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Abstract
An investigation was undertaken to predict the post-closure water chemistry of the Cortez Hills Underground Deep South 
Extension where the mine workings will be backfilled with cemented waste rock. The objective was to determine the potential 
effects of the tunnel water on adjacent groundwater once the groundwater table recovers, hydraulic conditions stabilize, and 
ambient groundwater flow is reestablished. The average background groundwater chemistry from three wells representing 
discharge to the tunnel area during closure, and the worst-case groundwater dissolution chemistry of tunnel floor/unconsoli-
dated backfill, shotcrete (sprayed concrete), cemented backfill and country wallrock/cemented backfill reactions were used 
to calculate their contribution to the total mass loading during tunnel flooding. The volume of groundwater flow through the 
tunnel area was coupled with these releases to calculate a total tunnel water quality. All analytes met NV Division of Envi-
ronmental Protection Profile I standards, except for As, Sb, and Pb, due to their naturally-elevated background groundwater 
levels (0.08, 0.014, and 0.03 mg/L, respectively). The PHREEQC geochemical code was used to determine the post-closure 
dissolved phase solutes that could migrate to adjacent groundwater. The dissolved tunnel water chemistry was predicted to 
be pH = 8.2, with an alkalinity of 124 mg/L CaCO3 and with all solutes meeting Profile I except for As (0.07 mg/L) and Sb 
(0.01 mg/L). The predicted water chemistry was dominated by the influent groundwater, which comprised ≈97% of the mass 
loading and was similar to two existing underground seeps.
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Introduction

Underground mining typically requires dewatering of the 
host rock to allow recovery of the resource. Post-closure 
groundwater will usually recover to ambient conditions 
when the pumps are turned off, flooding the workings. If 
the declines and workings were below the pre-mining water 
level, there is the potential for adverse environmental con-
sequences as the rising groundwater dissolves contaminants 
left from the exposure of the rock to the atmosphere during 
mining, and then reaches the ground surface. In contrast, 
in some deeper mines, the contaminated groundwater may 
remain below the ground surface, but may contaminate 
underground aquifers. For example, in Great Britain, there 
are 19 poor-status groundwater bodies, predominantly due 

to metal mining, primarily in southwest England, western 
Wales, and Northumbria (Environment Agency 2008).

In some mines, underground cemented backfill has been 
used to provide ground support and regional stability, allow-
ing the safe stoping of ore from beneath solidified cemented 
backfill. The recipe may include fly ash, waste rock, slag, or 
tailings, with cement added to ensure stability and strength 
(Kesimal et al. 2004). Despite a dearth of information on 
the effects of cemented backfill on the environment, it has 
generally been perceived as positive due to the reduction 
in the surface footprint of a mine, the mitigation of sulfide 
reactivity (by the alkaline cement), and the preferential flow 
of groundwater around the cement (MEND 2006). Ques-
tions remain, principally the potential for groundwater to be 
contaminated by the backfill.

As part of permitting mines on federal lands, the National 
Environmental Policy Act (NEPA) requires prediction of 
reasonably-foreseeable impacts to surface and groundwater 
resulting from new mines. In addition, the Nevada Divi-
sion of Environmental Protection (NDEP 2020) requires 
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that underground mines “avoid the potential degradation of 
waters of the State by taking or not taking a certain action 
or parts of an action.” Consequently, it was necessary to 
understand the potential effects of these workings on adja-
cent groundwater.

There has been substantial investigation into the geo-
chemistry of non-paste-backfilled underground workings. 
For example, Tomiyama et al. (2019) described the geo-
chemistry of groundwater and its flow system in the closed 
Yatani mine in southern Yamagata Prefecture, Japan, which 
generates AMD. The study elucidated AMD formation and 
its flow patterns using geological, hydrological, geochemi-
cal, and isotopic techniques. Nordstrom (2017) reported on 
the presence of a white aluminous precipitate approximating 
basaluminite at a caved-in mine portal in Colorado, while 
Newman et al. (2019) investigated the metalliferous sulfate 
salts from underground mine complexes in Nevada, USA. 
They found Al-bearing salts to be the most common miner-
als but urged caution modeling their formation due to the 
disparity between thermodynamic databases in different 
models. Roessler et al. (2007) analyzed groundwater in the 
flooded West Camp underground mine workings, which had 
a circumneutral pH and contained at least 8 mM aqueous 
sulfide with elevated Mn (90 mM), Fe (16 mM), and As 
(1.3 mM). Dissolved inorganic carbon was in chemical and 
isotopic equilibrium with rhodochrosite in the mineralized 
veins, while the mine water was supersaturated with Cu- and 
Zn-sulfides.

A simple model developed by Younger (2016) for post-
closure coal mine water recovery focused on delineation 
of the master seam and used summary information such as 
the collar elevations of unfilled shafts, the extent of work-
ings, dewatering pumping rates, and the geometry of any 
overlying aquifers. While acknowledging the importance 
of post-mining tunnel chemistry in a coal mine, it was felt 
that accurate prediction of a wide range of parameters were 
beyond curent capabilities (Younger and Robbins 2002) with 
only a simplified prediction protocol available for total iron 
(Younger 2000, 2016).

Nevertheless, predicting future water quality at hardrock 
mine sites has been practiced for at least the past 30 years 
(Maest et al. 2005). For example, the MINEWALL (MEND 
1995) approach and code provides a method to predict water 
quality in open submerged workings. However, the effect of 
cemented backfill on the eventual quality of groundwater 
adjacent to the workings after reconstitution of post-closure 
ambient groundwater flow conditions has apparently not 
been considered, despite the obvious potential benefits of 
the cement’s alkalinity. This paper explores a novel approach 
to evaluate such circumstances using generally accepted ana-
lytical methods to evaluate leaching of the country rock to 
represent the open tunnel perimeters and uncemented waste 
rock, solute diffusion from shotcrete (sprayed concrete) 

and cemented rock, and water/rock reactions at the cement/
backfill wall rock interface as groundwater recovers through 
the workings. The objective was to determine if the tunnel 
water would adversely affect the adjacent groundwater once 
hydraulic conditions stabilize and ambient groundwater flow 
is reestablished.

Mine Setting

The Cortez Hills underground (CHUG) mine in southern 
Crescent Valley, Nevada (Fig. 1) is located within the Basin 
and Range physiographic province where the assemblage 
comprises complex faulted and folded Paleozoic sedimen-
tary strata with widespread occurrences of Jurassic, Cre-
taceous, and Tertiary intrusive and volcanic rocks. The 
Cortez Hills deposit is hosted primarily in the Devonian 
Wenban (DW) and Silurian Roberts Mountains (SRM) 
limestones, which consist of dark grey, carbon-rich, calcar-
eous to dolomitic siltstones that have been locally altered. 
The tunnel floor and uncemented backfill lithology (Fig. 2) 
is composed of the SRM, intrusives (INT), consisting of 
quartz monzonite, quartz porphyry dikes, and tuff; Ordovi-
cian Hanson Creek (OHC), primarily a mudstone unit, and 
DW formations (Table 1). The existing open pit mine will 
eventually be ≈ 630 m deep with a surface exposure of ≈ 
400 ha. There will be no AMD from the Cortez Hill open pit 
above the CHUG because the pit is hosted predominantly in 
limestone and although it will be partially backfilled with a 
combination of 50% Devonian Wenban limestone and 50% 
alluvium after mining ends, the pit lake will not form until 
after inundation of the workings and is predicted to have a 
circumneutral pH with water chemistry that meets Profile 
III (BLM 2018).

The CHUG mine is immediately below the base of 
the Cortez Hills pit and will eventually reach a depth of 
≈760 m above mean sea level (amsl) by the end of 2032. The 
CHUG’s declines are accessed through portals on the wall of 
an old open pit and are mined primarily by underhand cut-
and-fill methods with a portion of the waste rock replaced 
as cemented backfill in mined-out portions of the under-
ground workings. The CHUG access workings (≈570,000 
m3), with their shotcreted ribs and roof with a rock floor, 
will constitute void space available for groundwater inunda-
tion (Fig. 3). All other workings (≈2.26 million m3 below 
1160 m amsl) will be stoped and backfilled with either con-
solidated rock or cemented backfill (Fig. 4).

The ultimate dewatering level (≈760 m) will be ≈720 m 
below the pre-mining water level in the mine area. Based on 
the groundwater model (SRK 2017), CHUG groundwater 
levels will recover to within 3 m (1,477 m amsl) of the pre-
mining water levels (1,480 m amsl) within ≈30 years of the 
end of mine life, currently scheduled for 2032. The model 
predicts a rapid (≈30 m/year) rate of water level recovery 
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after dewatering ceases, inundating the CHUG workings 
in < 5 years (see Supplemental Material on the groundwater 
model).

As workings are rapidly inundated, oxidation reactions 
will virtually stop because O2 diffusion in water is three 
orders of magnitude less than in air (Davis and Ritchie 
1986), greatly reducing the oxidation rates of pyrite fol-
lowing submersion. Therefore, the loading from the dif-
ferent compartments (commonly referred to as the first 
flush (Gzyl and Banks 2007) were simulated by short-term 
release of solutes from leaching tests. As anticipated, most 
tests released the highest solute concentrations at week 0 
(supplemental Tables S1 through S6); however, if higher 

concentrations appeared in later weeks, these were used in 
an abundance of caution.

Solute mass in the workings will emanate from: ground-
water entering the coarse backfill in the tunnel when the 
pumps are turned off; dissolution of tunnel floor and uncon-
solidated waste rock, shotcrete, and; cemented backfill/tun-
nel wall interactions. The cumulative mass loading from 
these sources was integrated to derive the total tunnel chem-
istry. The tunnel geochemical post-closure model was con-
structed based on the tunnel geology, acid–base accounting 
(ABA), humidity cell tests (HCTs), cemented backfill and 
shotcrete dissolution tests, column tests, and groundwater 
chemistry using procedures explained below.

Fig. 1   Location of the Cortez 
Hills Underground Mine tunnels 
under the Cortez Hills pit. The 
existing seeps are in access tun-
nels above the main workings
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Fig. 2   The geology of the 
Cortez Hills Underground Mine 
workings

Table 1   Estimated surface 
area and percentages of the 
CHUG Mine tunnel geologic/
geochemical model class 
(945–1,158 m amsl)

Formation Geochemical 
model class

Floor surface 
area

Unconsoli-
dated rock sur-
face area

Cemented 
wall surface 
area

Shotcrete wall 
surface area

(m2) (%) (m2) (%) (m2) (%) (m2) (%)

Silurian roberts mountains SRM Code 1 38,074 33.8
SRM Code 2 8,267 7.3

Intrusive INT Code 1 26,787 23.8
INT Code 2 8,384 7.5
INT Code 3 3,304 2.9

Devonian Wenban DW Code 1 2,200 2.0
Ordovician Hanson Creek OHC Code 1 25,495 22.7
Unknown Unknown 1,52,547 100 13,424 100 3,27,297 100
Total 1,12,510 100 1,52,547 100 13,424 100 3,27,297 100
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Materials and Methods

Working Volume Estimates

A three-dimensional (3D) geologic model (included as 
Supplemental Material) was built with Leapfrog© geologic 
software using surfaces and drilling contacts to identify the 
lithologies that intersect the tunnels, and then to select rep-
resentative rock for material characterization.

Computer-aided design (CAD) drawings of the primary 
access workings (i.e., Range Front declines and associated 
secondary access drifts, ramps, vents, and ore pass raises 
on the southwest side of the ore deposit) and a block model 
with an estimated ore cutoff in the oxidized lower zone ore 
were used to define the material to be removed, and hence 
the extent of the underground workings. The stoped volumes 
were estimated assuming 38.4 m thick units from the 1158 m 
level down to the 760 m elevation. A network of tertiary 
access drifts totaling 10,363 m was generated from the major 
“arterial” transportation routes (7315 m) below the 1158 m 
elevation and the nearby stopes. The nominal cross section 
of access drifts was set as 5.5 m wide by 5 m high, with 
≈90% (by linear m) of the sub-1,158 m workings having 
these dimensions, while the remainder were assumed to be 

6 m wide by 5 m high, and 8 m wide by 7.6 m high in mate-
rial transfer areas, with 3.7 m diameter raises. Extraction 
of ore will occur by long hole stoping in 6 m wide primary 
stopes, which will be backfilled with cemented rock, alter-
nating laterally with 9 m wide secondary stopes backfilled 
with unconsolidated rock.

Lateral drifts above and below the stopes occur on 13 m 
vertical intervals and can be made in either ore or waste as 
necessary (Fig. 4). The general mining order is from bottom-
to-top of the deposit, so that lateral drifts may be used to 
drill blast holes down through a stope below (if ore exists 
there), then used for access to backfill the resulting slot 
raises sequentially. Then, while drilling is occurring 13 m 
above it, the drift may be used for access to muck the ore 
from slot raises through the stope volume above it. Lateral 
access drifts from secondary haulage to the stopes are antici-
pated to occur in the primary stope areas, so the surface area 
of the exposed rock was calculated using the product of the 
number of lateral stope access headings (2281) and their 
cross-sectional area (5.5 m wide and 5 m high).

The mine site ABA-based geostatistical model for the 
acid-neutralizing potential (ANP) and acid-generating 
potential (AGP) was used to geochemically characterize 
the underground workings in conjunction with the geologic 

Dissolved
effluent
chemistry

PHREEQCBulk
chemistry

Fig. 3   Conceptual model of solute mass discharge and reactions in the tunnel area after closure and inundation of the underground workings
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model. Full documentation of the geostatistical treatment of 
samples selected for static and kinetic testing is beyond the 
scope of this paper. Briefly, the ANP proxy model was based 
on Ca and Mg because there is dolomite present at the site, 
while the AGP proxy model was based on total S. Kriging 
domains were designed to delineate intrusive material from 
sedimentary material, and variography within each domain 
was modeled separately. All input data was Z-transformed.

The mine collected ABA data (only total S) but lacked 
ANP data before introduction of the Nevada modified Sobek 
method (NVMS), the NDEP-accepted ABA method at the 
time of this work (NDEP 2015). However, the NVMS is not 
a cost-effective and practical approach to characterize an 
entire mining project. In contrast, whole rock inductively 
coupled plasma (ICP) and total S data are analyzed on nearly 
every meter of drilling on site and were used to develop the 
proxy ANP and AGP models that was then compared with 
the equivalent NVMS data to test the rigor of the proxy 
model. The correlation between the net-neutralizing poten-
tial (NNP = ANP-AGP) proxy model and the NVMS ana-
lytical method (Fig. 5a) was robust (r = 0.98). Specificity, as 
defined by the ratio of 48 correct predictions of non-poten-
tially acid-generating (non-PAG) by ICP to the total number 
(50) of non-PAG samples identified by NSMP results in a 

predictive accuracy of 96%. In addition, the NNP analyzed 
using total S and C values obtained by a LECO combus-
tion analyzer (ASTM 2013a, b, c) was an excellent proxy 
(r = 0.99) for the NVMS method (Fig. 5b).

The floor areas of the workings were calculated by track-
ing the width of the access workings (subsequently called 
tunnels), discretized into 3 m linear segments for which 
the HCT chemistry was used to characterize the first flush. 
Similarly, the surface area of shotcrete in the roof and ribs 
of the open tunnels was accounted for by the non-floor area 
in these segments, using the requisite tunnel dimensions and 
the shotcrete leachate chemistry for this model compartment. 
The volume of uncemented backfill (≈60%) was estimated 
from a generalized 15 m wide stope volume that met the 
cutoff grade and characterized by the HCT chemistry. The 
cemented backfill, estimated to be 40% of the total backfill 
volume, was represented by the diffusion test results.

Groundwater and Seep Chemistry

The background groundwater chemistry contribution was 
based on the well chemistry adjacent to the mine, the volume 
of water flowing through the tunnel wall rocks obtained from 
Leapfrog© to determine the configuration and elevation of 

Fig. 4   Cross-section schematic through a typical backfilled stope showing columns andunconsolidated waste rock
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the workings, and the site groundwater flow model (SRK 
2017) to determine the recovered, post-closure groundwa-
ter elevation (see the Supplemental Material for additional 
information on the groundwater model).

After dewatering ends, the underground workings will be 
inundated with groundwater. An average (based on data from 
2009 to 2015) of the groundwater chemistry from three wells 
(DW-15, DW-20, and DW-21), near the tunnel area (Fig. 1) 
was used to define the background groundwater chemistry 
used in the model. In addition, two underground samples 
(14 East and 3930 Muck Bay #1) were collected from pools 
adjacent to the seeps at higher levels (above 1270 m amsl) in 
the mine (Fig. 1) and analyzed for NDEP Profile II param-
eters plus U and total suspended solids (TSS).

Tunnel Floor and Unconsolidated Waste Rock

Humidity cell tests (HCTs) are designed to model the geo-
logical processes of weathering at the laboratory scale and 
were run to comply with the NDEP requirements for mate-
rials characterization. Each cell was charged with 1 kg of 
minus 6.3 mm material and on day 1 (week 0), leached with 
1 L of deionized (DI) water and analyzed at the bench for 
SO4, Fe2+/Fe3+, and pH. Subsequently, dry air was passed 
through the cell for 3 days, followed by 3 days of moist air. 
On the 7th day, another liter of DI water was passed through 
the cell and analyzed. This process continued on a weekly 
basis. The required minimum duration for HCTs is 20 weeks 
to evaluate waste rock reactivity (ASTM 2013a). Metals and 

Fig. 5   (a) Correlation between 
the NNP ICP proxy model and 
the anatytical NVMS method 
also showing the cummulative 
NNP frequency distribution, 
and (b) the correlation for NNP 
between the NVMS and Leco 
analytical methods
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major ions were typically measured at 0, 1, 2, 4, 8, 12, 16, 
and 20 weeks, and every 4 weeks thereafter, until, if requir-
ing a longer run time, transitioning to 8-week intervals.

The exploration database whole rock ICP dataset together 
with ABA analyzed by the NVMS method were used to 
select representative HCT samples based on the indicator 
parameters (IPs), e.g., ANP, AGP, Al, As, Sb, F, Fe, Hg, 
Mn, Tl, Se, and SO4 concentrations cumulative frequency 
distribution (Davis et al. 2019). From this candidate data set, 
11 samples were selected to be run in HCTs that represented 
the range of chemistry and lithologies distributed throughout 
the mine (Fig. 6). For metals, the samples cover the lower 
to the upper case (e.g. the 80th–90th percentiles for As and 
Fe). For ABA (NNP) the focus was on the lower percentiles 
for a conservative representation (Fig. 6).

Shotcrete Dissolution Testing

Shotcrete was provided by the Cortez Mine as 10.2 cm diam-
eter cylindrical forms and cut into 15.2 cm tall cylinders, 
which were subjected to a modified version of the ASTM 
method C1308-08 (ASTM 2008). Briefly, a sample was 
placed on a support in a container filled with groundwater 
from DW-15 (Table 2) at a ratio of 1 cm2 surface area of 
solid sample to 10 cm3 of water to quantify the equilibrium 
chemistry. Whereas ASTM C1308-08 requires the entire vol-
ume of water in the vessel to be replaced at each sampling 
interval, the water was not replaced in this study because the 
focus was to achieve equilibrium between the groundwater 
and the shotcrete. Consequently, on analytical days (1, 2, 4, 
8, 12, 16, 20, 24, 28, and 32), only the volume of water that 
was collected for sampling was replaced. Also, the water 
in the reaction vessel was gently circulated to ensure mix-
ing at all times. Samples were analyzed for Profile II and U 
through day 32.

Cemented Backfill Dissolution Testing

Testing followed the same modified ASTM C1308-08 
(ASTM 2008) method using DW-15 groundwater (as for 
the shotcrete). A 10.2 cm × 15.2 cm cemented backfill form 
was provided by the Cortez Mine which was prepared using 
Portland cement. Analytical samples were collected on day 
1 and 32 for Profile II, with pH and specific conductivity 
measured through day 39 to ensure that equilibrium had 
been achieved. The pH and specific conductivity was meas-
ured using a YSI 556 MPS.

Cemented Backfill and Acid‑Generating Wall Rock 
Reactivity Testing

Three saturated column tests were run with mixed acid-
generating wall rock and cemented backfill using DW-15 

groundwater as the lixiviate to represent the potential 
impacts to groundwater from contact at the acid-generat-
ing rock and cemented backfill interface. The three CHUG 
rock samples that generated acidity, CHUE-252_594-609, 
CHUE-282_563-583 and DC-261_2230-2249 (supplemental 
Table S-1), were each mixed with crushed, cemented backfill 
at a 1:1 weight ratio. The waste rock and cemented backfill 
was stage crushed to < 6.35 mm to meet the ASTM D5744-
13 criterion (ASTM 2013a). A riffle splitter was used to 
obtain homogenous splits of each rock and cemented backfill 
sample before each were blended (ASTM 2013b). An addi-
tional split of each end member was analyzed for particle 
size analysis by ASTM D422-63 (ASTM 2007) to ensure 
all HCT and cemented backfill samples had a homogeneous 
particle size distribution, ranging from < 0.075 to 4.75 mm. 
After each rock sample was mixed with an equal mass 
of cemented backfill, the combined material was passed 
through the riffle splitter again to ensure each mixture was 
well blended before being loaded into the column.

Column testing was designed following ASTM D4874-
95 (ASTM 2014) with acid-generating rock and cemented 
backfill blends loaded into 10.2 cm ID × 30.5 cm PVC col-
umns, and the mass recorded. Each column was capped with 
a 0.4 kg/m polypropylene felt filter to contain sample fines. 
DW-15 groundwater was pumped into the columns in up-
flow mode at a target rate of 1 L/day, corresponding to the 
average pore volume of all of the columns (≈1 L) and at 
a rate approximating groundwater flow (Geomega 2008). 
Leachate was routinely weighed and analyzed for pH, tem-
perature, and specific conductivity before analysis for Profile 
II parameters according to the testing schedule (i.e., 1, 2, 4, 
8, 12, 16, 20, 24, 28, 32, and 44 weeks).

Geochemical Modeling

The solute loading factors were integrated to derive a net tun-
nel total chemistry and the dissolved chemistry determined 
from the total applying the PHREEQC (Parkhurst and Appelo 
1999) interactive version 3.3.5.10806, in conjunction with the 
Minteq.v4.dat (Allison et al. 1991) thermodynamic database 
to the total chemistry. The objective was to determine poten-
tial impacts relative to NDEP Profile I reference values (the 
groundwater protection levels) to the surrounding groundwa-
ter once throughflow conditions are reestablished.

PHREEQC is a computer program that simulates aqueous 
chemical reactions. The program is based on equilibrium chem-
istry of an aqueous solution interacting with minerals, gases, 
solid solutions, exchangers, and sorption surfaces (Parkhurst 
and Appelo 1999). For CHUG, the code was used as a specia-
tion program to calculate saturation indices, the distribution of 
aqueous species, and to evaluate sorption to amorphous ferric 
hydroxide (ferrihydrite) based on empirical observation in shal-
lower underground workings (e.g., Fig. 7, Site 3).
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Fig. 6   CHUG HCT samples selected from indicator parameter cumulative frequently distribution for the (a) Siluriana Robertsa Mountain and 
(b) Intrustive formation
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Equilibrium phases set in the model allowed the tunnel 
solution to precipitate solids, while solute sorption to ferri-
hydrite was estimated using the double layer model (DLM) 

to calculate solute distribution between dissolved and sur-
face (adsorbed) forms using standard parameters of 550 m2/g 
for the ferrihydrite surface area, 0.005 high affinity sites per 
mole, and 0.2 low affinity sites per mole (Dzombak and 
Morel 1990). The PHREEQC simulation was run at 25 °C, 
consistent with the basis for the thermodynamic data set.

Two sensitivity analyses were run. The first compared 
the resulting dissolved solute concentrations for a mineral 
assemblage consisting of ferrihydrite [Fe(OH)3], gibb-
site [Al(OH)3], gypsum (CaSO4), fluorite (CaF2), barite 
(BaSO4), calcite (CaCO3), and manganite (MnOOH) with 
one including only ferrihydrite and calcite, both visually 
observed to be precipitating in the CHUG workings (Fig. 7). 
The second evaluated the significance of different thermo-
dynamic data by evaluating the effect of three different fer-
rihydrite log Ks [3.191 in the Minteq.v4.dat database, 3.0 
(Nordstrom 2020), and 4.891 from Minteq.dat] to determine 
if the precipitating mass had any effect, and whether this 
affected the attendant sorption of the trace metals As, Cd, 
Cr, Cu, Hg, Mo, Ni, Pb, Se, Tl, and Zn.

Results

Groundwater and Seep Chemistry

The average groundwater chemistry is an alkaline (190 mg/L 
CaCO3), pH 8.25 water with a TDS of 323 mg/L and As, Sb, 
Fe, Pb, and SO4 of 0.08, 0.014, 0.25, 0.03, and 52 mg/L, 
respectively (Table 3). Cadmium, Cr, Co, Cu, Hg, Se, and 
Ag were not detected, so a value equal to half the detection 
limit was used in the tunnel chemistry model (EPA 1997). 
All analytes met Profile I, except for As, Sb, and Pb, which 
are naturally elevated in this region.

The seep water is predominantly a mixed calcium-magne-
sium bicarbonate type with an alkalinity of 126–148 CaCO3 
and TDS of 210–430 mg/L. Arsenic in the 3930 Muck Bay 
#1 and 14 East locations seeps (0.09 mg/L or 0.02 mg/L, 
respectively) exceeded Profile I (0.01 mg/L) compared to 
native groundwater from well DW-15 (0.047 mg/L), with 
no other constituents above Profile I (Table 3). The high-
est U (0.006 mg/L) at 3930 Muck Bay #1 was less than 
the U.S. Environmental Protection Agency (EPA) drinking 
water maximum contaminant level of 0.03 mg/L.

Tunnel Floor and Unconsolidated Waste Rock

In accordance with Bureau of Land Management (BLM 
2013) guidelines, each geologic unit was subdivided into the 
following categories based on acid base accounting (ABA) 
data, taking into consideration the ANP, AGP, and NNP, i.e.: 
Code 1: non-acid-generating (NNP > 20 and ANP/AGP > 3); 
Code 2: uncertain (0 ≤ NNP ≤ 20 or ANP/AGP ≤ 3), and; 

Table 2   Background groundwater chemistry (mg/L)

su standard units
Bold font indicates above the NDEP Profile II standards

Parameters Profile II DW-15 DW-20 DW-21 Average

Aluminum 0.2 0.012 0.013 0.023 0.016
Antimony 0.006 0.01 0.006 0.03 0.014
Arsenic 0.01 0.05 0.05 0.15 0.08
Barium 2 0.10 0.11 0.13 0.11
Beryllium 0.004 0.001 0.001 0.001 0.001
Bicarbonate (HCO3) – 224 211 241 225
Bismuth – 0.005 0.005 0.005 0.005
Boron – 0.15 0.11 0.20 0.15
Cadmium 0.005 0.001 0.001 0.001 0.001
Calcium – 39 38 42 40
Chloride 400 18 14 21 18
Chromium 0.1 0.005 0.005 0.005 0.005
Cobalt – 0.005 0.005 0.005 0.005
Copper 1 0.005 0.005 0.005 0.005
Fluoride 4 0.84 0.54 1.17 0.85
Gallium – 0.05 0.05 0.05 0.05
Iron 0.6 0.17 0.19 0.40 0.25
Lead 0.015 0.001 0.001 0.09 0.03
Lithium – 0.1 0.06 0.15 0.1
Magnesium 150 16 17 17 17
Manganese 0.1 0.014 0.01 0.021 0.015
Mercury 0.002 0.0005 0.0005 0.0005 0.0005
Molybdenum – 0.02 0.01 0.18 0.07
Nickel 0.1 0.005 0.005 0.005 0.005
NO2/NO3 As N 10 0.05 0.05 0.11 0.07
pH 6.5–8.5 8.04 8.39 8.42 8.25
Phosphorus – 0.05 0.05 0.05 0.05
Potassium – 7.8 7.1 8.7 7.8
Scandium – 0.05 0.05 0.05 0.05
Selenium 0.05 0.0025 0.0025 0.0025 0.0025
Silver 0.1 0.005 0.005 0.005 0.005
Sodium – 39 30 51 40
Strontium – 0.53 0.40 0.62 0.52
Sulfate 500 46 46 63 52
Thallium 0.002 0.0005 0.0005 0.0005 0.0005
Tin – 0.016 0.005 0.005 0.009
Titanium – 0.005 0.005 0.005 0.005
Total Alkalinity 

(CaCO3)
– 185 178 207 190

Total Dissolved 
Solids

1,000 312 295 363 323

Vanadium – 0.005 0.005 0.005 0.005
Zinc 5 0.005 0.005 0.005 0.005
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Code 3: acid generating (NNP < 0). The tunnel floor area 
is dominated by Code 1 (non-acid generating) rock, which 
together constitutes ≈82% of the total CHUG floor area 
(Table 1; Fig. 8), 15% Code 2 (uncertain) rock and 3% Code 
3 (acid-generating).

The different lithologies and geochemical classes along 
the length of the tunnel floor were represented by 31 HCTs 
and the 5 SRM Code 2 for the waste rock because the exact 
constitution is unknown. The ABA of the HCTs (which ran 
for 20–152 weeks depending on their reactivity) ranged from 
0.33–132 and the effluent pH from 3.2–7.9 (Table 3), with 
leachate exhibiting a wide range of dissolved major, minor, 
and trace element concentrations (supplemental Table 
S-1). ASTM (2013a) requires HCTs to be run a minimum 
of 20 weeks duration; however, they were only terminated 
when selected indicator leachate parameters became stable.

Shotcrete Dissolution Testing

Over 32 days of shotcrete dissolution, the pH ranged between 
8.45–8.9, with the highest pH (8.9) on day 1. Total dissolved 
solids (TDS) remained less than the influent groundwater 

concentration for the duration of the test (248–299 mg/L), 
corresponding with the specific conductivity (supplemental 
Table S-2). Arsenic (0.04 mg/L) similarly remained less than 
the influent groundwater.

Cemented Backfill Dissolution Testing

The pH peaked at 10.8 based on the continuous laboratory 
measurement at day 25 before declining to 10.4 at day 32 
(supplemental Table S-3). The highest TDS (427 mg/L) 
occurred on day 32, corresponding with the highest spe-
cific conductivity. Arsenic remained less than the influent 
groundwater for the duration of the test.

Cemented Backfill and Acid Generating Wall Rock 
Reactivity Testing

All three saturated columns, containing a 50%:50% ratio 
of acid-generating rock and cemented backfill, behaved in 
a similar manner. The porosity of the three columns ranged 
from 40–43.5%, with all three of the column effluents reach-
ing a maximum pH (≈12.7) on day 1, after one pore volume 

Fig. 7   The Cortez Hills Underground Mine network showing the tunnels traversed during a precipitate investigation (in yellow).The white mate-
rial at site 1, 2 and 4 effervesced with HCl application indicative of carbonate, while site 3 appeared to be ferrihydrite
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(Supplemental Tables S-4, S-5, and S-6). Subsequently, the 
pH slowly declined in each column to ≈12 by day 44 at the 
terminus of the test, while the TDS was highest for each 
column on day 1, subsequently declining steadily.

Alkalinity (370–2,240 mg/L CaCO3) was released from 
all columns. After pore volume 8, As was always less than 
the influent groundwater, becoming close to or less than Pro-
file I (0.01 mg/L) by day 44, despite influent groundwater 
being naturally elevated (0.047 mg/L). Total dissolved sol-
ids (1,000–2,240 mg/L) were above Profile I (1,000 mg/L) 
for all initial pore volumes, but decreased to less than this 
value by day 24. Aluminum exceeded Profile I starting at day 
12, except for DC-261_2230-2249, which had elevated Al 
from day 1. Barium exceeded Profile I (2 mg/L) in CHUE-
282_563-583 and DC-261_2230-2249 during the initial 
pore volumes, while Se and Tl Profile I exceedances only 
occurred in the first flush from CHUE-252_594-609 and 
DC-261_2230-2249, respectively. Lead exceeded Profile I 
from day 1 through 16 at 0.02 to 0.065 mg/L in CHUE-
282_563-283. These data demonstrate that the CHUG acid-
generating rocks will not dissolve shotcrete or cemented 
backfill to any significant extent.

Discussion

The relative mass contribution of each component, i.e., 
groundwater, tunnel floor, unconsolidated waste rock, shot-
crete, and cemented backfill and their interactions with acid-
generating wall rock was calculated based on the exposure 
of surface area to groundwater flooding the tunnel system 
(Table 1), while the groundwater mass was based on the 
tunnel void space. The laboratory and field data were used 
to compute the total chemistry from the individual mass 
loading components. Interactions between various aqueous 
components in the CHUG tunnels during closure through the 
processes of mineral precipitation and sorption, will result 
in a dissolved chemistry that differs from the total chemis-
try. The total chemistry was run using the equilibrium geo-
chemical code PHREEQC (Parkhurst and Appelo 1999) to 
calculate the dissolved tunnel chemistry, which is required 
to determine if surrounding groundwater in the country rock 
will be affected, assuming throughflow conditions resume 
(Fig. 3).

Groundwater Chemistry Mass

The average background chemistry from the three wells near 
the tunnel was used to calculate the groundwater solute mass 
loading. The volume of water in the tunnel is ≈362,000,000 
L. Therefore, the solute mass loading from the groundwater 
filling the workings is:

Tunnel Floor

The tunnel geochemical model classification was used to 
select the appropriate kinetic HCT data (Supplemental 
Table S-1) that represent the mass solute release from each 
lithological category. The ABA of each sample was used to 
attribute the HCTs to their geochemical divisions (Table 3). 
As the groundwater enters the tunnel area, it will react with 
oxidized floor rock, dissolving solutes depending on the 
reactivity of the floor rock, as defined by the ABA and ref-
erenced to the lithology-specific HCTs. Each geochemical 
model class HCT was selected to represent Codes 1, 2, or 3 
(Table 3). If the lithologic types and geochemical class of 
the tunnel floor were not covered, the intrusive Code 3 HCT 
was conservatively selected to represent DW and OHC Code 
3 materials, since they are in the same geochemical class.

The solute leachability as each area becomes inundated 
was represented using an average of the worst-case HCT 
pore flush in term of As, Sb, or SO4 for each geochemical 
class (supplemental Table S-1). There are 6.2 pore volumes 
flushed per week in a HCT, based on a sample weight of 
1 kg, added water volume of 1 L, an assumed porosity of 
30%, and an assumed bulk density of 2.65 g/cm3. One flush 
of HCT leachate chemistry was used in the calculations.

The surface area of each HCT sample used to determine 
the mass release per unit area was 0.42 m2/kg, based on a par-
ticle analysis of 8 HCTs (Geomega 2015). The total surface 
area for each geochemical class in the tunnel floor was used 
to calculate the total mass loading from the tunnel floor rock.

The maximum extent of floor rock reactivity (100%) 
was conservatively used in the model based on the bedrock 
porosity (2%), resulting in the solute mass due to reactive 
floor rock leaching for each geochemical class (Code 1, 2, 
or 3) from the SRM, INT, DW, and OHC lithologies, i.e.:

(1)

Ground water solute mass (mg)

= Average groundwater chemistry
(mg

L

)

× Water volume in tunnel (L)

(2)

Reactive floor rock mass (mg)

= One week of HCT concentration
(mg

L

)

×
1

Number of pore volumes per week (6.2)

×
1 L

1 kg
×

1

HCT Surface Area
(

m2

kg

)

× Tunnel surface floor area
(

m2
)
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Unconsolidated Waste Rock Mass

Solutes will also be released as groundwater reacts with 
unconsolidated waste rock. The solute leachability from each 
newly inundated area was calculated using an average of the 
worse-case HCT pore flush in terms of As, Sb, or SO4 for a 
corresponding match of the geochemical class unit (supple-
mental Table S-1), resulting in an estimated individual solute 
mass from reactive unconsolidated waste rock leaching, i.e.:

Shotcrete Mass

The shotcrete loading was computed from:

The mass loading was calculated using the dissolution 
test results of CHUG shotcrete (supplemental Table S-2). 
The difference between the worst-case leachate chemistry 
and influent groundwater was selected to represent the reac-
tive shotcrete dissolution.

(3)

Total floor rock solute mass (mg)

=
∑

Reactive floor rock mass per geochemical class (mg)

(4)

Unconsolidated waste rock mass (mg)

= Oneweek of HCT concentration
(mg

L

)

×
1

Number of pore volume at Week1(6.2)

×
1L

1kg
×

1

HCT Surface Area
(

m2

kg

)

× unconsolidated waste surface area
(

m2
)

, so

(5)
The total unconsolidated waste rock solutemass (mg)

=
∑

Reactive unconsolidated waste rock for each geochemical class(mg)

(6)

Shotcrete mass (mg)

= Shotcrete concentration
(mg

L

)

×
1

Surface area of shotcrete test
(

m2
)

× Tunnel shotcrete surface area
(

m2
)

× Volume of shotcrete test water (L)

Cemented Backfill Mass

As recovering groundwater migrates through the 
cemented backfill and shotcrete tunnel wall, it will 
dissolve a portion of the mass. The mass loading was 
calculated using the dissolution test results of CHUG 
cemented backfill (supplemental Table S-3). The differ-
ence between the worst-case leachate chemistry and influ-
ent groundwater was selected to represent the reactive 
cemented backfill dissolution. The solute mass loading 
was obtained from:

Total Tunnel Chemistry

The mass of each solute in the groundwater, tunnel floor 

and waste rock backfill, shotcrete and cemented backfill 
was summed and divided by the total volume of water in 
the tunnel at equilibrium after closure to generate the total 
chemistry of each individual solute, i.e.:

The CHUG tunnel total chemistry is predicted to be 
similar to groundwater, with a slightly lower pH (7.3) and 
an alkalinity of 191 mg/L CaCO3. Copper, Cr, Ni, and Tl 
are predicted to be 0.008, 0.006, 0.007, and 0.0006 mg/L, 
respectively, slightly elevated compared to the background 
groundwater (Table 4). The specific behavior of these sol-
utes is a function of their concentrations derived from 
the dissolution of the tunnel floor rock, unconsolidated 
rock, and cemented backfill/shotcrete leachate. Antimony, 
As, B, Cd, Fe, and Pb in the total tunnel chemistry are 
predicted to be similar to the background groundwater. 
All solutes meet Profile I except for As (0.07 mg/L), Sb 
(0.01 mg/L), and Pb (0.01 mg/L) which are consistent with 

(7)

Cemented backfill mass (mg)

= Cemented backfill concentration
(mg

L

)

×
1

Surfaceareaofconcretetest
(

m2
)

× Tunnel concretesurface area
(

m2
)

× volume of concrete test water (L)

(8)
Total chemistry of each solute

�mg

L

�

=

∑

Solute mass (mg)

Volume of water in tunnel (L)
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area background groundwater chemistry, 0.08, 0.014, and 
0.03 mg/L, respectively.

Dissolved Tunnel Chemistry

The dissolved chemistry was computed to evaluate potential 
effects on the adjacent groundwater as the hydrological regime 
recovers to pre-mining conditions. Simple equilibrium phases 
including carbon dioxide (CO2), oxygen (O2), ferrihydrite 
[Fe(OH)3], gibbsite [Al(OH)3], gypsum (CaSO4), fluorite (CaF2), 
barite (BaSO4), calcite (CaCO3), and manganite (MnOOH) were 
allowed to precipitate from the tunnel solution, if geochemically 
feasible. The value for the partial pressure of oxygen (pO2) was 
set to ambient (i.e., 10–0.7 atmospheres [atm]). Some of these 

precipitates (i.e., calcite and ferrihydrite) were selected based on 
their presence in the upper workings of the CHUG mine (Fig. 7).

Atmospheric pCO2 is 10–3.5 atm (Langmuir 1997). How-
ever, in groundwater, pCO2 may be substantially higher 
because CO2 is produced in the aquifer by microbial degra-
dation of organic matter, precipitation of calcite, and deep 
biological and thermogenic (e.g. magmatic) sources of CO2 
gas. In the underground workings, groundwater discharging 
to the tunnel system was precipitating calcite adjacent to its 
egress as CO2 degassed (Fig. 7; Sites 1 and 2), i.e.:

(9)Ca
2+ + 2HCO

−

3
↔ CaCO3 + H2O + CO2

Fig. 8   The geochemical clas-
sification (ABA reactivities) of 
the Cortez Hills Underground 
Mine workings
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Table 4   Seep Chemistry and the predicted geochemical model sensitivity analysis with precipitating phases and the log K of Ferrihydrite

All units in mg/L, except for pH in su
Bold font indicates above the NDEP Profile II standards
1 Ferrihydrite, calcite, gibbsite, gypsum, fluorite, barite, and manganite included in the model
2 Only ferrihydrite and calcite included in the model

Parameter NDEP 
profile II 
standard

Predicted total 
tunnel chem-
istry

Dissolved 
tunnel 
chemistry1

Dissolved 
Tunnel 
Chemistry2

Dissolved 
Tunnel 
Chemistry2

Dissolved 
Tunnel 
Chemistry2

Background 
groundwater 
chemistry

Aver-
age seep 
chemistry

Model with 
Ferrihy-
drite (log 
K = 3.191)

Model with 
Ferrihy-
drite (log 
K = 3.000)

Model with 
Ferrihy-
drite (log 
K = 4.891)

pH 6.5–8.5 7.98 8.16 8.16 8.16 8.16 8.25 8.3
TDS 1000 349 153 153 153 153 323 320
Total alkalinity 

(CaCO3)
– 191 124 124 124 124 190 137

Bicarbonate 
(HCO3)

– 226 150 150 150 150 225 166

Aluminum 0.2 0.02 0.02 0.02 0.02 0.02 0.02  < 0.02
Antimony 0.006 0.014 0.01 0.01 0.01 0.01 0.014  < 0.003
Arsenic 0.01 0.08 0.07 0.07 0.07 0.07 0.08 0.06
Barium 2 0.12 0.06 0.12 0.12 0.12 0.11  < 0.1
Beryllium 0.004 0.001 0.00002 0.00002 0.00002 0.00002 0.001  < 0.002
Boron – 0.15 0.15 0.15 0.15 0.15 0.15 0.12
Cadmium 0.005 0.001 0.001 0.001 0.001 0.001 0.001  < 0.002
Calcium – 40 14 14 14 14 40 39
Chloride 400 18.2 18.2 18.2 18.2 18.2 17.9 56
Chromium 0.1 0.006 0.006 0.006 0.006 0.006 0.005  < 0.01
Copper 1 0.008 0.004 0.004 0.004 0.004 0.005  < 0.01
Fluoride 4 0.87 0.87 0.87 0.87 0.87 0.85 0.25
Iron 0.6 0.3 0.00004 0.00004 0.00003 0.0022 0.3  < 0.02
Lead 0.015 0.03 0.01 0.01 0.01 0.01 0.03  < 0.002
Lithium – 0.1 0.1 0.1 0.1 0.1 0.1 0.015
Magnesium 150 17 17 17 17 17 17 25.5
Manganese 0.1 0.015 0.0000003 0.02 0.02 0.02 0.015  < 0.01
Mercury 0.002 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005  < 0.001
Molybdenum – 0.07 0.07 0.07 0.07 0.07 0.07  < 0.01
Nickel 0.1 0.007 0.007 0.007 0.007 0.007 0.005  < 0.01
Nitrate/nitrite 

as N
10 0.08 0.08 0.08 0.08 0.08 0.07 1.5

Phosphorous – 0.05 0.05 0.05 0.05 0.05 0.05  < 0.1
Potassium – 9 9 9 9 9 7.8 9.5
Selenium 0.05 0.003 0.003 0.003 0.003 0.003 0.003  < 0.005
Silver 0.1 0.005 0.005 0.005 0.005 0.005 0.005  < 0.01
Sodium – 41 41 41 41 41 40 19.5
Strontium – 0.56 0.56 0.56 0.56 0.56 0.52 0.6
Sulfate 500 52 52 52 52 52 51.6 35.5
Thallium 0.002 0.0006 0.001 0.001 0.001 0.001 0.0005  < 0.001
Tin – 0.01 0.01 0.01 0.01 0.01 0.009  < 0.01
Uranium 0.0045
Vanadium – 0.005 0.004 0.004 0.004 0.004 0.005  < 0.01
Zinc 5 0.007 0.006 0.006 0.006 0.006 0.005  < 0.01
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Groundwater equilibrated with carbonate rock has a cal-
culated pCO2 (from the pH and alkalinity of the Cortez area 
groundwater) of 10–2.7–10−3.1 atm. Therefore, 10–3 was used, 
assuming that the pCO2 of the tunnel will be similar that of 
the adjacent groundwater.

Field data and laboratory experiments have shown that 
ferrihydrite is the first iron phase to precipitate from solution 
when Fe2+ is oxidized (Langmuir and Whittemore 1971; 
Schwertmann and Taylor 1977). Ferrihydrite precipitates 
noted in the CHUG (Fig. 7) will sequester both cations (e.g. 
Cu2+ and Zn2+) and anions (e.g., SeO4

3– and AsO4
3–) from 

solution by adsorption (Dzombak and Morel 1990; Leckie 
et al. 1980). The pH was predicted to be 8.2 with an alkalin-
ity of 124 mg/L CaCO3. The dissolved Al, Fe, Mn, and Ba 
are lower than the total (Table 4) because gibbsite, ferrihy-
drite, manganite, calcite, and barite (≈0.009, 0.8, 0.03, 65.3, 
and 0.1 mg, respectively) precipitated from solution. Trace 
metal adsorption controls the water chemistry due to Fe dis-
solution from floor and wall rock leachate precipitating as 
ferrihydrite and sequestering As, Be, Cu, Pb, and Zn, while 
the total and dissolved tunnel chemistry are similar for B, Cl, 
Cr, F, K, Mg, Na, N, Se, and SO4. All solute concentrations 
meet Profile I with the exception of As (0.07 mg/L) and Sb 
(0.01 mg/L), which are still slightly less than the background 
groundwater concentrations (0.08 mg/L and 0.014 mg/L, 
respectively) due to ferrihydrite sorption.

The sensitivity analysis demonstrated only minor differ-
ences in Ba and Mn concentrations using only ferrihydrite 
and calcite compared to the complete mineral assemblage 
[Table 4 (columns 5 and 6)] and none for Al, Ca, F, and SO4 
because the respective mineral solubility products were not 
exceeded. The log K sensitivity analysis demonstrated that 
the use of different ferrihydrite thermodynamic data did not 
intrinsically affect either the Fe concentrations or the affili-
ated trace metal sorption (Table 4; columns 5, 6, and 7).

Comparison to Tunnel Seepage Chemistry

Comparing the model results to the tunnel seep chemistry 
indicates reasonable agreement between the predicted dis-
solved post-closure chemistry and the measured seep water 
chemistry (Table 4). Both the predicted CHUG tunnel and 
the average seep waters are alkaline (pH 8.2 and 8.3, respec-
tively), with a similar range of As (0.07 mg/L vs. the seep 
average, 0.056 mg/L), Sb (0.01 mg/L vs. the seep aver-
age < 0.003 mg/L), with low concentrations of other trace 
metals. Sulfate in the predicted CHUG tunnel (56.5 mg/L) 
is higher than the seep waters (35 mg/L), but consistent with 
ambient groundwater (52 mg/L). In general, the CHUG tun-
nel dissolved chemistry prediction appears to be consist-
ent with the combined seep and/or groundwater chemistry. 
The reason for this is that groundwater contributes the most 
mass to the total tunnel chemistry (96.7%), followed by the 

shotcrete (3.1%), cemented backfill (0.2%), and unconsoli-
dated waste rock (0.04%), with 0.004% from the tunnel floor.

Conclusions

Field and laboratory data were coupled with modeling to evalu-
ate the tunnel water chemistry after flooding of the underground 
workings at the CHUG mine. The objective was to determine if 
the tunnel water could potentially affect the adjacent groundwa-
ter (compared to Profile I) once hydraulic conditions stabilize 
and ambient groundwater flow is reestablished.

Based on the ABA data (Table 3), it is apparent that the 
lithology (in this case, a limestone-hosted ore deposit) and 
a careful comparison of the ANP/AGP and %Stot should be 
considered, rather than pure numerical values when assign-
ing risk to AMD potential when the AGP is less than the 
detection limit. At least in this setting, the mine-obtained 
total S and C (LECO) data correlated well with the more 
expensive NVMS method (Fig. 5b) suggesting that if such a 
demonstration can be made, empirical lab data can provide 
credible information to the NEPA permitting process.

Allowing precipitates to form in the modeling process is 
appropriate because the soluble fraction is the potential load 
to adjacent groundwater. However, even in the absence of pre-
cipitates, the water quality resulting from the cemented backfill 
is good, indicating that the long-term environmental impacts 
of underground mining using this method will be negligible.

The seep waters collected from the tunnel drainage are a 
useful analog for the dissolved tunnel chemistry due to the 
preponderance of the chemical mass being from groundwater 
ingress. The predicted CHUG dissolved water chemistry was 
generally in good agreement with the combined seep/ground-
water chemistry. Therefore, after inundation of the tunnel sys-
tem and regeneration of the ambient groundwater flow vectors, 
any tunnel water migrating into the surrounding country rock 
is not anticipated to degrade groundwater quality.
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