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Abstract

Mining of volumetrically small, but relatively enriched (average 0.6% U;Oyg) breccia pipe uranium (BPU) deposits near the
Grand Canyon, Arizona, USA has the potential to affect groundwater and springs in the area. Such deposits also contain
base metal sulfides that can oxidize to generate acid mine drainage and release trace metals. In this study, sequential batch
experiments were conducted to simulate the geochemistry of local shallow groundwater that contacts BPU ore and then
moves downgradient through sedimentary strata. The experiments simulated shallow groundwater in a carbonate aquifer
followed by contact with BPU ore. The experiments subsequently simulated contact with sedimentary rocks and changing
oxygen availability. Concentrations of several contaminants of potential concern became substantially elevated in the waters
exposed to BPU ore, including As, Co, Ni, U, and Zn, and to a lesser extent, Mo. Of these, Co, Mo, Ni, and U were minimally
attenuated by downgradient processes, whereas Zn was partially attenuated. Sb and T1 concentrations were more moderately
elevated but also generally minimally attenuated. Although the mixture of elements is particular to these BPU ore deposits,
sulfide oxidation in the ore and carbonate buffering of pH by sedimentary rocks generates patterns of water chemistry com-
mon in acid mine drainage settings. Ultimately, downgradient concentrations of elements sourced from BPU ore will also
be strongly influenced by non-geochemical factors such as the quantities of water contacting BPU materials, heterogeneity
of materials along flow paths, and mixing with waters that have not contacted BPU materials.

Keywords Acid mine drainage - Breccia pipe - Sequential batch experiment - Sulfides

Introduction

Breccia pipe uranium (BPU) deposits are an unusual type of
uranium (U) resource found in the region surrounding Grand
Canyon National Park, Arizona, U.S.A. (Wenrich 1985).
Development of BPU deposits has the potential to affect
hydrologic, biologic, and cultural resources in the region
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(Alpine 2010). Beginning in 2012, three parcels of land in
the region (= 407,344 ha) were withdrawn from new mineral
extraction for 20 years so that such potential environmental
effects could be studied (U.S. Department of the Interior
2012). The present paper examines potential water-quality
effects from mining of BPU deposits via a laboratory study.

Breccia pipes in the Grand Canyon region are narrow,
vertical, karst-related collapse features that subsequently
propagated upward into overlying strata consisting mainly
of siliciclastic rocks. The voids were mainly filled with
breccia clasts consisting of sandstones and siltstones from
overlying layers and cemented by sulfide-uranium oxide
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mineralization in ore zones. The nature of the collapse
altered their permeability relative to surrounding strata, and
mining disturbance seems likely to enhance permeability.
Only a small fraction of the breccia pipes contain U-bearing
mineral deposits (Van Gosen et al. 2016). The breccia pipes
are generally narrow (60-120 m wide) compared to vertical
extents of 900 m or greater (Alpine 2010). Where they exist,
U mineralization occurs in the pre-existing collapse feature
at intermediate depths, relative to the extent of the pipe, and
most commonly at the depth of the Hermit Formation (Otton
and Van Gosen 2010). Detailed microscopy studies indicate
that base-metal sulfide mineralization occurred first and U
mineralization followed, with U being reduced by reaction
with the sulfides (Van Gosen et al. 2020a). Ore bodies in the
11 known BPU deposits are volumetrically small (average
ore volumes of 60,000 m? and 160,000 metric tons (t), rang-
ing from 12,500 to 172,000 m> and 33,000 to 454,000 t) and
averaging 0.6 wt.% U;Og (calculated from Mathisen et al.
2017; Otton and Van Gosen 2010). Uranium is present in
unoxidized ore mainly as uraninite (Van Gosen et al. 2020a,
b; Wenrich 1985). Additionally, BPU deposits are enriched,
relative to host rock and local soil, in various trace metals
including As, Ba, Cd, Co, Cu, Mo, Ni, Pb, Sb, Se, Th, Zn
(Bern et al. 2019; Van Gosen et al. 2020a, b; Wenrich 1985).
Such elements in BPU deposits are frequently present in
sulfide minerals like pyrite, galena, chalcopyrite, sphalerite,
and phases of the colbaltite—gersdorffite series (Van Gosen
et al. 2020a, b). Sulfide mineral oxidation is the process that
drives acidification and subsequent metal mobilization com-
monly referred to as acid mine drainage (AMD) and gives
BPU deposits the potential to exhibit geochemical patterns
similar to AMD (Nordstrom and Alpers 1997; Singer and
Stumm 1970; Wenrich et al. 1996).

Environmental concerns with BPU resource development
have generally focused on U, but other trace elements like
those listed above also pose toxicological concerns (Arn-
berger and Martin 2018; Cleveland et al. 2021). The U.S.
Geological Survey (USGS) has been tasked with studying
the potential effects on water, soil, vegetation, and wildlife
related to BPU resource development in the Grand Can-
yon region (Alpine 2010, 2017; Beisner et al. 2017a; Bern
et al. 2019; Cleveland et al. 2019; Hinck et al. 2013, 2014,
Klymus et al. 2017; Minter et al. 2019; Naftz and Walton-
Day 2016). Surface water is scarce in the region, making
groundwater and springs crucial resources for humans and
wildlife (Alpine and Brown 2010). Species diversity in the
vicinity of springs is 100—500 times greater than the sur-
rounding landscape (Grand Canyon Wildlands Council
2004). Groundwater flow is poorly understood in the region
because of complexities of multiple, layered aquifers, some
of which occur at great depth, and areas of karstic conduit
flow (Beisner et al. 2017b, 2020; Solder et al. 2020; Tobin
et al. 2018). High costs to install deep monitoring wells to

study groundwater near new and pre-existing mines present
a challenge, with few or no groundwater data available near
BPU deposits. Therefore, study of groundwater emergence
at springs, along with focused studies of springs near BPU
mines have been used to improve understanding (Beisner
et al. 2017a, b). In addition, the current study was under-
taken using a laboratory approach to gain insights regard-
ing groundwater chemistry not currently feasible with in situ
environmental samples.

The goal of this study was to improve the understanding
of the potential chemistry of natural waters that contact BPU
ore and the processes that change concentrations of trace
elements along potential groundwater flow paths. Particu-
lar attention was paid to certain contaminants of potential
concern identified by other studies in the region, includ-
ing As, Cd, Cu, Pb, Ni, T1, U, and Zn (Hinck et al. 2013,
2014, 2017). Compositional changes in water were explored
through a series of sequential batch experiments designed
to simulate different subsurface environments using differ-
ent geologic materials and gas mixtures encountered along
potential flow paths. The results are discussed from the per-
spective of understanding the processes by which mobiliza-
tion and attenuation of chemical constituents in groundwater
may occur. Comparisons of water chemistry evolution are
made to the classic patterns of AMD (Blowes et al. 2003;
Dzombak and Morel 1990; Smith 1999). Environmental fac-
tors not covered by the experiments are also discussed. The
study reveals which elements could be mobilized from BPU
ore in substantial concentrations and which are subject to
geochemical processes that may make them more likely to
emerge downgradient, information that is useful for antici-
pating potential toxicity issues and fingerprinting affected
waters.

Materials and Methods
Aquifer-Related Rocks

Two major aquifers exist in the Grand Canyon region (Bills
et al. 2007). The upper aquifer is locally perched and some-
times referred to as the Coconino or “C” aquifer; it con-
sists of the Kaibab Formation, Toroweap Formation, and
Coconino Sandstone, underlain by the Hermit Formation,
which can function as an aquitard (Bills et al. 2007; Tobin
et al. 2018). Below is the Supai Group that includes the
Esplanade Sandstone, which can also be part of the “C”
aquifer, depending on the continuity of shale in the Her-
mit Formation (Bills et al. 2007). The underlying Redwall
aquifer is a regional aquifer consisting of the Redwall Lime-
stone, Temple Butte Formation, and Muav Limestone (Bills
et al. 2007; Solder et al. 2020). For reference, BPU deposits
are found primarily at the stratigraphic depth of the Hermit
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Shale but extend up into the Coconino Sandstone and down
into the Esplanade Sandstone (Beisner et al. 2020; Otton and
Van Gosen 2010).

Seventeen samples of sedimentary rocks that host aqui-
fers or that groundwater might contact were obtained from
surface exposures along the South Kaibab Trail in Grand
Canyon National Park in January of 2017 (Fig. 1). To
homogenize and expose fresh surfaces for the experiments,
the rocks were crushed in a jaw crusher and ground in a
disc mill with ceramic plates to < 1 mm. Splits for elemental
and mineralogical analyses were then ground to < 100 um.
Elemental analysis was conducted by AGAT Laboratories

(Calgary, Alberta, Canada) by decomposing the sample
using a mixture of hydrochloric, nitric, perchloric, and
hydrofluoric acids at low temperature and then analyzing
the resulting solution by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) and inductively coupled
plasma-mass spectrometry (ICP-MS) (Briggs 2002; Lam-
othe et al. 2002) (method ICPOES_MS-49). Blind reference
standards constituted 10% of submissions. Total carbon
concentrations were measured at AGAT Laboratories using
LECO equipment (St. Joseph, MI), and carbonate carbon
was measured by coulometric titration (Brown and Curry
2002; Brown et al. 2002). Data were deemed acceptable
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if recovery of each element in standard reference samples
was + 15% at five times the lower limit of determination and
the calculated relative standard deviation (RSD) of labora-
tory duplicate samples was no greater than 15%. All data
collected as part of this study are available via a USGS data
release (Bern et al. 2021).

Semi-quantitative mineralogical analysis was performed
at USGS Laboratories (Boulder, Colorado, USA) using x-ray
diffraction. Powdered samples were homogenized with 20%
corundum and analyzed using a Siemens D500 x-ray diffrac-
tometer from 5 to 65° two theta using Cu Ko X-ray radiation,
with a step size of 0.02° and a dwell time of 2 s per step.
Mineralogical composition was determined using an updated
version of the quantitative mineralogy software RockJock
(Eberl 2003), utilizing full-pattern fitting with natural refer-
ence materials. The full pattern degree-of-fit for most sam-
ples ranged from 0.08 to 0.12 and indicated good confidence
in the results; one sample had a value of 0.18 and indicated
moderate confidence in that result (Table 1).

Composite Ore Samples

Hand specimens of BPU ore collected in 1984 and 1985
and then stored in USGS archives were used to make two
unique composites of BPU ore for use in the experiments.
Hand specimens of BPU ore originated from the Hack II

Mine (14 samples) and Pigeon Mine (2 samples) (Fig. 1).
Van Gosen et al. (2020a, b) noted that some samples were
more enriched in U and others more enriched in sulfide-
related elements (Van Gosen et al. 2020b). Based on these
categories, new pieces (individually 42-230 g) were broken
off hand specimens to create a U-enriched, composite 1 (C1;
total 1633 g) and a sulfide-enriched, composite 2 (C2; total
773 g). Materials were blended by crushing to <1 mm in
a jaw crusher then riffle-split to create portions for batch
experiments and for elemental analysis. Splits for analy-
sis were ground to < 100 um. Elemental analysis was con-
ducted at AGAT Laboratories. Powdered sample was fused
at 750 °C with sodium peroxide, and the fusion cake was
dissolved in dilute nitric acid and analyzed by ICP-OES
and ICP-MS (Briggs and Meier 2002; Meier and Slowik
2002). Mineralogy of the two composites was not analyzed
but sulfides and uranium-bearing minerals can be assumed
to be the same chalcopyrite, galena, pyrite, sphalerite, and
uraninite present in the samples used to create the compos-
ites (Van Gosen et al. 2020a, b).

Perspective on the composition of the BPU ore compos-
ites was gained by comparing to the compositions of sam-
ples from which they were derived and to the compositions
of 27 samples of mineralized breccia from the Pinyon Plain
Mine (formerly Canyon Mine), and BPU ore data obtained
from the National Geochemical Database (Bern et al. 2019;

Table 1 Summary of results of semi-quantitative mineralogical analysis of the aquifer-related rocks by X-ray diffraction

Sample Formation

Full pattern

Quartz K-feldspar Calcite Dolomite Hematite Total clays

degree of fit
SK1 Kaibab Formation, Harrisburg Member 0.11 2.4 0.1 0.9 94.2 0.0 1.8
SK2* Kaibab Formation, Fossil Mountain Member (upper) 0.11 26.7 0.8 0.6 69.1 0.0 1.2
SK3 Kaibab Formation, Fossil Mountain Member (lower) 0.12 15.5 0.4 3.9 75.3 0.0 34
SK4* Toroweap Formation, Woods Ranch Member 0.09 28.3 3.3 59.5 1.9 0.1 6.8
SKS5 Toroweap Formation, Brady Canyon Member 0.10 10.8 1.1 2.1 83.9 0.0 1.2
SK6 Toroweap Formation, Seligman Member 0.10 18.9 1.0 19.9 53.7 0.1 6.3
SK7° Coconino Sandstone 0.18 81.5 4.9 0.7 0.7 0.0 11.3
SK8®  Hermit Formation 0.09 57.7 6.0 1.8 14.0 1.2 18.0
SK9® Esplanade Sandstone 0.12 34.2 5.8 0.3 48.0 0.6 11.2
SK10  Supai Group, lower 0.11 42.7 9.9 35.2 0.4 0.7 11.2
SK11 Redwall Limestone, Horseshoe Mesa Member? 0.12 1.1 0.0 98.8 0.0 0.0 0.1
SK12Y Redwall Limestone, lower to middle 0.10 0.9 0.0 95.3 0.3 0.0 3.2
SK13  Temple Butte Formation 0.08 1.0 0.0 13.5 85.2 0.0 0.0
SK14®  Muav Limestone, upper 0.12 0.3 0.0 0.7 99.0 0.0 0.0
SK15 Muav Limestone, lower 0.09 0.0 0.0 0.1 99.8 0.0 0.0
SK16  Bright Angel Shale 0.11 20.9 22.9 19.1 1.8 0.1 20.9
SK17  Tapeats Sandstone 0.12 97.1 0.0 0.5 0.8 0.0 1.7

Mineralogical values given are percent of sample and are normalized to 100%. For clays, the result is the sum of one or more fitted mineral refer-
ence patterns. Samples are ordered stratigraphically from shallowest to deepest. Complete results are available in Bern et al. (2021)

#Used in Step 1 of the experiments

Used in Steps 3 and 5 of the experiments
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Van Gosen et al. 2020a) (Fig. 1). The latter included data
on samples from the following deposits/mines: Pinyon Plain
Mine (formerly Canyon Mine (n=7), EZ-2 Deposit (n=1),
Hack Canyon Mine (n=23), Hermit Mine (n=6), Kanab
North Mine (n=9), Orphan Mine (n=13), Pigeon Mine
(n=9), Ridenour Mine (n=4), and Sage Deposit (n=42). A
classical principal component analysis (PCA) was conducted
using the software R (R Core Team 2021) that focused on
patterns and variability in mineralization by restricting it
to the elements Ag, As, Cd, Co, Cu, Fe, La, Mo, Ni, P, Pb,
S, Sb, U, V, Y, and Zn. First, missing data (1.9% of total)
were imputed using the function “impCoda,” and then the
PCA was conducted using the function “pcaCoDa”, both
from the “robCompositions” package (Filzmoser et al. 2009;
Hron et al. 2010). This method applied an isometric log-
ratio transformation to the data, performed a robust principal
component analysis, and then back-transformed the output
of the analysis to centered log-ratio space to generate a more
easily interpreted biplot.

Assessment of Groundwater CO,

Carbon dioxide plays a critical role in carbonate equilibria
and thereby groundwater chemistry generally, but is espe-
cially important for U because of the formation of U-carbon-
ate aqueous complexes (Dong and Brooks 2006; Stumm and
Morgan 1995). To determine an appropriate CO, concentra-
tion for the experiments, most probable concentration values
of major ions were used from waters obtained from wells at
the Pinenut Mine and the Pinyon Plain (formerly Canyon
Mine) (Fig. 1) sampled in 2009 (Bills et al. 2010). Satura-
tion indices for CO, were calculated using the PHREEQC
software (Parkhurst and Appelo 1999) and converted to CO,
concentrations. The Pinenut and Pinyon Plain wells had CO,
concentrations of 1.16% and 2.06%, respectively; thus, an
average value of 1.6% CO, was used in the experiments.

Sequential Batch Experiments

To simulate potential pathways and evolution of water
involving contact with BPU ore, sequential batch experi-
ments were performed consisting of five steps (Figs. 2, 3).
Step 1 created artificial shallow groundwater. To do this,
17 L of deionized (18.2 MQ) water was placed in an acid-
washed, 20 L, high density polyethylene (HDPE) carboy,
and 850 g of rock was added consisting of a 1:1 mixture of
aquifer-related rock samples SK2 (Kaibab Formation) and
SK4 (Toroweap Formation) crushed to < 1 mm (Table 1).
Dissolution of calcite and dolomite from these rocks in the
perched aquifer zone helped to create a solution in general
equilibrium with carbonate. A humidified stream of 1.6%
CO, and air was bubbled through the solution. The solution
was constantly recirculated using a peristaltic pump for one
week and stirred twice daily for the rest of the equilibration.
Stirring or shaking during each of the experimental steps
increases contact between solutions and geologic materi-
als and helps speed equilibration and simulate flow of solu-
tions through geologic materials. After two weeks, 12 g of
reagent grade gypsum (CaSO,-2H,0) and 0.45 g of NaCl
were added to the reactor. Addition of these reagents was
necessary to mimic natural groundwater (Bills et al. 2010)
because gypsum and other salts have generally been leached
from surface exposures where the aquifer-related rocks were
collected. After four weeks, the solution had reached a stable
specific conductance (SC) of 1,065 uS/cm; this solution was
then filtered first to <0.45 um and then to < 0.2 pm. Ali-
quots were taken for analysis and acidified to pH <2 using
ultrapure nitric acid.

Step 2 created artificial mine water. Two splits each of
6 L of artificial groundwater were placed in acid-washed,
deionized water-rinsed, 10 L HDPE carboys and 300 g of
C1 (U-enriched) were added to one carboy and 300 g of C2
(sulfide-enriched) were added to the other carboy. The same
humidified stream of 1.6% CO, and air was bubbled through

Fig.2 Conceptual cross section of a breccia pipe uranium (BPU)
mine and generalized sedimentary rock stratigraphy showing hypo-
thetical flow paths and locations of waters that may correspond to
the different steps in the sequential batch experiments. Labeled water
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Step1
Groundwater

Step 2
Mine Water

Step 3
Anoxic Downgradient Water

Steps 4 and 5
Aged, oxic Downgradient Water

1.6% CO2 + Air 1.6% CO2 + Air

Artificial
mine |.z2= 27
water | S ===
1
Artificial P4
shallow -7
groundwater RN
RN Artlfmlal
mine
water |*
2
Shallow, aquifer-related, BPUore BPU ore
carbonate rock composite composite
SK2 + SK4 1 )

Fig.3 Conceptual diagram depicting the sequential batch experiments

both solutions. The solutions were stirred daily. After two
weeks, the solutions had reached stable SC values of 2,430
(1) and 3,150 uS/cm (2), respectively. The solutions were
filtered first to < 0.45 pm and then to < 0.2 pum.

Step 3 simulated artificial mine water moving downgra-
dient into an anoxic environment. The artificial mine water
was sparged with a gas mixture of 2.2% H,, 1.6% CO,, and
96.2% N, inside a glove bag containing the same gas mixture
and then stored overnight. In the same glove bag, 400 mL
aliquots of the two artificial mine waters were added to five
500 mL HDPE bottles each. To these were added 20 g of
the powdered aquifer-related rock samples SK7, SK8, SK9,
SK12, and SK14 (Table 1), selected to represent a range of
mineralogical compositions described in the “Results and
Discussion” section. The solutions in the bottles were agi-
tated by using stir plates and hand shaking inside the glove
bag. After two weeks, the samples were removed from the
glove bag and aliquots for analysis were quickly syringe fil-
tered to < 0.2 um to avoid oxidation.

Step 4 simulated downgradient waters entering an oxic
environment, but without the influence of additional reaction
with the aquifer-related rocks, to separate possible influences
on water quality and simulate emergence at a stratigraphi-
cally shallow spring. Water remaining from Step 3 was
decanted into acid-washed, deionized water-rinsed HDPE
bottles and stored at room temperature in the laboratory for

1.6% CO02, 2.2% H2, 96.2% N2

Air

~ o> |:| - — > |:| ————— >
I
SK7 SK8 SK9 SK12 SK14 No Aq.-rel
Deeper, aquifer-related crushed rocks
rocks rock again

. Sample identifiers listed in Table 1

nine weeks with air in the headspace of the bottles. Aliquots
for analysis were then syringe filtered to < 0.2 um.

Step 5 simulated increasing length of time for reactions
to proceed to equilibrium and taking into account prolonged
water—rock interaction. The influence of the oxic environ-
ment (Step 4) was maintained for 40 weeks. Then, the
influence of the aquifer-related rocks for an additional two
weeks was simulated by adding 20 g of new splits of the
same crushed, aquifer-related rock used in Step 3 to each
respective bottle of water. The water was then stored at room
temperature with periodic shaking to agitate the mixture.
Aliquots for analysis were then syringe filtered to < (0.2 pm.

Concentrations of 64 dissolved elements in waters from
the experiments were measured by ICP-MS and ICP-OES
by AGAT Laboratories (Calgary, Alberta, Canada) (Lam-
othe et al. 2002). Blind standards were submitted for qual-
ity control, and results were considered satisfactory if
within 15% of expected values. Data among the elements
discussed in the paper met those objectives except for one
blind standard with low concentrations of Co (1.07 ug/L)
and Ni (6.89 pg/L) that failed this criteria. However, in the
same analytical batch, contract laboratory standards with
higher concentrations performed acceptably. Anions (C17,
F~, NO;~, Br™) were analyzed by ion chromatography at
a USGS laboratory in Boulder, Colorado (Brinton et al.
1995). Alkalinity was determined by titration on samples
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from Steps 1 and 2 using the inflection point method (U.S.
Geological Survey variously dated). Volume limitations
prevented alkalinity determinations on subsequent steps.
Charge balance and saturation indices for calcite and dolo-
mite were calculated for samples from Steps 1, 2, and 3
using the PHREEQC software and the Minteq.v4 data-
base (Parkhurst and Appelo 1999). Charge balance errors
were < 4%, although the redox potential (pe=1) had to be
estimated for Step 3 because it was not measured. Selection
of the estimated pe value is discussed in the “Results and
Discussion” section. Saturation indices for gypsum, barite,
ferrihydrite, goethite, hematite, uraninite, carnotite, tyuy-
amunite, U;0q4, and UO,(OH),(p) were calculated for all
solutions using the PHREEQC software and the Minteq.v4
database (Parkhurst and Appelo 1999). Charge balance and
saturation index output are available in the Supplementary
Information.

Results and Discussion
Aquifer-Related Rocks

Elemental concentrations of the contaminants of potential
concern associated with mineralization in BPU ore material
were generally at least an order of magnitude lower in the
aquifer-related rocks (samples SK1-14) compared to con-
centrations in BPU ore (Bern et al. 2021). Samples of the

Fig.4 Biplot depicting classical -0.8 -04

principal component analysis

Kaibab (SK2) and Toroweap (SK4) Formations contained
abundant dolomite and calcite, respectively, making a blend
of the two suitable for creating a carbonate-equilibrated
groundwater in the experiments (Table 1). The five deeper,
aquifer-related rocks selected for use in Steps 3 and 5 were
chosen to represent different mineralogical types. Coconino
Sandstone (SK7) was quartz-dominated with little carbonate
buffering capacity and moderate clay content. The Hermit
Formation (SK8) contained more abundant clay and 1.2
wt.% of hematite. Esplanade Sandstone (SK9) had moder-
ate clay content and carbonate buffering capacity, primar-
ily from dolomite. Redwall Limestone (SK12) and Muav
Limestone (SK14) consisted almost completely of calcite
and dolomite, respectively (Table 1).

Composite Ore Samples

Compositional patterns in BPU ore and the two composite
samples can be observed by examining a biplot of results
from the PCA (Fig. 4). One pattern is that the loadings,
depicted as rays, organize themselves into four groups:
(1) a Co, Fe, Mo, and Ni group; (2) an Sb, As, Cd, S, and
Zn group; (3) aLa, Pb, P, U, V, and Y group; and (4) a Cu
plus Ag group. Such groupings may not represent mineral
phases so much as sources or conditions related to min-
eralization. Another pattern is the broad overlap of com-
positions from ten different localities. Such overlap indi-
cates that, although there is variation in the composition

0 0.4 0.8

of BPU ore compositions along 9
with the two BPU ore compos-
ites C1 (U-enriched) and C2
(sulfide-enriched) created from
archival material. Data included
are 17 elements associated with
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(Fe), lanthanum (La), lead (not
visible), molybdenum (Mo),
nickel (Ni), phosphorus (P),
silver (Ag), sulfur (S), uranium
(U), vanadium (V), yttrium (Y),
and zinc (Zn). Principal com-
ponent (PC) scores for samples
are plotted on the bottom and
left axes, and loadings (rays) for
elements are plotted on the top
and right axes
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of samples from within individual BPU deposits, similar
compositions can be found in other localities. An excep-
tion to this pattern exists for some material from the
Pinyon Plain Mine, which exhibits relative enrichment in
As, Cu, and Ag. Composite 1 (C1) plots near the center
of the data distribution, indicating it is fairly representa-
tive of BPU ore material in the region. Based on high
U content (Table 2), C1 is referred to as the U-enriched
composite. Composite 2 (C2) plots out near one edge of
the data distribution, indicating a less common composi-
tion with greater enrichment of sulfide and associated trace
elements. Based upon this enrichment, C2 is referred to
as the sulfide-enriched composite. Note that samples from
six other localities plot relatively close to C2, indicating

that similar material is not rare among BPU deposits and
localities.

Sequential Batch Experiments, Major lons

Substantial changes in chemistry occurred as the sequential
batch experiment waters moved through the five experimen-
tal steps. An examination of selected trace elements and
major ions provides insight to bulk geochemical changes.
Artificial shallow groundwater from Step 1 was circumneu-
tral (Table 3, Fig. 5), representing a Ca-HCOj; type compo-
sition and was oversaturated relative to calcite (saturation
index, SI=0.2) and barite (SI=0.2) and undersaturated rela-
tive to dolomite (SI= —0.4) and gypsum (SI= —0.7). The

Table 2 Concentrations of

. Element Units Composite 1 Composite 2 Extracted from C1  Extracted
select.ed c?lements. in the in Step 2 from C2 in
breccia pipe uranium (BPU) Step 2
ore composites (C1 and C2)
and fractions of elements ' Al wt.% 1.07 0.42 DL 8%
preelinbocomieie G ww s N N
sequential batch experiments Fe wt.% 545 22.8 DL 2%

FeO wt.% 0.56 1.77 NC NC

K wt.% 0.5 0.15 NC NC
Mg wt.% 0.28 0.1 NC NC

S wt.% 9.45 30.3 NC NC
Ti wt.% 0.08 0.03 0.002% 0.003%
Ag ppm 16 10 DL DL
As ppm 3562 7756 0.05% 1.7%
Ba ppm 26,100 22,400 0.002% 0.001%
Cd ppm 69 51.7 0.3% 3.8%
Ce ppm 72.8 6.9 0.1% 17%
Co ppm 126 2030 26% 32%
Cr ppm 48 846 0.04% 0.02%
Cu ppm 5980 8150 0.09% 0.7%
La ppm 12.1 4.9 0.08% 18%
Mn ppm 51 60 6% 11%
Mo ppm 59 1530 17% 0.6%
Nb ppm 2.5 1.1 0.14% 0.3%
Ni ppm 315 12,300 19% 29%
P ppm 1200 1200 DL DL
Pb ppm 4410 710 0.002% 0.2%
Sb ppm 83.5 33.7 1.1% 21%
Se ppm 24.3 329 1.7% 3.7%
Sr ppm 1820 1180 2.9% 5.3%
Th ppm 1.6 0.6 DL DL
Tl ppm 144 331 0.4% 0.7%
U ppm 19,330 179 21% 22%
\Y% ppm 35 29 0.08% 0.2%
Y ppm 62.4 9.6 0.5% 45%
Zn ppm 13,000 16,000 1% 5%

Fraction extracted calculated as mass in solution relative to mass present in ore in the experiment. DL indi-
cates element less than detection limit in aqueous sample. NC indicates not calculated
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Table 3 Concentrations elements and chemical properties for simu-
lated groundwater (GW) and mine water (MW) from Steps 1 and 2 of
the sequential batch experiments

GW CIMW C2MW
Property/element Units Step 1 Step 2 Step 2
SC uS/cm 1066 2426 3146
pH Std. Units ~ 7.12 6.84 3.83
Alkalinity (as CaCO3;) mg/L 413 795 NM
F mg/L <0.1 0.5 5.1
ClI~ mg/L 19.9 20.9 19.4
NO;~ mg/L 0.6 3 1.5
Ca mg/L 241 745 556
Mg mg/L 12.4 19.9 50.3
Na mg/L 12.7 16.4 14
K mg/L 23 7.0 10.6
Al mg/L <0.001 <0.001 17.8
Fe mg/L <0.02 <0.02 216
Mn mg/L 0.01 0.15 0.33
S mg/L 131 530 813
As ng/L 7 82 6600
Ba ug/L 23 27 16
Cd pg/L 0.028 12 97.4
Co ug/L 0.18 1660 32,800
Cr ug/L 1.8 0.9 10
Cu ug/L 0.8 256 2850
Mo ug/L 1.8 501 424
Ni ug/L 4.1 3030 181,000
Pb ug/L 0.07 4.74 67.8
Sb ug/L <0.2 47.2 35.9
Se ug/L <0.5 21 60.1
Sn ug/L <0.02 <0.02 0.03
Sr pg/L 130 2630 3100
Th pg/L <0.1 <0.1 <0.1
Tl ug/L 0.16 2.87 109
U ug/L 0.536 201,000 1980
A\ ug/L 7.86 1.44 222
w ug/L 0.16 68.6 13.4
Zn ug/L 1 6820 39,400

NM indicates not measured

major ion concentrations generally were similar to those in
water that discharges from springs in the Coconino Sand-
stone (Beisner et al. 2017b).

In Step 2, exposure to the U-enriched ore composite (C1)
decreased the solution pH slightly from 7.1 to 6.8 (Table 3,
Fig. 5a). Elemental Ca and Mg concentrations (Table 2)
indicated potential carbonate buffering of the C1-derived
solution as did saturation relative to calcite (SI=0.2) and
moderate undersaturation relative to dolomite (SI=—0.9).
Carbonate minerals can be intimately mixed with sulfide
minerals in BPU ore (Van Gosen et al. 2020a, b). Exposure
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to the sulfide-enriched ore composite (C2) decreased the pH
substantially to 3.8 and the absence of measurable alkalinity
indicated a lack of carbonate buffering. Concentrations of
total sulfur (S) increased substantially in both Step 2 solu-
tions, indicating oxidation of sulfide minerals in the ore as
the source of the acidity, although much greater concentra-
tions of S occurred in the C2-derived solution. Both solu-
tions were saturated relative to gypsum (SI=0) and bar-
ite (SI> 0.5 and 0.6), indicating secondary precipitation,
particularly of barite, as a limiting factor on S concentra-
tions. Dissolved Al and Fe increased substantially in the
C2-derived artificial mine water (Table 3, Fig. 5). Iron was
likely released by pyrite oxidation and the drop in pH helped
sustain both elements in solution. Concentrations of Mn
increased slightly in both Step 2 solutions (Table 3, Fig. 5).

In the artificial anoxic, downgradient water created in
Step 3, the pH increased in most samples, likely in response
to carbonate buffering from the aquifer-related rocks
(Fig. 5a). All the C1-derived solutions were oversaturated
relative to calcite, except for the solution exposed to the
Coconino Sandstone (SI= —0.5). In the C2-derived solu-
tions, pH buffering was incomplete as indicated by under-
saturation relative to calcite (SI= —3.4 to—0.7) and dolo-
mite (SI= —7.4 to—2.2). The partial buffering appeared to
drive dissolved Al concentrations in the C2-derived samples
dramatically lower (Fig. 5b), presumably by precipitating
aluminum minerals. Using the reporting limit concentra-
tion of Al (1 pg/L), C2-derived solutions were indicated to
be undersaturated relative to the AI(OH); minerals amor-
phous aluminum hydroxide and gibbsite. Nevertheless,
precipitation was the likely loss mechanism, because con-
centrations of Al in Step 2 (17.8 mg/L) and pH conditions
in Step 3, would have caused solutions to be oversaturated
relative to both phases during the transition from Step 2 to
Step 3 conditions. Based on the Al concentration decrease,
~ 51.5 mg/L of AI(OH); would have precipitated from each
C2-derived solution in this step.

In Step 3, iron concentrations decreased slightly in the
C2-derived solutions, indicating precipitation of hydrous-
ferric-oxide (HFO) minerals, likely goethite but possibly
also ferrihydrite (Blowes et al. 2003). The precipitation
of some but not all of the dissolved iron reflects moder-
ately reducing conditions that favor retention in solution
and increased pH that favors precipitation. Because pe was
not measured, it was estimated in the PHREEQC calcula-
tions. A pe value of 1.0 was about the lowest pe that would
indicate saturation for either goethite or ferrihydrite in the
C2-derived solution exposed to Coconino Sandstone (SK7)
and therefore reflect the modest decrease in solution Fe
(Fig. 5¢). Using that pe value, all C2-derived solutions were
oversaturated relative to goethite (SI=0.0-3.5) and results
for ferrihydrite were mixed (SI= —2.7 to 0.8). A pe value
of 1.0 does not indicate strongly reducing conditions, but
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Fig.5 Concentrations of dissolved major elements and pH in order of
steps in the sequential batch experiments: a pH, b aluminum, c¢ iron,
d manganese, and e sulfur. Square symbols reflect solutions made

moderately reducing conditions are indicated by mainte-
nance of substantial Fe in solution, as well as mobilization
of Mn from the aquifer-related rocks (Fig. 5c, d). Based on
Fe concentration decreases, 13—-92 mg/L of HFO minerals
would have precipitated from the different batches. The pre-
cipitation of HFO and AI(OH); indicate the formation of
secondary minerals with fresh surfaces for sorption of trace
elements.

When the waters were exposed to oxygen in Step 4,
but without any buffering from aquifer-related rocks, pH
increased about 1 standard unit from ~ pH 7 to = pH 8 in
the C1-derived solutions (Fig. 5a). In contrast, pH decreased

Step

from the C1 (uranium-rich) composite and diamond symbols reflect
solutions made from the C2 (sulfide-rich) composite

almost two standard units from ~ pH 6 to ~ pH 4 in the
C2-derived samples, presumably as acidity was increased
as a result of oxidation of Fe?* to Fe**, hydrolysis of the
Fe(III), and subsequent precipitation as HFO. In Step 4,
43-158 mg/L of HFO and associated sorption potential was
potentially generated among the C2-derived solutions. Both
Al and Mn concentrations remained essentially unchanged
(Fig. 5b, 5=d). Total S concentrations decreased in the
C2-derived solutions in Step 4 (Fig. 5e). Although all solu-
tions remained saturated relative to gypsum (SI = 0), the
S decrease was attributed to barite precipitation. Barium
concentrations had increased in all solutions in Step 3 in
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Fig.6 Concentrations of dissolved barium (a) and vanadium (b) in the sequential batch experiments. Square symbols reflect solutions made
from the C1 (uranium-rich) composite and diamond symbols reflect solutions made from the C2 (sulfide-rich) composite

response to aquifer-related rock additions (Fig. 6a) and all
solutions were oversaturated relative to barite (SI=0.7-1.1).
However, the Step 4 pH increase for C2-derived solutions
created conditions more favorable for barite precipitation.
Both Ba and total S concentrations decreased for C2-derived
solutions (Figs. Se, 6a), and both C1 and C2-derived solu-
tions remained oversaturated relative to barite (SI=0.7-1.1).

With the addition of aquifer-related rocks again in Step 5,
carbonate buffering shifted most C1- and C2-derived solu-
tions to a circumneutral pH (Fig. 5a). Greater pH caused
most of the remaining dissolved Fe in C2-derived solutions
to precipitate. Saturation indices indicated oversaturation
for goethite (SI=3.3-4.3) and ferrihydrite (SI=0.6-1.6)
and 107-250 mg/L of HFO and associated sorption capac-
ity were potentially generated. With more Ba available for
release by re-addition of the aquifer-related rocks (Fig. 6a),
additional barite precipitation appeared to draw most dis-
solved S concentrations down further across both C1- and
C2-derived samples (barite SI=0.8-1.1) (Fig. 5e). Alu-
minum concentrations remained relatively unchanged and
Mn showed relatively small effects.

Sequential Batch Experiments, Contaminants
of Potential Concern

Mobilization of trace elements from BPU ore was assessed
by taking the artificial shallow groundwater from Step 1
and exposing it to the ore composites in Step 2. Concentra-
tions of trace elements were generally low in Step 1 and
increased substantially in Step 2 (Table 3, Fig. 7). More than
20% of the U in each composite was mobilized in Step 2
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(Table 2) indicating a high potential for mobilization. Ura-
nium increased from 0.5 pg/L in Step 1 to 201,000 pg/L
in the Cl-derived artificial mine water in Step 2 (Table 3).
Most U in BPU ore is present as uraninite (UO,) (Van Gosen
et al. 2020a, b; Wenrich 1985), but it is plausible that over
geologic time some has oxidized to U;Og4. The Cl1-derived
artificial mine water (Step 2) was substantially undersatu-
rated relative to uraninite (SI= —2.8), moderately under-
saturated relative to UO,(OH),(p) (SI= —0.6), and barely
undersaturated relative to U305 (SI= —0.1). In contrast,
the C1-derived water was oversaturated relative to carnotite
(SI=0.5) and tyuyamunite (SI=2.9). Thus, although U con-
centration reached 201,000 pg/L, a higher concentration may
have been limited by reaching near equilibrium conditions
and/or secondary precipitation as suggested by decreases
in dissolved V concentrations (Fig. 6b). In comparison, the
C2-derived artificial mine water (Step 2) had a U concentra-
tion of 1,980 ug/L and was moderately undersaturated rela-
tive to uraninite (SI= —0.4) and substantially undersaturated
relative to UO,(OH),(B) (SI=—4.2), U;04 (SI= —4.9), car-
notite (SI= —9.9), and tyuyamunite (SI= — 18.5). Thus, the
relatively small amounts of U-bearing material in the C2 ore
composite likely limited U concentrations in the solution.
Similar to how U was mobilized in Step 2, the fractions of
Co and Ni leached from the two ore composites were large
and relatively similar, thus indicating presence in relatively
labile forms (Table 2). Concentrations of such elements in
solution are thus controlled more by ore composition than
water chemistry. For Sb, Se, Tl, and Zn, percent mobiliza-
tions were more similar, but abundance in ore still influ-
enced relative concentrations in solution (Table 2, Fig. 7).
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Fig.7 Concentrations of dissolved trace elements in the sequen-
tial batch experiments: a antimony, b arsenic, ¢ cadmium, d cobalt,
e copper, f lead, g molybdenum, h nickel, i selenium, j thallium, k
uranium, and 1 zinc. Square symbols reflect solutions made from the

Percent Mo mobilization was much greater from the C1
composite, but the higher concentration in the C2 com-
posite appeared to help generate similar concentrations in
solution. In contrast, percent mobilizations of As, Cd, Cu,
and Pb were an order of magnitude or more greater from

C1 (uranium-rich) composite and diamond symbols reflect solutions
made from the C2 (sulfide-rich) composite. Symbol colours are the
same as in Fig. 5. Note logarithmic scales

the sulfide-enriched, C2 ore composite compared to the C1
composite (Table 2). As a result, concentrations of most of
those elements were much greater in the C2-derived water
(Fig. 7). In some cases, concentrations of a trace element
were only moderately greater in the C2 ore composite itself
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(Table 2), and the lower pH of the C2-derived water (Fig. 5a)
drove the magnitude of mobilization. Acidification of waters
by sulfide oxidation and consequent trace element mobili-
zation is one of the predominant patterns of AMD (Blowes
et al. 2003; Nordstrom and Alpers 1997). By comparison,
the carbonate buffered, circumneutral pH of Step 2 waters
created using the C1 ore composite somewhat limited mobi-
lization of As, Cd, Cu, and Pb, and perhaps Tl and Zn. Thus,
carbonate buffering can limit some element mobilization if
the carbonates are in relatively close contact with miner-
alized, acid-generating material. However, relatively high
concentrations (> 1000 pug/L) of Co, Ni, U, and Zn, along
with notable concentration of Mo (420-500 pg/L) occurred
in both the acidic (C2) and circumneutral (C1) artificial mine
waters, thus indicating high potential for mobilization under
most conditions (Fig. 7d, g, h, k, 1).

Downgradient attenuation of concentrations of contami-
nants of potential concern mobilized from the BPU ore was
assessed in Steps 3, 4, and 5. Each trace element responded
differently, but the similarity in response among steps allows
some elements to be grouped together and shed light on
processes affecting trace element attenuation. Copper and
Pb concentrations were both substantially attenuated in Step
3 (Fig. 7e, f). Neutralization of the C2-derived waters in
Step 3 (Fig. 5) and precipitation of HFO minerals and some
Al(OH); would have provided pH conditions and sorption
sites for Cu and Pb removal. Both Cu and Pb were adsorbed
early in the shift from acidic to neutral pH and with rela-
tively high sorption selectivity (Dzombak and Morel 1990;
Smith 1999). However, Cu and Pb were also removed
from Cl-derived solutions where absence of fresh HFO or
Al(OH); made sorption less likely. Instead, precipitation
as chalcopyrite (CuFeS,) and galena (PbS) are a possible
removal mechanism. Although at the pe of 1.0 estimated
based upon goethite saturation indicates the solutions would
have been undersaturated relative to chalcopyrite and galena,
both the C1- and C2-derived solutions would have been satu-
rated relative to those phases at moderately lower pe values
of —1 to—4. Some Pb and Cu were apparently remobilized
under the acidic and oxidizing conditions in some Step 4
samples, but this is most likely due to to accidental transfer
of precipitated minerals during decanting between steps.
Cadmium and Zn are expected to sorb to a lesser extent on
HFO, as their sorption behaviour starts at slightly higher pH
values (Dzombak and Morel 1990; Smith 1999). It is pos-
sible that competition for binding sites left substantial frac-
tions of these elements in solution until the circumneutral
conditions and additional precipitation of HFO that occurred
in Step 5. The experiments do not distinguish between sorp-
tion and precipitation, but decreases in dissolved concentra-
tions through Steps 3, 4, and 5 indicate attenuation.

Most of the substantial amounts of As mobilized in the
C2-derived waters in Step 2 remained in solution in step
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3, but then concentrations decreased by factors of 3-76
in Step 4 and decreased further in Step 5 (Fig. 7b). The
retention of As in solution in Step 3 may have resulted from
some interplay of potential oxidation of As(III) to As(V)
and their contrasting sorption edges in the vicinity of pH 6
(Dixit and Hering 2003). However, relatively high concen-
trations of other trace elements competing for binding sites
in Step 3 might be the best explanation. Greater amounts
of HFO precipitation in Step 4, and a decrease to pH~4 by
the C2-derived waters would certainly have enhanced As(V)
sorption (Dixit and Hering 2003). Availability of binding
sites is also likely a factor, as illustrated by similar orders of
concentration decrease in As and Fe between Steps 4 and 5
(Figs. 5¢, 7b).

Selenium is also redox sensitive and decreased in con-
centrations in Step 3 (Fig. 7i), likely reflecting sorption of
the lower redox-state Se(IV) on HFO under circumneutral
conditions, but some sorption of Se(VI) could also have
occurred if it was present (Fernandes-Martinez and Char-
let 2009). Under oxidative conditions and acidic pH in the
C2-derived waters (Step 4), both Se(IV) and Se(VI) would
have been sorbed (Balistrieri and Chao 1990). Lack of addi-
tional Se removal in Step 5 likely reflects the predominance
of Se(VI) and its poor sorption at circumneutral pH.

The iron-oxidation-driven drop in pH for C2-derived
waters in Step 4 was possible because of the absence of
any carbonates from aquifer-related rocks. This created
ideal conditions for removal of Sb and Mo, both of which
approach their sorption maxima around pH 4 (Goldberg
et al. 1998; Guo et al. 2014). However, the combination of
acidic pH and HFO precipitation may be unusual in ground-
water flow paths in the Grand Canyon as it would require a
portion of the flow path to pass through carbonate-free rock.
Among the sedimentary rocks of the Grand Canyon region,
only the Coconino Sandstone comes close to this require-
ment, and it contains about 1.4 wt.% carbonate (Table 1).
Thus, the patterns of Sb and Mo mobilization and scant
removal demonstrated by the C1 waters seem more likely
in the environment.

Certain elements did not show substantial decreases in
dissolved concentrations under most conditions encountered
in Steps 3, 4, and 5 (Fig. 7). This is broadly true for Co,
Ni, TI, and U. Cobalt, Ni, and TI concentrations decreased
somewhat under the oxic and circumneutral conditions in
Step 5. Sorption on minerals present in the aquifer-related
rocks appeared to play a role because decreases were most
pronounced in the presence of the relatively clay-rich Espla-
nade Sandstone and Hermit Formation (Table 1, Fig. 7d,
h, j).

The lack of change in U concentrations in the C1-derived
waters (Fig. 7k) is explained partly by the strong tendency
of U to form stable complexes with carbonate anions along
with Ca and Mg, thereby decreasing U adsorption (Dong and
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Brooks 2006). The C1-derived waters were oversaturated
relative to various U-bearing phases in Steps 3, 4, and 5,
In Step 3, solutions were oversaturated relative to uranin-
ite (SI=1.0-4.9) and U;04 (SI=3.3-7.9) but no decrease
in solution U was observed. In Step 4, Cl-derived solu-
tions were oversaturated relative to U;Og4 (SI=2.2-2.4),
UO,(OH),(p) (1.0-1.1), carnotite (SI=0-2.1), and tyuya-
munite (SI=1.5-5.9), but decreases in dissolved U were
so minor relative to the high concentrations as to be sus-
pect (Fig. 7k). Solutions were oversaturated relative to the
same four phases in Step 5, but U concentrations were once
again similar to those in Steps 2 and 3 (Fig. 7k). In contrast,
U concentrations decreased for the C2-derived waters by
factors of 1.5-9.2, 1.8-2.1, and 1-13 in Steps 3, 4, and 5,
respectively (Fig. 7k). Although many of the solutions were
oversaturated relative to some U-bearing phases in some
steps, these concentration decreases were likely due to sorp-
tion of U onto HFO. In Step 3, the C2-derived solutions
were oversaturated relative to uraninite (SI=2.0-4.5) and
U;04 (SI=0.3-4.7). In Step 4, C2-derived solutions were
undersaturated relative to all modelled U-bearing phases.
In Step 5 C2-derived solutions were variably saturated rela-
tive to carnotite (SI=—31.1 to 1.4), tyuyamunite (SI=—5.2
to 3.7), and U;04 (SI=—0.9 to 0.1). However, matches
between patterns of U and Fe concentration decreases that
reflected precipitation of HFO make the argument for sorp-
tion (Figs. Sc, 7k). Although U forms stable complexes with
carbonate, and U sorption decreases with increasing car-
bonate concentration, U is still sorbed by HFO in the pres-
ence of carbonate (Wazne et al. 2003). In Steps 3, 4, and 5,
increasing amounts of Fe from solution were precipitated as
HFO and increasing amounts of U were also lost from solu-
tion (Figs. 5c, 7k). The pattern of most substantial decreases
in U concentrations occurring in Step 5 matched the most
substantial decreases in dissolved Fe occurring in that step.
The link between U and sorption on HFO is also supported
by proportionately smaller U loss from the C2-SK7 batch,
which was the only batch still retaining substantial dissolved
Fe in Step 5 (Figs. 5c, 7k). In considering the potential for
additional attenuation of dissolved U concentrations, notable
additional U removal in response to reactions with aquifer-
related rocks would not be expected once dissolved Fe to
support HFO precipitation was depleted.

With respect to trace element patterns, relatively high
concentrations of As, Cu, and Pb were mobilized from the
BPU ore, particularly if intimately mixed carbonate minerals
were insufficiently abundant to buffer the acidity generated
by sulphide oxidation. However, subsequent experimental
steps, designed to simulate downgradient aquifer condi-
tions and processes expected in the subsurface environment,
largely attenuated As, Cu, and Pb concentrations. In con-
trast, relatively high concentrations of Co, Mo, Ni, U, and
Zn were mobilized from the BPU ore regardless of buffering

by carbonates in the ore. Of these, Co, Mo, Ni, and U were
not substantially removed by simulated downgradient con-
ditions, and Zn was only partially attenuated. Mobilization
of Sb and T1 from BPU ore generated more moderate con-
centrations in water, but these elements were also poorly
attenuated.

Environmental Factors

The experiments conducted here provide insight into poten-
tial effects and water compositions resulting from water
interacting with BPU deposits, but concentrations of trace
elements in the environment will be influenced by additional
factors. Heterogeneity in the abundance, composition, and
reactivity of both mineralized BPU material and other rock
types along flow paths will all be factors, along with het-
erogeneity in the flow paths themselves (Nordstrom 2011).
Trace elements can be sorbed both on static surfaces and
fresh precipitates suspended in water (Runkel et al. 1999).
Factors such as ratios of water to ore and contact times with
different materials are likely to differ from those used in
the experiments. The experiments indicate that mobiliza-
tion of some trace elements will be attenuated by reactions
with downgradient carbonate-bearing rock, and mobilization
of others will not. Acid-neutralizing carbonate rock com-
monly attenuates some components of AMD (Blowes et al.
2003). Concentrations of the non-attenuated trace elements
are likely to become diluted by mixing with downgradient
waters unaffected by mineralized BPU material that likely
have lower concentrations of those elements (Beisner et al.
2017b). Mixing ratios and dilution will depend on the rela-
tive volumes of water, and therefore relate to the scales of
deposits and unaffected waters.

With regards to scale, two other factors are worth consider-
ing and comparing to other mineralized settings and mining
operations to provide perspective. First, in many mining dis-
tricts, mineralized rock with acid-generating capacity is semi-
continuous across areas of several to tens of km?, and devel-
opment involves multiple mine adits, extensive lateral tunnel
systems, and substantial fractions of acid-generating rock that
are left exposed to oxidation underground or on the surface
when mining is complete (Cowie et al. 2014; Espaifia et al.
2005). By comparison, U-bearing, breccia pipes with narrow
diameters (60-120 m) and low ore tonnage (160,000 tons)
are rather modest in terms of size and spaced widely across
the landscape in large expanses of unmineralized rock (Fig. 1;
Mathisen et al. 2017; Otton and Van Gosen 2010; Van Gosen
et al. 2016). Second, it is common in many mining operations
to create artificial flow paths via lateral tunnels that drain mine
water directly or indirectly to emerge nearby at the surface
and with minimal opportunity to contact non-mineralized rock
(Walton-Day and Mills 2015). By comparison, BPU mines are
often vertical features that might facilitate entry of water from
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the surface, but not necessarily create enhanced vertical or
lateral drainage away from the mineralized zone (Fig. 2). Verti-
cal infiltration of water from the surface can be minimal under
the generally arid climate in the Grand Canyon region areas
(Alpine and Brown 2010). Thus, the relatively small scale of
BPU deposits, modest alteration to natural flow paths, and
carbonate buffering capacity of surrounding rock, along with
potential dilution by mixing with unaffected groundwaters,
all indicate smaller potential for environmental issues related
to trace element mobilization compared to many other acid-
generating deposit types.

Conclusions

In summary, laboratory experiments designed to simulate
groundwater environments demonstrated that sulfide-bearing
BPU ore has the potential to mobilize contaminants of poten-
tial concern in a manner similar to those in AMD produced
from other sulfide-bearing ore deposits. Mobilization of cer-
tain elements, particularly As, was enhanced if carbonate min-
erals were not intimately mixed with the oxidizing sulfides to
buffer the pH. Regardless of buffering at the source, relatively
high concentrations of Co, Mo, Ni, U, and Zn were mobilized
from the BPU ore. Of these, Co, Mo, Ni, and U were not sub-
stantially removed by downgradient conditions and processes
expected in the subsurface environment, and Zn was only par-
tially attenuated. Smaller proportional concentrations of Sb
and TI were mobilized, but these elements were also poorly
removed under expected environmental conditions. Such pat-
terns indicate which BPU ore-sourced trace elements are most
likely to be present at a downgradient location, like a well or
spring, from both a toxicological and fingerprinting perspec-
tive. Trace element mobilization in the environment will be
determined by the quantities of water contacting the relatively
small BPU deposits, and concentrations are likely to be low-
ered by mixing with other waters that have not contacted the
BPU ore.
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