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Abstract: Breccia pipe deposits of the Grand Canyon region contain ore grade copper and uranium. Horn Creek is located near
the Orphan Mine mineralized breccia pipe deposit, and groundwater emerging from the bedrock in the headwaters of Horn
Creek has the highest uranium concentrations in the region. Uranium decreases an order of magnitude between the groundwater
at the top of the watershed and the groundwater emerging from the alluvial material lower in the watershed. Horn Creek water
has low sulfur and uranium isotopic ratios which may suggest interaction with sulfide and uranium minerals found in
mineralized breccia pipe deposits. Per- and polyfluoroalkyl substances were found in low concentrations in groundwater from
the bedrock and may be related to mining process materials or other anthropogenic activities. PHREEQC modelling suggests
that water that is elevated in uranium emerging from the bedrock in the upper watershed may mix with other groundwater and
atmospheric precipitation infiltrated into the alluvial material in the lower watershed. Tritium is elevated in Horn Creek
groundwaters, suggesting a component of modern water, some of which may have interacted with Orphan Mine workings.
Additional studies could build on this understanding of chemistry changes in the waters of Horn Creek to provide more direct
evidence of the contribution of water moving through the Orphan Mine.
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The Grand Canyon region hosts some of the highest-grade uranium
ore in the United States (Alpine and Brown 2010). In 1951, uranium
ore was discovered in the Orphan copper mine west of Grand
Canyon Village (Fig. 1), initiating the era of uranium exploration
and mining in the area (Chenoweth 1986). In 2009, uranium prices
increased, resulting in a large number of mining claims in the Grand
Canyon region that led the U.S. Secretary of the Interior to initiate a
two year withdrawal of about one million acres of Federal land from
future mineral entry (Alpine and Brown 2010). The withdrawal was
extended for 20 years in 2012 subject to valid existing rights. Since
2012, the U.S. Geological Survey (USGS) has been conducting
scientific investigations to understand effects from breccia pipe
uranium mining in the Grand Canyon region. This study focuses on
the Horn Creek watershed as a case study for water resources near a
former breccia pipe uranium mine (Orphan Mine).

The former Orphan Mine is located at the head of the eastern
branch of the Horn Creek watershed. The Orphan Mine is
completed within a breccia pipe deposit that was mined from
1893 to 1951 as a copper mine, and then in 1951 uranium ore was
discovered in the mining material, and the breccia pipe was mined
for uranium from 1953 to 1969 (Chenoweth 1986). The mine was
turned over to the National Park Service in 1987 and remains as it
was at the end of the mining period (Chenoweth 1986). Estimates
suggest approximately four million pounds of uranium oxide

remain in the breccia pipe beneath the mine workings (Chenoweth
1986). Vertical and horizontal shafts were drilled into the breccia
pipe ore deposit at the Orphan Mine to extract ore material, and mine
waste was placed back into the mine void spaces (Chenoweth 1986).
Additionally, 13 exploratory holes were drilled from the lowest
mine working level to the depth of the Tapeats Sandstone below the
mine, the deepest of which (P-13) is 583 m below the mine
workings, which is the depth of the Tapeats Sandstone below the
mine (Fig. 2; Chenoweth 1986). An opening in the rock roof above
the mine workings is present at the stratigraphic level of the
Coconino Sandstone that connects the atmosphere to underground
mine workings and continues to collapse and widen (Fig. 2). Water
seeps out of mine shafts near the opening in the rock roof, but little is
known about the presence and depth of water in deeper mine
workings of the Orphan Mine.

Hydrogeologic setting

Horn Creek is a branched watershed tributary to the Colorado River
in Grand Canyon (Fig. 1a). Water emerges from the upper reaches of
the Horn Creek watershed in the eastern branch at the base of
bedrock cliffs below the Redwall Limestone and above the Muav
Limestone. This spring water disappears and then re-emerges from
alluvial material lower in the Horn Creek watershed. Streamflow in

Published 2023 by The Geological Society of London for GSL and AAG. This article is considered a work of the United States government and therefore not
subject to copyright protection in the United States. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 License

(https:/creativecommons.org/licenses/by/4.0)

Downloaded from http://pubs.geoscienceworld.org/geealarticle-pdf/doi/10.1144/geochem2023-007/5981285/geochem2023-007 .pdf

bv auest


http://orcid.org/0000-0002-2077-6899
http://orcid.org/0000-0001-8814-9982
http://orcid.org/0000-0002-2922-402X
mailto:kbeisner@usgs.gov
https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5066/P9X17FKG
https://doi.org/10.5066/P9X17FKG
https://doi.org/10.6084/m9.figshare.c.6747638
https://doi.org/10.6084/m9.figshare.c.6747638
https://www.lyellcollection.org/topic/collections/geochemical-processes-related-to-mined-milled-or-natural-metal-deposits
https://www.lyellcollection.org/topic/collections/geochemical-processes-related-to-mined-milled-or-natural-metal-deposits
https://www.lyellcollection.org/topic/collections/geochemical-processes-related-to-mined-milled-or-natural-metal-deposits
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
http://crossmark.crossref.org/dialog/?doi=10.1144/geochem2023-007&domain=pdf
https://doi.org/10.1144/geochem2023-007?ref=pdf&rel=cite-as&jav=VoR

K. R. Beisner et al.
@ 112°20'0"W 112°10'0"W 112°0'0"W
a
T T g A = ¥ ;IR 0t ! e
Tl A P YA e AL Y TNV g Y
-.,~ é/ J/‘» 9 *,"7. ‘M"N:l \ »/\)‘::\ t@. el
] . . 5074 o - “B (- ‘- Q - e
Z" o Y, T8 1 m Nt ;_‘{” /M P e
L s 23 Wiaa ) R N ‘f'/*- Lo, Y
: e, /;f.#\\ _ /D "_\)‘Eﬁ‘ﬁ\' O, gy
; ) Dow Y. A 7 ) i S 2 b
R AT o
v o e 1< M RO s B
_//‘ /" ‘_./““ I,’A\"w Ay, y(’? f' JJ &
'/? N\ roharg DGR g,«r ‘0"'4’/‘/ ’J Y
A M|ne e;;\“_;, "-," i ’r)r/ﬁ/‘,l,..- = ‘.’«.
i ,.! %;’(; NEARK e r/ iv fwl <
< g .
= %
7 2
&
4 o 36°0'0"N
o <
1Y
ran J \C m',m. 3~
Na
P7r» Airp w‘-ﬁ
_ Pinyon
Plain
X Mine
4 64
t <4 Hopee W=
§ - 35°50'0"N
( N
1 L*"
‘ Pinyon OW (observation well)
). @ Pinyon RW (regional well)
| QValle
@ Hermit
1 Monument
M!//p Pipe
T %, iHawaii
\ Garden
A Pumphouse
) 12q“W 11q“W 10q°W + Sa't
™ CANADA 1 Upper Horn Bed
{ % Lower Horn Alluv
Upper Horn Alluv
i and l.:) o nn
USA qrind %2, - 35°40'0"N
40°N REA A  f 4 O 0-:2-:4—:81=6kilometres
ENLARGED 1%, Valle
- ®FLAGSTAFF L
N ePHQENIX
oTUCSON
30°N4

Fig. 1. (a) Map of groundwater sample locations and breccia pipe uranium mines south of Grand Canyon with (b) a map showing detail of the Horn Creek
watershed sampling locations where solid blue lines represent the approximate location of perennial flow in Horn Creek below spring sites in this study,
dashed blue lines represent ephemeral flow and the black line represents the fault expression, with geology from Billingsley (2000) and base map from

USGS The National Map.

the west branch of the Horn Creek watershed also begins from water
emerging from near the base of the bedrock cliffs high in the
watershed and re-emerges lower from alluvial material but is lower
in volume compared with the eastern branch and is not included in
this study.

Fitzgerald (1996) documented one elevated uranium concen-
tration of 92.7 ug I"! from a Horn Creek sample in 1995, which
was collected by going up watershed from previous sampling in
the lower alluvial pool, which had observed uranium concentra-
tions of 24.7 and 27.6 pg . Liebe (2003) published the highest
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Fig. 1. Continued.
uranium concentrations from sites in Horn Creek (400 pg 1), springs emerging from alluvial material lower in the watershed
collected at the highest location accessible by foot in the (2000-22). This study assesses the geochemical tracers from Horn
watershed at the bottom of the Redwall Limestone cliff face. Creek water samples related to other nearby groundwater to
The current study includes samples collected by the USGS from determine anthropogenic changes and utilizes PHREEQC model-
the eastern Horn Creek watershed including the uppermost spring ling to understand possible chemical interactions that are

in the Horn watershed (2018-22), as well as samples collected at occurring in waters of Horn Creek.
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Fig. 2. Generalized schematic down the eastern branch of Horn Creek (Fig. 1b) including the Orphan Mine breccia pipe deposit and mine workings. Dashed
blue lines show conceptual understanding of groundwater resources in the region and how they may interact with the Orphan Mine workings.

Methods

Water samples were collected for this study from spring sites
between April 2018 and April 2022. The analytical results were
combined with reported data published in Monroe et al. (2005) and
Bills et al. (2007). All samples were collected by the USGS using
standard field methods (U.S. Geological Survey variously dated).
Major ions and trace element samples, nutrients, radiocarbon,
isotopes of strontium, uranium and sulfate were filtered through a
0.45 um capsule filter. Tritium, per- and polyfluoroalkyl substances
(PFAS) and stable isotopes of oxygen and hydrogen samples were
not filtered. PFAS samples were collected while wearing elbow-
length gloves and using non-waterproof bottle labels written with
ballpoint pen. Detailed field and analytical descriptions are
published in Beisner et al. (2017).

Field parameters including pH, water temperature, specific
conductance, dissolved oxygen and barometric pressure were
measured on site just before water samples were collected. Spring

samples were collected as close to the point of issuance from the
ground as possible using a peristaltic pump with flexible silicon
tubing. PFAS samples were collected directly into 2-250 ml
polycarbonate bottles and kept chilled until analysis.

Alkalinity was measured in the field within four hours of sample
collection using the inflection point titration method. Water samples
were analysed for major, trace and rare-earth elements by the USGS
Integrated Water Chemistry Analytical Laboratory IWCAL) in
Boulder, CO (USGSTMCO) using methods from Garbarino and
Taylor (1979, 1996) and Taylor (2001). The precision for all
methods analysed by the IWCAL was 4% or better depending on
the element. PFAS samples were analysed at SGS Orlando using the
EPA modified 537.1 method (Shoemaker and Tettenhorst 2018).

Strontium isotope ratios (3’Sr/3°Sr) were measured by the USGS
National Research Program Laboratory in Menlo Park, CA, using
methods described in Bullen er al. (1996) with precision of
+0.00002 or better at the 95% confidence level. ALS Environmental
in Fort Collins, CO, under contract to the USGS, analysed water

Pinyon OW
Pinyon RW

Valle

Hermit
Monument

Pipe

Hawaii

Garden
Pumphouse

Salt

Upper Horn Bed
Lower Horn Alluv
Upper Horn Alluv

X O+ppeop-e00

++
< Ca

Fig. 3. Piper plot of major ion proportion for groundwater samples; values presented in per cent.
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Table 1. Select trace element concentrations from Horn Creek samples

USGS Site Number Sample Date Common Name Cl (mg1™) As Ba Mo Rb Se Sr U Zn
360439112084601 5/1/18 15:15 Upper Horn Bed 18 53 23 11 15 15 446 257 9
360439112084601 4/18/19 11:00 Upper Horn Bed 17.3 5.5 24 10 14 13 404 195 4
360439112084601 6/2/20 17:30 Upper Horn Bed 17.8 5.3 25 11 15 12 446 293 2.2
360439112084601 11/3/21 11:30 Upper Horn Bed - 5.5 271 12 9.7 14 438 228 -

360439112084601 12/22/21 11:45 Upper Horn Bed - 5.7 235 12 10 14 437 231 -

360439112084601 4/20/22 16:00 Upper Horn Bed 19 6.3 31 12 15 14 440 236 4.7
360449112083701 5/1/18 11:15 Upper Horn Alluv 32 2.9 43 5.1 6.6 7.2 242 23 .8
360449112083701 4/16/19 13:00 Upper Horn Alluv 30.6 2.4 47 6.4 6.6 7.8 250 34 6
360449112083701 6/2/20 19:30 Upper Horn Alluv 31.7 7.7 54 5.4 6.7 - 247 26 .6
360449112083701 11/3/21 11:00 Upper Horn Alluv - 3 434 5 43 6.1 257 22 -

360449112083701 12/22/21 11:00 Upper Horn Alluv - 2.4 419 4.8 3.5 6.2 229 21 -

360449112083701 4/20/22 17:00 Upper Horn Alluv 32.1 2.7 46 4.9 6.4 7 242 26 2.3
360443112083300 5/1/18 12:00 Lower Horn Alluv 32 2.9 48 2.9 7.4 7.3 252 7.6 1.1
360443112083300 4/16/19 12:15 Lower Horn Alluv 31.3 2.9 51 3.6 7.3 7.7 273 14 7

Data from the U.S. Geological Survey National Water Information System (USGS 2022).

Cl values in mg ]71; other values are in pg ]7‘; —, not determined.

samples for uranium isotopes (>**U, 2*U and #*®U) using alpha-
counting methods (ASTM D 3972). Sulfate isotopes (5°*S and §'%0
of sulfate) and stable isotopes of water (8'%0 and §°H) were
analysed at the USGS Reston Stable Isotope Laboratory using mass
spectrometry following methods by Révész et al. (2012) and
Révész and Coplen (2008a; b). Tritium samples collected from
2018 to 2020 were analysed at the USGS Menlo Park Tritium
Laboratory using the electrolytic enrichment liquid scintillation
counting method (Thatcher et al. 1977) with a detection level of

45

4.0

35

3.0

25

234/238y

2.0

0.5

0.0
0.0 0.5

0.5pCi I'!. The University of Miami Tritium Laboratory, FL,
analysed tritium in samples collected in 2021 and 2022 using the
electrolytic enrichment and gas-counting method, with a reporting
level of 0.3 pCi I"! (Ostlund ez al. 1969).

PHREEQCI version 3.5.0 (Charlton and Parkhurst 2002;
Parkhurst and Appelo 2013) was used to determine saturation
indices and run inverse modelling scenarios for water in Horn
Creek. The WATEQ4F database (Ball and Nordstrom 1991) was
used with the default redox potential (pe) value of 4.
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Fig. 4. Uranium activity ratio (***U/**®U) v. inverse of uranium concentration for groundwater samples.
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Results

Major and trace element chemistry

Water emerging from a spring near the headwaters of the Horn
Creek watershed (Upper Horn Bedrock) were calcium—magnesium
sulfate-type waters, whereas those emerging from the alluvial
material (Upper and Lower Horn Alluvium) were calcium—
magnesium bicarbonate—sulfate-type waters (Fig. 3). The concen-
trations of calcium, magnesium, sodium and fluoride are similar
between the bedrock and alluvial springs, whereas sulfate and
potassium are higher at the bedrock spring, and chloride and
bicarbonate are higher at the alluvial springs. Other springs in the
area have calcium—magnesium bicarbonate-type waters and the
Horn alluvial springs and Salt Spring are intermediate between
those water types and Horn bedrock (Fig. 3). Water types
determined from samples in this study were similar to those of
water samples collected from Horn Creek and surrounding springs
in 2002 by Liebe (2003).

Several trace elements (arsenic, molybdenum, selenium, stron-
tium, rubidium and uranium) decrease in concentration between the
bedrock and alluvial springs. Barium concentrations at Upper Horn
Bedrock Spring and Upper Horn Alluvial Spring were elevated in
samples collected in November and December 2021. Concentrations
at Upper Horn Bedrock Spring were 271 and 235 pg 1! compared to
its typical range of 23-31 pug 17! and concentrations were two times
higher at Upper Horn Alluvial Spring (434 and 419 png 1Y)
compared to its typical range of 43-54 pg I"' (Table 1 and
Supplementary Information). Some nearby springs (Pumphouse,

Garden, Monument and Hermit) consistently have elevated barium
concentrations (in the range of 200-350 pg I"'; Supplementary
information), and the elevated values in Horn Creek groundwaters
may indicate a short-term change in source water to the spring or
other geochemical process that warrants further investigation.

Isotopes

A ratio of uranium isotopes 2**U to 238U near 1 indicates secular
equilibrium (Faure and Mensing 2005), which is the condition in
rock and mineralized deposits. As water interacts with rock and
mineralized deposits, the uranium in the water acquires the uranium
isotopic ratio of the solid phase. As the water moves farther from the
interaction with the source of the uranium, alpha recoil from the
surrounding aquifer matrix causes an increase in the uranium
isotopic ratio. Springs emerging in the Horn Creek watershed (both
bedrock and alluvium) have the lowest uranium isotopic ratios
(near 1) suggesting interaction with nearby solid material at secular
equilibrium (Fig. 4). Upper Horn Alluvium Spring ranges from 0.85
to 0.95 which is the lowest value from the springs included in this
study, suggesting an increase of 2>*U compared with the Upper
Horn Bedrock Spring. Groundwater emerging at Lower Horn
Alluvium Spring has higher uranium isotopic ratio values with
values closer to other groundwaters of the region (Fig. 4).

Sulfate isotopes at Upper Horn Bedrock Spring have negative
values for oxygen and sulfur compared with other groundwater in
the region (Fig. 5). The Pinyon Plain Observation Well (OW)
completed in the Coconino Sandstone also has negative sulfur
isotopes where the groundwater shows reducing conditions next to a
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Fig. 6. Stable isotopic ratio of hydrogen (8%H) v. oxygen (8'%0) for groundwater samples (reported relative to Vienna Standard Mean Ocean Water

(VSMOW)). Global meteoric water line (GMWL) from Craig (1961).

known mineralized breccia pipe, whereas the sulfur isotopic
signature of the Pinyon Plain Regional Well (RW) completed in a
deeper stratigraphic unit in the Muav Limestone is positive and the
water has dissolved the oxygen present. Negative values indicate
sulfate-reducing bacteria, sulfide oxidation, or interaction with
pyrite minerals which may be related to water in contact with the
sulfide minerals associated with breccia pipe uranium mines. Sulfur
isotopic values from the Horn Alluvial springs are less negative
compared with Upper Horn Bedrock Spring but still negative in
comparison to other groundwaters of the region (Fig. 5).

Stable isotopes of oxygen and hydrogen of the water molecule
provide an indication of the elevation and seasonality of recharge
precipitation where more negative values suggest higher-elevation
winter recharge. Stable isotopic signatures of springs in the Horn
Creek watershed are less negative compared with Pumphouse and
Gardens Springs and are generally more similar to Valle
groundwater, Hermit and Hawaii Springs with some influence of
a more enriched endmember similar to the Pinyon Plain OW
(Fig. 6). One sample from Lower Horn Alluvial Spring in
September 2015 has a more enriched isotopic signature (—10.64,
—80.4 for 8'%0 and &°H respectively; Fig. 6) that may represent
localized precipitation recharging the alluvial material, although the
general chemistry of the water was similar to other samples from the
site. Two samples collected at Upper Horn Bedrock and Upper Horn
Alluvium Springs in November and December 2021 had high
barium concentrations and also show a positive shift of stable
isotopic signature compared with the samples in the previous and
subsequent spring season samples (Fig. 7), which suggests water
source changes may occur over short periods of time. The Horn

Creek samples plot between groundwater from the regional Redwall
—Muav aquifer and the perched Coconino aquifer and show
temporal variability with regard to stable isotopic values compared
to other nearby groundwater resources, which suggests a more
localized recharge component that may vary seasonally (Fig. 7).
5'%0 in Salt Spring also shows temporal variability, although fewer
samples have been collected from that site as from the other sites in
the dataset. More frequent sampling from springs would help
constrain the variability.

Strontium isotopes (37St/%°Sr) provide evidence of water rock
interactions, with the highest values (>0.714) in the Proterozoic
basement rocks (Patchett and Spencer 2001; Crossey et al. 2006;
Bills et al. 2007; Johnson et al. 2011) and lower values in Paleozoic
sedimentary rocks (0.70756—0.71216; Monroe et al. 2005 and Bills
et al. 2007). Upper Horn Bedrock Spring has a high strontium
concentration and isotopic ratio in the range of Proterozoic
basement rocks while springs emerging from the alluvium have
lower strontium concentrations and isotopic ratios, although the
isotopic ratio values are still higher than the range of Paleozoic
sedimentary rocks (Fig. 8). Balboni ef al. (2016) found a high
strontium isotopic ratio (0.76288) from uraninite from the Orphan
Mine, which may suggest interaction between uranium mineralizing
fluid that moved through the Orphan pipe with Paleozoic basement
rocks. However, there is debate regarding the source of mineralizing
fluid in the breccia pipes of the Grand Canyon and high
heterogeneity of mineralization within and between mineralized
breccia pipes has been documented (Wenrich 1985; Huntoon 1996).
Pipe Spring also has high strontium isotopic ratios which may
indicate that water in the spring interacts with Proterozoic basement
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Fig. 7. Temporal variability of stable isotopic ratio of oxygen (5'0) for groundwater samples.

rocks or a breccia pipe, although the uranium concentration at Pipe
Spring is low compared with other sites in the area.

Groundwater age

Tritium is a tracer that indicates the presence of precipitation that fell
after 1952 (Solder et al. 2020). Generally, tritium values for springs
along the South Rim of Grand Canyon are low (less than 3 pCi1~!)
with some sites less than the laboratory reporting level (Garden
Springs, Pumphouse Spring, Valle groundwater, Pinyon Plain OW
and RW; USGS 2022). Tritium values in Horn Creek bedrock and
alluvial springs were higher compared with surrounding springs and
showed temporal variability. Tritium values were lower in the Upper
Horn Bedrock Springs than in the springs emerging from the
alluvium. In April 2019, all Horn Spring sites had the highest
tritium values ever recorded, ranging from 5.04 to 7.78 pCi 171,
Conversely, the concentration of uranium in the bedrock spring in
April 2019 was the lowest measured during the study period, yet the
opposite was the case for uranium in the lower alluvial spring
(Fig. 9). The tritium data suggest changes in the component of
modern water moving through the groundwater in Horn Creek. A
better understanding of modern precipitation moving through the
Orphan Mine workings could better characterize trace element
mobilization of the remaining mining material.

Radiocarbon data provide information on the interaction of water
with soil gas CO, and solid carbonate minerals as the water moves
through the subsurface. Groundwater along the South Rim of Grand
Canyon has mean groundwater ages of several thousand years
(Solder et al. 2020). Garden and Pumphouse Springs have
groundwater ages ranging from 2750 to 12 040 years and some

springs with higher tritium values have lower mean ages, of which
Horn Creek Spring (Lower Horn Alluvium) had the youngest mean
age of 356 years (Solder et al. 2020). There is a large shift in the
8'3C (decrease of about 5 per mil) and '*C (increase of about 30
percent modern carbon) between the Horn Upper Bedrock and
Alluvial Springs (Fig. 10) suggesting water interacting with soil gas
is influencing the carbon isotopes of alluvial springs. The evidence
of interaction with soil gas plus an increase in tritium at the alluvial
springs suggests the addition of water that recharged directly into
the alluvial material of the Horn Creek watershed may be mixing
with water discharging from the Upper Horn Bedrock Spring.
Another possibility is that the water has undergone evaporation and
interaction with soil gas in the alluvial material; however, the stable
isotopic data do not suggest an evaporative signature between the
bedrock and alluvial springs (Fig. 6).

Anthropogenic organic compounds

In 2021, two PFAS compounds (PFBA 6.0 ng 1~ and PFBS 1.5 ng17")
were detected above the laboratory detection level at the Horn Creek
Upper Bedrock Spring site. Sampling was repeated in 2022 and
values of the two compounds were <5.6 and <2.8 ng 1! for PFBA
and PFBS, respectively. The detections in 2021 may suggest some
contribution of water in contact with anthropogenic materials in the
mine workings or treated wastewater that is periodically recharged
from Grand Canyon Village on the South Rim and moving through
the mine workings. The latter hypothesis is being explored in a
separate, more detailed study where no other pharmaceutical
products typically found in treated wastewater were detected at
Upper Horn Bedrock Spring (Beisner ef al. 2023).
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2011).
Discussion Kaibab and Toroweap Formations and addition of gypsum and
NaCl) interacting with breccia pipe uranium mining ore material
Uranium at Upper Horn Bedrock Spring is the highest observed (for one sample enriched in uranium and the other lower in uranium
concentration within groundwater samples of the watershed region but elevated in many other trace elements), changed the redox
surrounding Grand Canyon National Park (Tillman ez al. 2021). The environment, and simulated the interaction with sedimentary
Orphan Mine is located in the upper reaches of the Horn Creek stratigraphic units that occur next to the breccia pipe down
watershed above Upper Horn Bedrock Spring. The vertical shaft through the upper Muav Limestone. These experiments show
from the rim of the canyon has been sealed off, but there is an little to no decrease in uranium concentration for the enriched
opening in the rock roof of Orphan Mine on the side of the cliff near uranium ore with concentrations around 200 000 ug 1=!. A decrease
the Coconino Sandstone stratigraphic unit that is open to the of'around an order of magnitude was observed for the lower uranium
atmosphere and the mine workings and continues to widen and ore (initial concentration of 1980 pg 17!). The highest decreases
collapse. Additionally, there were exploratory holes drilled into the were in water samples in contact with the Redwall Limestone,
lowest levels of the mine workings that may provide pathways for Esplanade Sandstone, upper Muav Limestone and Hermit
water movement below the mine workings (Fig. 2). A relation Formation; there was only a minor decrease in uranium in contact
between water moving through the Orphan Mine workings and with the Coconino Sandstone. Uranium concentrations at the end of
Upper Horn Bedrock Spring is probable, but direct evidence of the the simulation for this lower-grade uranium ore were still an order to
connection through a tracer test could provide more concrete several orders of magnitude greater (20.6 to 694 pg1~!; Bern ef al.
evidence than presented here. 2021) than the original simulated groundwater (0.536 pg 171).
The decrease in uranium concentration from Upper Horn Simulated mine water did not interact with lower Muav Limestone
Bedrock Spring to the Horn Alluvial Springs is likely the result of or Bright Angel Shale which are present beneath the alluvium in
mixing with other waters that dilute the uranium concentration and/ Horn Creek. Minerals in the Muav Limestone and Bright Angel
or through mineral precipitation or adsorption within the subsurface Shale including hematite, goethite and glauconite may help
that preferentially removes the uranium. Several lines of geochem- facilitate conditions for uranium and sulfate to precipitate in the
ical evidence including specific conductance, strontium and subsurface.
uranium isotopes, and tritium suggest a dilution of the alluvial Inverse modelling in PHREEQC (Charlton and Parkhurst 2002)
water. Bern ef al. (2022) conducted laboratory experiments where was used to simulate Upper Horn Bedrock water interacting with
they simulated native groundwater (deionized water interacted with mineral phases as it flows towards the Horn Alluvial Springs and
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Fig. 9. Tritium (bars) and uranium (lines) for groundwater samples collected from 2018 to 2022 in Horn Creek.

mixing with other waters to assess what geochemical conditions are
needed to produce the alluvial water (Beisner 2023). Mineral phases
used in the simulations were based on geologic unit descriptions of
stratigraphic units (Kaibab Formation, Toroweap Formation,
Coconino Sandstone, Hermit Formation, Supai Group, Redwall
Limestone and Muav Limestone; Beus and Morales 1990;
Billingsley et al. 2008) that have eroded into the alluvial material
of Horn Creek, from the Bright Angel Shale (Snelling 2021), and
from the Orphan Mine deposit (Chenoweth 1986). Calcite,
kaolinite, dolomite, hematite and gypsum were included in the
geochemical simulations (Beus and Morales 1990; Billingsley et al.
2008). Quartz, dolomite and illite were included from the Bright
Angel Shale (Snelling 2021). Uraninite, pyrite and gypsum were
included in the system due to their presence in the breccia pipe
(Chenoweth 1986), although it is unclear if these minerals would be
present along the flow path between Upper Horn Bedrock Spring
and the Horn Alluvial Springs. Resulting saturation indices for the
waters used in the simulation are presented in Table 2 and suggest
calcite and dolomite are near saturation, gypsum is slightly
undersaturated, and halite, uranium oxide, uranium dioxide and
uraninite are highly undersaturated.

Inverse modelling of Upper Horn Bedrock water from 2022
without mixing with other waters, only mineral phases, resulted in
models that would need to dissolve calcite, kaolinite, quartz, CO,(g)
and halite and precipitate gypsum, dolomite, illite and uraninite.
Initial modelling included hematite and pyrite and produced one
additional model with other phases the same as the previously
described model and added hematite precipitating and pyrite
dissolving (Table 3; Beisner 2023). Since the aqueous iron data
from all Horn Creek groundwaters were highly variable with most

values less than the reporting level (ranging from <0.3 to <18 pgl™)
and all other values less than or equal to the highest laboratory
reporting level and dissolved oxygen present, iron mineral phases
were removed from subsequent model runs (USGS 2022). Iron
mineral phases may be present in the Horn Creek Alluvial material
and could cause trace element adsorption that may influence the
trace element chemistry of waters moving past the iron minerals that
may be separate from the bulk chemical changes being modelled in
PHREEQC. Additionally, the uranium mineral phase (uraninite)
was included in the PHREEQC model in order to balance the
uranium concentration. However, if uraninite is present in
the alluvial material it is likely unevenly distributed as would
be the case for the iron minerals. Taking out the uraninite and the
requirement for uranium to be balanced gives the same first model
presented above that describes the overall change in chemistry of the
major ions in the water. Local areas of reducing conditions within
the alluvial material may also provide conditions to allow
precipitation of uranium minerals, but these areas are not well
characterized within the alluvium.

A mineral phase containing chloride is needed to account for the
increase between the upper bedrock and alluvial waters and this
modelling effort used halite, although it is not known to be prevalent
in the stratigraphic units of the area. There are evaporite deposits in
the Kaibab and Toroweap Formations that are known to have
gypsum minerals, and perhaps other small amounts of other
evaporite minerals are present or may form as water evaporates
within the alluvial material. Sampling alluvial materials to
determine iron, uranium and evaporite minerals and conducting
batch experiments on alluvial material could help better characterize
rock—water interactions in the watershed.
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The addition of other waters to the flow path between Upper
Horn Bedrock and the Horn Alluvial groundwaters was also
simulated in PHREEQC to understand relative proportions,
suitability of endmember mixing waters and additional mineral
interactions that would need to occur (Table 3; Beisner 2023).
Addition of other waters between the bedrock and alluvial sites is
supported by the qualitative increase in flow, decrease in specific
conductance, decrease in uranium and other trace elements such as
arsenic, and an increase in trititum. Additional waters to use as
endmembers to mix with Upper Horn Bedrock were Pumphouse

Table 2. Saturation indices from PHREEQC (Beisner 2023)

Spring (based on several lines of geochemical evidence that show
Horn Alluvial groundwater plots between the two (Figs 3, 5, 6 and
8)) and Valle groundwater (which has geochemical values of
isotopes of water and uranium and major ions similar to Horn
Creek alluvial waters (Figs 3, 4 and 6) and elevated chloride
compared with most other groundwaters of the region
(Supplementary Information). However, both Pumphouse Spring
and Valle groundwater have tritium below the laboratory reporting
level, and do not contribute to the increase in tritium in the
alluvial waters.

Solution
1 2 3 4 5 6 7 8 9 10 11 12

UHB UHB UHB UHB UHA UHA UHA UHA LHA LHA PHS VGW

2018 2019 2020 2022 2018 2019 2020 2022 2018 2019 2022 2004
Calcite 0.45 -0.18 -0.28 0.26 0.35 -0.22 0.45 0.09 —-0.08 -0.35 -0.15 0.05
Dolomite 1.04 -0.29 -0.4 0.67 0.73 -0.36 1.04 0.2 —0.03 -0.56 -0.11 0.2
Gypsum -1.26 —1.33 -1.29 -1.28 -1.69 —1.53 —1.63 -1.73 —1.81 -1.57 -2.69 -1.49
Halite —-8.04 -8.09 -8.07 -8.04 -7.73 -7.78 -7.78 -7.76 -7.71 -7.73 -8.77 -7.84
U;04 -10.85 -838 —7.88 -10.31 —14.54 —11.68 —14.53 —13.34 —14.26 —12.33 -15.92 -13.19
U0, —-12.1 —-10.33 —-10.34 —-11.74 —-12.69 —11.08 —13.42 —-12.12 —-12.36 —-11.29 —13.46 —-12.92
Uraninite =77 -6.07 -5.8 -7.3 -8.34 —6.73 —8.66 -7.66 -7.93 —6.87 -8.7 -7.92
CO,(g)* -3.13 -2.52 -2.28 -2.9 -2.44 -1.99 -2.24 -2.1 -2.19 -1.91 -2.04 -1.92
O,(g)* —-0.69 -0.78 -0.76 -0.76 -0.79 -0.82 -0.94 -0.83 -0.77 -0.77 -0.74 -0.92

UHB, Upper Horn Bedrock; UHA, Upper Horn Alluvium; LHA, Lower Horn Alluvium; VGW, Valle Groundwater; PHS, Pumphouse Spring.
*Values represent log10(fugacity). Fugacity = pressure x phi/latm. For ideal gases, phi = 1.
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Table 3. PHREEQC inverse modelling results (Beisner 2023)

Percentage Initial
Model Number Waters

Minerals Precipitating (mole transfers)

Minerals Dissolving (mole transfers)

2022 UHB reacting with mineral phases—UHA final water
1 100% UHB

uraninite (—8.829 x 1077)
2 100% UHB

gypsum(—1.894 x 107°%), dolomite (~7.348 x 10™%%),
illite (—1.707 x 107%), hematite (—5.902 x 107°),

gypsum(—1.870 x 107°%), dolomite (=7.348 x 1074,
illite (—1.707 x 107, uraninite (—8.829 x 107°7)

calcite (2.503 x 107°%), kaolinite (1.963 x 107%%),
quartz (2.048 x 107°%), halite (2.523 x 107%%),
pyrite (1.180 x 107%%) CO,(g) (1.594 x 107%)

calcite (2.480 x 107°%), kaolinite (1.963 x 107%%),
quartz (2.048 x 107%), halite (2.523 x 10™°%), COx(g)
(1.618 x 107%)

2022 UHB reacting with mineral phases—UHA final water (removed uranium balance, and uraninite, hematite and pyrite phases)

1 100% UHB
illite (=1.707 x 107%%)

gypsum (—1.870 x 107°%), dolomite (—7.356 x 107%%),

calcite (2.481 x 107°%), kaolinite (1.963 x 107°%),
quartz (2.048 x 10%%), halite (2.523 x 10™%%), CO4(g)
(1.619 x 107%)

2022 UHB mixing with PHS—UHA final water (not including two models with 100% UHB or PHS)

1 30% UHB 70% PHS  kaolinite (—8.476 x 10~%%), quartz (—8.845 x 107%%)
2 16% UHB 83% PHS  kaolinite (—1.396 x 107%%), quartz (—1.457 x 107
3 44% UHB 56% PHS  gypsum (—4.825 x 107%%)

26% UHB 74% PHS
5 32% UHB 68% PHS

2022 UHB mixing with VGW—-UHA final water

1 33% UHB 67% VGW  gypsum (—1.018 x 107°), dolomite (—1.562 x 1074

2019 UHB mixing with VGW—UHA final water
1 45% UHB 55% VGW  gypsum (—2.7854 x 107%%)

kaolinite (—1.001 x 107°%), quartz (—1.045 x 10™%)

kaolinite (—7.820 x 107°%), quartz (~8.160 x 107%%)

dolomite (2.338 x 1074, illite (7.371 x 107%%),
halite (4.701 x 107%%), CO2(g) (9.153 x 10~
gypsum (2.869 x 10~°%), dolomite (2.747 x 107%%,

illite (1.214 x 107°%), halite (5.449 x 107%%
calcite (8.676 x 107%%), halite (3.983 x 107%%)
calcite (3.357 x 107%%), dolomite (1.621 x 107%%),

illite (8.706 x 107°%), halite (4.911 x 107%%
calcite (4.427 x 107%%), illite (6.800 x 107%%),

halite (4.612 x 107, CO,(g) (9.694 x 107°%)

calcite (9.665 x 107°%)

CO,(g) (9.759 x 1074

2 38% UHB 62% VGW  gypsum (—2.7854 x 10™°%), kaolinite (—=7.234 x 107%%), illite (6.291 x 107°%)

quartz (—7.549 x 107%%)
3 45% UHB 55% VGW  gypsum (—4.335 x 107%%)
45% UHB 55% VGW  gypsum (—5.589 x 107%)

dolomite (2.164 x 107%%)
calcite (3.822 x 107%%)

UHB, Upper Horn Bedrock; UHA, Upper Horn Alluvium; VGW, Valle Groundwater; PHS, Pumphouse Spring.

When water with chemistry from Pumphouse Spring in 2022 is
simulated to mix with Upper Horn Bedrock Spring, five models fit
the scenario with mixtures of 16-44% bedrock and 56-83%
Pumphouse Spring water with phase mole transfers of calcite,
gypsum, kaolinite, quartz, illite, halite, CO,(g) and dolomite
(Table 3; Beisner 2023). Simulations using Valle groundwater do
not need to include the halite phase and result in one model run with
33% bedrock and 67% Valle groundwater with dissolution of calcite
and precipitation of gypsum and dolomite.

Data from 2019 were also run with the same PHREEQC
modelling inputs as 2022 data and resulted in three models with
slightly different proportions of water, 45% bedrock to 55% Valle
groundwater, and only gypsum precipitating and calcite, dolomite
and CO,(g) dissolving and one model with 38% bedrock to 62%
Valle groundwater and gypsum, kaolinite and quartz precipitating
and illite dissolving (Table 3; Beisner 2023).

Assuming the mixture percentages from the PHREEQC
modelling and using the concentration of uranium from each
mixing source, the resultant calculated uranium at the Upper Horn
Alluvial Spring would be higher than what was observed
(determined by summing the uranium concentration at each
mixing source multiplied by the percentage of each source). The
measured uranium concentration at Upper Horn Alluvial Spring in
2022 was 26 and 34 ug I"' in 2019. The PHREEQC simulated
mixing percentages resulted in calculated uranium concentrations of
39 to 98 pg I'! in 2022, and 95 pg 17! in 2019.

Addition of meteoric waters that fall as precipitation and infiltrate
into the alluvial material likely occurs but may be seasonally variable.
The pure water may dissolve mineral phases as it moves through the
subsurface and the concentrations of the resultant water would be
dependent on the reaction time and solubility of the mineral phases.
The meteoric water component would add tritium to the water and

dilute the trace elements associated with the Upper Bedrock Spring. It
seems likely that the meteoric water component is in addition to
another groundwater source due to the consistency of flow discharging
from the alluvial material, lower measured uranium than predicted
from modelled mixtures, chloride increase, and slight increase in
tritium that is less than tritium in modern precipitation. Water storage
capacity in the alluvial material of Horn Creek watershed is not well
understood and further data could constrain relative contribution to the
alluvial spring including temporal variability.

Decrease of uranium in water as it flows through the Horn Creek
watershed is likely a result of dilution from mixing with waters of
lower uranium concentration. Water resources near other mined
breccia pipe uranium deposits of the region may accumulate
elevated uranium concentrations and, as demonstrated in Bern ef al.
(2022), the uranium concentration is unlikely to decrease by
interaction with surrounding sedimentary rock deposits. Conditions
such as reductive zones, iron minerals, organic material or mixing
with water of lower uranium concentration would be needed to
decrease the uranium concentration as the water moved away from
interaction with the mined breccia pipe.

Bacterially mediated uranium reduction is known to occur in
natural environments and may also cause sequestration of uranium
in the subsurface (Druhan et al. 2008; Basu ef al. 2014; You et al.
2021). Microbial activity is often electron donor limited and is
enhanced with the addition of organic compounds at bioremediation
sites in areas of known uranium contamination (Druhan ez al. 2008).
However, You ef al. (2021) suggest that reoxidation of uranium
reduced by uranium-reducing bacteria may occur in environments
with dissolved oxygen, nitrate and ferric iron. The groundwaters in
this study, including those discharging within Horn Creek, have
high concentrations of dissolved oxygen, suggesting conditions
which would support uranium mobilization. Bacterially mediated
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uranium reduction may be occurring in local subsurface environ-
ments within the study area, but overall oxic conditions suggest that
bacterially mediated reduction would be a limiting factor in
controlling uranium mobility in the groundwater of the Horn
Creek watershed.

Conclusions

The Grand Canyon region contains breccia pipe deposits, some of
which are mineralized and contain ore-grade copper and uranium.
The Orphan Mine is an abandoned mineralized breccia pipe deposit
that was mined for copper and uranium in the twentieth century and
is located near the Horn Creek watershed. Uranium concentrations
in the Horn Creek watershed of Grand Canyon are the highest values
from groundwater in the Grand Canyon region. Water resources in
contact with the Orphan Mine and potential interaction with waters
in Horn Creek are not well understood. Additionally, the
concentration of uranium decreases around an order of magnitude
between groundwater emerging from the bedrock at the top of the
watershed and the water emerging from the alluvial material lower
in the watershed. This study assesses the geochemical tracers from
Horn Creek water samples related to other nearby groundwater to
determine anthropogenic changes and utilizes PHREEQC model-
ling to understand possible chemical interactions that are occurring
in waters of Horn Creek.

The water chemistry of Horn Creek and Salt Creek groundwaters
is anomalous compared to surrounding watersheds with higher
sulfate and uranium concentrations. Sulfur and uranium isotopic
ratio values are much lower compared with other groundwater in the
region and suggest sulfide oxidation and interaction with uranium
near secular equilibrium such as may occur with water interaction
with sulfide and uranium minerals in mineralized breccia pipe
deposits. Tritium is also elevated in Horn Creek groundwater, which
suggests a higher component of water that fell as modern
precipitation after the early 1950s, and some of this modern
precipitation may have moved through the Orphan Mine workings
then combined with other groundwater that would normally
discharge in the Horn Creek watershed. PFBA and PFBS were
found in low concentrations in the groundwater emerging from the
bedrock at the top of the Horn Creek watershed and may be related
to materials used in the mining process or other anthropogenic
activities occurring nearby in Grand Canyon Village.

PHREEQC modelling suggests that elevated uranium water
emerging from the bedrock at the top of the Horn Creek watershed
may mix with other groundwater and precipitation that infiltrated
into the alluvial material. Groundwater chemistry near Valle, AZ
(located to the south of Horn Creek) is similar to the water emerging
from the alluvial material in Horn Creek and also has elevated
chloride that is not found in most other groundwaters in the
Redwall-Muav aquifer of the region. The Valle groundwater was
simulated to mix with the Upper Horn Bedrock groundwater and
could account for more than half of the water in the alluvium. Horn
Creek represents a system where elevated uranium water likely
mixes with water containing lower uranium concentration.
Additional studies could use dye or injected chemical tracers to
build on this understanding of chemistry changes in the waters of
Horn Creek as well as providing more direct evidence of
contribution of water moving through the Orphan Mine.
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