throughout the basin (http://water.nv.gov/data/waterlevel/). Many observations are
collected annually in the spring prior to irrigation season. The mining company at Lone Tree also has
maintained monitoring wells near and for a distance from the mine commencing prior to mine
dewatering for the purpose of monitoring the effects of dewatering. The mine discontinued many
monitoring wells in 2008, but at least 44 have been monitored until 2013 or later (Figure 3, Table 2).
Water level hydrographs were prepared for these wells to aid in assessing the patterns of drawdown
and recovery. The objective is consider how changes in the flow relationship within the reach compares

to the groundwater levels.

Table 2 : Monitoring wells with hydrographs presented in this paper. See Figure 3 for the location.

Upper and lower interval are the top and bottom of the screen in meters below ground surface.

Well Upper Lower Lithology | Figure
interval (m) | Interval (m)

M/o 14-2 261 279 Bdrk 9a

RM 17-6A 56 87 Alluv 9a

M/0 11-2 251 319 Bedrk 9a

M/0 13-1 17 46 Alluv 9a

OW-9A 8 61 Alluv 9a

M/O 7-1B 265 301 Bedrk 9%

M/O 35-15-1B | 573 591 Bedrk 9c

M/0O 35-15-1A 49 55 Alluv 9¢

Claim Post <20 Alluv 9¢c

Interchange <20 Alluv 9¢c

CP-1 3 6.1 Alluv

CP-2-CP-7 1.5 3.6 Alluv

M/0 3-1A 6.1 12.2 Alluv

M/o 3-1B 129.5 135.7 Bedrk

M/O 7-1B 265 301.5 Bedrk

Brooks Spring 38.4 168.3 Bedrk 9b

M/O 43-18-1 182.9 243.9 Bedrk 9d
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M/0 34-27-1A 42.7 61 Alluv 9d
M/O 34-27-1B 176.8 201.2 Bedrk 9d
M/O 35-29-1A 48.8 54.9 Alluv 9d
M/O 35-29-1B 130.5 426.8 Bedrk 9d
M/O 36-25-1B 130.5 341.5 Bedrk 9d
M/O 384429-01 | 58 73.2 Alluv 9d
M/0 13-1 16.8 45.7 Alluv 9d
Jacobsen #1 54.9 125 Alluv 10a
Jacobsen #2 45.7 140.2 Alluv 10a
Woods #4 51.9 173.8 Alluv 10a
Jacobsen #3 59.1 194.2 Alluv 10a
Johnson #2 Alluv 10a
Johnson #1 42.7 75.3 Alluv 10a
Tipton #2 27.4 102.1 Alluv 10a
Tipton #1 50.3 91.5 Alluv 10a
Jacobsen #4B Alluv 10a
Allen Rd #2 29.2 73.1 Alluv 10b
Allen Rd #1 Alluv 10b
Wilson DLE Alluv 10b
Malone Well 36.6 82.3 Alluv 10b
Potter Well 28.7 58 Alluv 10b
CP-1to CP-7 1.5 4.6 Alluv 10c

Results and Discussion

Flow Loss between Battle Mountain and Comus

The double mass curve has a relatively consistent slope between 1946 and 1981, with one year periods
in 1952 and 1969 during which the flow actually increased within the reach (Figure 8). Three time
periods stand out as having regular slopes (Table 3), 10/1/1946 through 1/1/1952 at -0.21, 4/1/1953-
3/1/1969 at -0.16, and 4/1/1970 — 9/1/1981 at -0.21. The slope is the proportion of water entering the

reach that is lost through the reach. For the entire period between 1946 and 1981, the slope was -0.16
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with the change per year equal to -40.8 Mm3/yr. The year-long periods during which flow actually

increased, 1952 and 1969, were wet years (Figures 4 and 5).

The period since 1993 has a substantially different slope than the earlier period (Figure 8). For the
period from 1993 to 2014, the slope was -0.14 or -44.0 Mm3/yr. Three apparent slope changes occur
between 1993 and 2014 with a transition between 3/1/2006 and 12/1/2007 (Figure 7 and Table 2).
Cumulative mass graphs such as this show changes in slope at points in time representative of a change

in conditions within the reach that could lead to a change in loss rates between the gages.

The 1993 through 1997 period has a slope very similar to 1970 through 1981 although it follows the
1986 through 1994 low flow period and overlaps the first part of the Lone Tree mine dewatering
discharge period (Figure 4). The dewatering discharge rates during those years are much less than occur
after 1998 (Figure 4) so the discharge essentially made up for the antecedent dryness. Beginning in
1997, river flows were high and mine dewatering discharges were high (Figure 4) so through 2006 the
reach lost little flow. The dewatering discharge apparently more than compensates for flow lost in the
reach to dewatering-related drawdown during this period. After 2007 when the dewatering discharge
ceased and the pit lake began to fill, losses through the reach became much higher as a proportion of
inflow at -0.39 than during any other period. The steep slope after 2006 coincides with the period after
mine dewatering ceased. It is substantially steeper than the period from 1943 through 1981 (Figure 6)

and does not follow a drought (Figures 4 and 5).
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lines show differing slopes for portions of the cumulative mass curves. See Table 3 for the slopes of

the various segments.
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Table 3: Double mass curve analysis for the study reach. Cumulative flow at the HR at Battle
Mountain gage and cumulative difference between the HR at Comus and HR at Battle Mountain
gages, with the curve segments expressed as a loss per year and loss per Mm? of inflow at the HR at
Battle Mountain gage. All volumes in Mm3. See Figure 7 for the double mass curves for each time

period.

Date Cum BM Cum
Flow Diff Loss/yr | Loss/Mm3
10/1/1946 6.55 0.04
4/1/1952 1185.93 | -245.66 -44.64 -0.21
4/1/1953 1730.62 | -222.47 23.19 0.04
3/1/1969 4661.09 | -692.28 -29.50 -0.16
4/1/1970 5185.71 | -639.92 48.26 0.10
9/1/1981 8950.33 - -68.81 -0.21
No data between 1981 and 1993
10/1/1993 2.02 1.06
5/1/1997 1508.80 | -245.02 -68.67 -0.16
3/1/2006 4501.00 | -357.53 -12.73 -0.04
12/1/2007 5389.97 | -491.55 -76.43 -0.15
9/1/2014 6480.85 | -919.52 -63.35 -0.39

Between 1997 and 2006, the dewatering discharges offset losses within the reach, whether natural or
caused by dewatering induced drawdown. After 2006, the reach lost water at a rate almost twice as
fast as any period since 1946. Assuming that the period from 1970 to 1981 represents a baseline for the
area that accounts for irrigation pumpage (Prudic et al. 2005), the slope from that time period is the
expected slope without substantial groundwater pumping, mine dewatering, and large floods (Table 3).
The difference in slope between that period, -0.21, and the 2007 through 2014 period, or -0.18, is the
proportion of inflow to the reach likely lost to replenishing mine dewatering deficits (Table 3); the total
for seven years is 217 Mm? (176,000 af). Dewatering actually ceased in 2006, but that was a high flow

year (Figure 4) and losses due to dewatering deficit replenishment as a function of flow rate are not
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apparent even though there was a large loss during that period (Figure 7, Table 3). The estimate

therefore of water loss due to replenishing the deficit may be low.

Groundwater Levels

The Lone Tree pit drew groundwater down to 1085 m amsl from a groundwater elevation of 1380 m for
drawdown of about 295 m (Figure 8a). The total deficit created in the groundwater through 2006 is the
difference between total discharge and the amount infiltrated, assuming all of the infiltrated water is
available to replenish deficits, or 833 Mm3. The response of groundwater levels in monitoring wells in
proximity of an open pit depends on distance from the pit and the completion depth and formation of
the well. Water level monitoring was too inconsistent to develop an accurate drawdown map, in that
many original wells went dry and many wells were added during operations after there was already

drawdown present at the well.

Deep well M/O 14-2 just south of the pit recovered at almost the same water levels as the Lone Tree Pit
(Figure 8a). Well RM 17-6A about 6 km southwest of the pit experienced about a 30 m increase in water
level (Figure 8a) due to a nearby infiltration basin. Water levels in shallow well OW-9A, located 1.9 km
north of the Lone Tree Pit near the river dropped about 6 m between the early 1990s and 2007, after
which its water levels stabilized but did not recover by 2014. Water levels in well M/O 11-2 two km
west of the pit declined about 40 m between 1999 and 2006 (Figure 8a). Its recovery lagged almost a

year after dewatering ceased, but by 2014 had mostly recovered.

Wells M/0O-3-1A and -1B are paired shallow and bedrock wells about 3.6 km northwest of the Lone Tree
Pit (Figure 3, Table 2). The bedrock well declined due to approximately 1158 m amsl and recovered
rapidly after 2006 due to high conductivity northwest of the pit (Figure 8b). The shallow well started in
1998 at its highest level probably reflecting the high flows of the late 1990s. The water level then

dropped until 2001 after which it fluctuated about 5 m. The level dropped several meters from 2007
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through 2014 which could reflect water being drawn from alluvium into the bedrock to replenish
storage losses or the lesser amounts of flow in the river during low flow periods due to the loss of
dewatering discharges. Brooks Springs, located about 8 km west of the Lone Tree Pit (Figure 3) and
screened from 38 to 168 m bgs experienced over 24 m of drawdown since the beginning of drawdown;
it went dry in 2002 and only showed water in it again in 2013 (Figure 8b). Nearby well M/O 7-1B
declined in parallel until about 2001 after which levels did not decline until after 2007 when they
declined about 20 m. In 2009, it commenced recovery and has reached within 5 m of its starting level by

2014.

The very deep bedrock well M/0 35-15-1B 8 km north of the pit had drawn down more than 180 m by
the end of dewatering, but levels were still about 80 m above the bottom of the pit (Figures 8c and a).
Considering its very deep screened interval (Table 2), dewatering apparently affected bedrock water
levels more than 150 m below the pit bottom. At the same time, the shallow M/O 35-15-1A declined
less than 15 m while approximately the same distance from the pit to the northwest, even shallower
Claim Post Well and Interchange Well experienced almost no decline during dewatering but declined

about 2 m after dewatering ceased (Figure 8c).

Deep bedrock wells southeast of the mine display significant drawdown due to mine dewatering with
the depth of drawdown being inversely proportional to distance from the mine. Well M/0 43-18-1,
about 2.5 km SW, declined over 100 m, while wells further away, M/O 34-27-1B (8.6 km) and M/O 35-
29-1B (14 km), experienced lesser, but still substantial declines (30 and 20 m, respectively) (Figure 8d).
These drawdown levels did not reach their full depth until up to two years after mine dewatering ceased
(Figure 8d). The alluvial well at M/O 34-27-1A declined about 20 m and had barely begun to recover
while that at M/O 35-29-1A was not apparently affected by drawdown but declined several meters

beginning in 2011 (Figure 8d). Well M/O 36-25-1B, about 19 km northeast of the pit, also declined at



301 least 30 m with recovery beginning shortly after the end of dewatering. No drawdown reached to well

302 MO-388429 40 km to the north (Figure 8d).

303 Shallow wells in southern Pumpernickel Valley (Figure 3) do not show trends related to mine dewatering
304  along the Humboldt River nor related to wet/dry periods (Figure 9a). A series of wells completed in

305 various levels from approximately 30 to 80 m bgs about 30 km southeast of the mine and 4 km from the
306 river have shown relatively consistent declines since the late 1990s (Figure 9b). The declines have been
307 from 1 to about 5 m, with more decline in wells screened deeper near the mine. Wells CP-1 — CP-7 are a
308 cluster of shallow wells along the Humboldt River northwest of the pit (Figure 3) and just downstream
309 from the mine’s dewatering discharge point. With the exception of CP-1, all are screened shallowly

310 (Table 2). Water levels fluctuated seasonally and with time, however they reached their lowest level in
311 2008, the last year they were sampled, two years after dewatering ceased (Figure 9c). This suggests
312 their water levels were supported by dewatering discharge in the Humboldt River seeping into the

313 alluvium. After that river flow decreased, there would have been a consistent period during late

314  summer baseflow periods during which water would have returned to the river.

315 In summary, bedrock groundwater levels were drawn below the top of the bedrock, which changes the
316  bedrock aquifer from confined to unconfined. The lagin recovery of bedrock wells more than a couple
317  of km from the open pit is also evidence of an unconfined aquifer, suggesting that recovery requires
318  vertical seepage from the overlying alluvium rather than lateral flow from further in the aquifer.

319 Dewatering drawdown in the bedrock have extended to near the boundary of the aquifer which limits

320 the water source for recovery.

321



1360

1400 c
1340
’_\—”—_—.
1350 1320
=
£ 1300
1300 £
= a
'% g 1280
E ®
3 1250 3 1260
k- o
g 3
S 1200 < 1240
° 3
3 2
3 S 1220
G 8
1150 &
1200
1100 N 1180
1050 1160
6/11/1991 6/10/1995 6/9/1999  6/8/2003  6/7/2007  6/6/2011 9/27/1997 9/26/2001 9/25/2005 9/24/2009 9/23/2013
—M/0 14-2 —RM 17-6A —Lone Tree Pit Lake —M/O 11-2 —M/O 13-1 —OW-9A Claim Post Well —M/O 35-15-1A —M/0 35-15-18 Interchange Well
1400 1380

1350 1360
1300 s NS \\

g 5
3 £ 1340
K = ©
3 al £
F: E S
o / >
3 / w 1320
€ 1250 \ g 5 ™~
& - g
g ! £
f;’ \ 3
S 1200 \ p1300
= A (U]
= \

TS0 1280

1100 1260

9/19/1991 9/17/1997 9/16/2003 9/14/2009 9/13/2015 8/19/1993  8/18/1999  8/16/2005  8/15/2011  8/13/2017
—MOIIA —MOBIE —M/DT-18 —Brooks SeHing —M/0 43-18-1 —M/O 34-27-1A —M/O 34-27-18 —M/O 35-29-1A

—M/0 35-29-1B M/O 36-25-1B —MO 384429-01 —M/0 13-1

322

323  Figure 8: Hydrographs of wells completed in near or in bedrock affected by drawdown at the Lone Tree

324  Mine. See Figure 3 for location and Table 2 for completion depth and lithology.

325
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Figure 9: Hydrographs of shallow wells within the three basins affected by drawdown at the Lone

Tree Mine. See Figure 3 for location and Table 2 for completion depth and lithology.

Discussion

The double mass curve analysis indicates that 217 Mm?3 of water was lost to the river since dewatering
ceased to help recover the aquifers from dewatering. This would could have replenished either the
aquifer or gone directly to the pit lake, which currently holds about 62 Mm?3 of water

(http://elkodaily.com/mining/a-new-life-for-newmont-s-lone-tree-mine/article e48c3bcl-d1d1-5ba6-
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alab-7c5d4bd13a77.html), or is about two-fifths full. The patterns of groundwater level recovery

suggests that much of the water is leakage from the alluvium which is reflected in the water lost to the

river.

Changes in the basin between the gages are responsible for slope changes in the double mass curve.
Although the rate of increase was gradual, the study area basins experienced a substantial increase in
irrigation wells that likely increased the flow gradient from the river and explains the changes occurring
beginning in 1971 (Prudic et al. 2005). Pumping would have caused more surface water flow to enter

the alluvium near the river to replenish groundwater storage.

Mine dewatering caused substantial drawdown in the bedrock, which responds quickly as a confined
aquifer. In some areas recovery began quickly, but in others recovery lagged up to two years. This
reflects the recovery near the pit being affected by flow from further away in the bedrock aquifer.
Bedrock groundwater levels near the pit recovered by pulling groundwater from further away in the
bedrock. Drawdown was seen up to 20 km from the mine, where recovery was slower or even lagged a

few years.

Mine dewatering affected water levels in bedrock not only at the level of the pit but also several
hundreds of meters below the bottom of the pit. This suggests vertical fracture connections among
bedrock levels that allows dewatering stress to propagate vertically. It suggest the vertical anisotropy is
close to 1. It also indicates that pumping stresses are not necessarily limited to the same strata as the

dewatering wells.

Vertical fractures within the bedrock would connect to the overlying alluvium. As dewatering lowered
the potentiometric surface in the bedrock, water drawn from the alluvium caused drawdown in alluvial

wells. Some wells far from the river went completely dry suggesting the alluvium became desaturated.


http://elkodaily.com/mining/a-new-life-for-newmont-s-lone-tree-mine/article_e48c3bc1-d1d1-5ba6-a1ab-7c5d4bd13a77.html

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

Others would have been replenished by drawing from the river, although this could only be documented

as the pit lake filled due to monitoring limitations.

Alluvial aquifer groundwater levels responded in ways that reflected both leakage to the bedrock
aquifer and recharge to alluvium from high dewatering discharge. Alluvial wells at distance from the pit
could have been affected only by a pressure decrease in the underlying bedrock because the alluvium
desaturated near the pit during dewatering. Alluvial drawdown was due to leakage to bedrock, except

very near the where the alluvium could have discharged directly to the pit.

Dewatering discharge to the river had increased water levels in near-river shallow groundwater, as
reflected in the cluster of wells near the discharge point. The infiltration basins added water to
groundwater storage and helped offset drawdown near the infiltration basin. However, there is no data
to support the idea that the stored water actually replenished river flow, although the mound at well

MW 17-6a dissipated over a several year period.

The pit lake is about two-fifths full as of 2015, and it is therefore a reasonable question is how much
more river flow will be lost to replenish groundwater deficits and the pit lake. As the pit fills, the
gradient towards it decreases and because the pit area is larger on top, the volume required for a unit of
recovery substantially increases. The loss rate of water as a function of the average inflow to the reach
from 2007 through 2014 has been constant (Table 2) so it is reasonable to expect a continuation of that
loss rate until conditions controlling the loss change. Recovery resembles flow in an unconfined aquifer
since the water levels fell below the bottom of the alluvium and pores must be resaturated for recovery
to occur. Much recovery would be due to leakage from the alluvium, the rate of which would effectively
be based on a unit gradient due to the lost hydraulic connection with the bedrock aquifer. Recovery
driven by lateral flow is limited due to the aquifer being dewatered for a long distance from the pit. A

large flow year would likely replenish the alluvial groundwater rapidly and decrease losses to the river
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but would not cause a significant increase in the rate that bedrock water levels rise. River flow losses
will continue with variations based on the water level in the alluvium. During dry years for which the
alluvial aquifers have not been replenished with flood waters the flow to the river will be affected more

than during years with temporary high groundwater level due to high flows.

Artificial recharge, or irrigation recharge, near a river potentially depleted by stresses can alleviate those
stresses if appropriately placed (Bredehoeft and Kendy 2008, Kendy and Bredehoeft 2006). The
infiltration basins near Lone Tree caused groundwater mounding while the basins operated. Their

subsequent dissipation reflects how groundwater moves to replenish drawdown deficits elsewhere.

Conclusion

Mine dewatering at the Lone Tree Mine affected flow in the Humboldt River by drawing water from the
river. However, the loss became apparent only after dewatering ceased and the pit lake began to fill
because much of the dewatered water was discharged to the river, which would have replenished water
lost from the river to groundwater. The double mass curve showed that almost no net water was lost to
the study reach between 1997 and 2006. After 2006, the loss rate in the study reach was almost twice
the loss rate that River flow losses to dewatering continue long after mining ceases when they may be
most important due to the lack of mine dewatering discharge into the river to make up losses during
dewatering. Double mass analysis indicated that 217 Mm?3 was lost. Groundwater level recovery
indicates that alluvial water drawn into the bedrock causes much of the lost river flow. Losses will
continue into the future but most likely at a lower rate as the gradient drawing water to the recovering

pit lake decreases.
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