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Abstract

We applied spectroscopy, microscopy, diffraction, and aqueous chemistry methods to investigate
the persistence of metals in water and sediments from the Animas River 13 days after the Gold
King Mine spill (August 5, 2015). The Upper Animas River watershed, located in San Juan CO, is
heavily mineralized and impacted by acid mine drainage, with low pH water and elevated metal
concentrations in sediments (108.4+1.8 mg kg~1 Pb, 32.4+0.5 mg kg~! Cu, 729.6+5.7 mg kg~ Zn
and 51,314.6+295.4 mg kg1 Fe). Phosphate and nitrogen species were detected in water and
sediment samples from Farmington, NM, an intensive agricultural area downstream from the
Animas River, while metal concentrations were low compared to those observed upstream. Solid-
phase analyses of sediments suggest that Pb, Cu, and Zn are associated with metal-bearing jarosite
and other minerals (e.g. clays, Fe-(oxy)hydroxides). The solubility of jarosite at near-neutral pH
and biogeochemical processes occurring downstream could affect the stability of metal-bearing
minerals in river sediments. This study contributes relevant information about the association of
metal mixtures in a heavy mineralized semi-arid region, providing a foundation to better
understand long-term metal release in a public and agricultural water supply.
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Introduction

Effects of mining legacy are a worldwide concern due to contamination of water, soil, and
diverse ecosystems. Acid mine drainage (AMD) is continuously produced and discharged
into the environment from abandoned mines (AM). The worldwide cost of treating AMD is
estimated in the tens of billions of dollars.> The AM land inventory in the United States has
listed over 28,000 AM sites and over 70,000 features as of 2011, 75% of these sites still
need to be investigated and/or remediated.? More than 1,500 AM are located in the San Juan
Mountains affecting the Animas River (AR) watershed in Colorado.3

The Upper AR watershed is an extensively mineralized area comprising the northern-most
headwaters of the AR in San Juan County, CO, and its two main tributaries, Cement Creek
(CC) and Mineral Creek (MC) (Figure 1). Natural mineralization is a fundamental source of
metals (copper, Cu; arsenic, As; lead, Pb; zinc, Zn; gold, Au)*~7 and sulfides in the Upper
AR,8 with background stream water pH values between 2.6-8.5, sulfate (S0,427)
concentrations ranging from 1-1,300 mg |71, and Zn concentrations between <20-14,300 pg
I-1.9 Mining exploitation of the Upper AR watershed started in 1871.7 During the 120 years
of active mining, 48% of the total mill tailings production was released into streams
throughout the watershed (8.6 million short-tons). The AMD has pH values between 2.35—
7.77, SO42~ ranging between 45-2,720 mg I~ and Zn concentrations of <20-228,000 ug
I-1.9 Two major spill accidents occurred in 1974 and 1978 prior to the GKM spill in 2015,
releasing hundreds of thousands of gallons of AMD into the AR.10 On August 5, 2015, at
the Gold King Mine (GKM) in San Juan County, CO, a wall of unconsolidated mine waste
was breached causing the release of 3 million gallons of AMD into CC10, an AR tributary,
which served as the motivation for this study.

The AMD contamination in the AR has global impacts as the AR flows southbound from the
San Juan Mountains, CO, to Farmington, NM, where it discharges into the San Juan River
(SJR); the SJIR moves westbound to the Colorado River at the Lake Powell, UT. Moreover,
the SJR is the main water source for the largest Navajo farming operation (Navajo
Agricultural Products Industry, NAPI). As the AR travels through different environmentally
relevant conditions (from heavily mineralized to intensive agricultural areas), the transported
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sediments will be affected by various biogeochemical processes that can cause metal
mobilization. The oxidative weathering of pyrite and other Fe(ll)-sulfides results in: a) AMD
production;11 b) formation of secondary minerals such as jarosite, goethite, and other
Fe(l11)-minerals which can sequester trace metals.12-14 The dissolution of these metal-
bearing minerals can cause the release of sequestered metals (e.g. As, Pb, and others) due to
biotic and abiotic interactions.2>~17 The specific mechanisms governing the transformation
of complex metal mixtures in the environment remain unclear and it is a major research
challenge.13.18.19

The objective of this study is to investigate the stability of metal mixtures on samples
collected on August 17-18, 2015, after the GKM spill. The Animas River is a complex
system affected by natural mineralization, mining events and extensive agriculture. We
integrated spectroscopy, microscopy, diffraction, and water chemistry techniques to identify
specific mineralogical and water quality features affecting metal (im)mobilization in the
Animas River watershed, a primary drinking and agricultural water source for Colorado,
New Mexico, and Utah. The results of this investigation set the foundation to further
understand the complex mechanisms influencing the fate of metals in a surface water basin
affected by varying environmental conditions in a semi-arid region.

Materials and Methods

Sampling locations

We collected water and sediment samples in locations throughout the AR watershed (Figure
1) on August 17-18, 2015, where possible selecting locations proximal to EPA sampling
locations. Our sampling sites include a location in CC (sample ID L1, in a similar location
named CC48 by EPA). Another location was selected on the AR, upstream of its confluence
with CC, (Sample ID L2, A68 by EPA) with the intent of obtaining a reference sample that
was not affected by the GKM spill. The remaining locations were in the AR downstream of
CC, which include Silverton, CO (Sample ID L3, A72 by EPA), Baker’s Bridge, CO (BB,
Sample 1D L4, Baker’s Bridge by EPA), Cedar Hill, NM (Sample ID L5, ADW-022 by
EPA), Farmington, NM (Sample ID L6, FW40 by EPA); and a sample in the SJR near
Farmington, NM (Sample ID L7). Two sediment samples were obtained a few feet above the
water river level in CC (Sample ID C1) and in the AR near Farmington, NM (Sample ID
C6).

Sampling procedure

Field measurements of the pH, ORP, dissolved oxygen (DO), and specific conductivity (SC)
were performed using a field meter (YSI Pro Plus multi-parameter). Unfiltered water
samples were collected in 500 ml Nalgene bottles from the middle of the stream. 60 ml
syringes and 0.45 um filters (25 mm PTFE Membrane syringe filter) were used to filter
water samples into 125 ml Nalgene bottles. Additionally, filtered water samples were
acidified by adding 6-8 drops of ultra-high purity concentrated nitric acid (HNO3).
Sediment samples were collected from the submerged banks of the stream and away from
the water level (C1 and C6) using a trowel and then dumping the sample into plastic bags.
Water and sediment with water samples were preserved on ice in a cooler.
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Analytical methods

Water and sediment samples were analyzed using a variety of techniques. A detail
description of the methods is presented in the Supplementary Information, Sl. Briefly, ion
chromatography was used to measure anion concentration in the water samples. Inductively-
coupled plasma (ICP), optical emission spectrometry (OES) or mass spectrometry (MS)
were used to measure the total element concentrations in the samples. Solid samples were
further analyzed using X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), scanning transmission electron microscopy (STEM), and
Madssbauer spectroscopy.

Results and Discussion

Chemical analyses for surface water

Analyses of EPA water quality data2? collected following the GKM spill indicates elevated
metal concentrations in CC and the AR immediately after the spill; and periodic increases in
total metal concentrations more than 2 months after the spill (Figure S1). Peak
concentrations of As and Pb exceeded national drinking water standards (10 pg I and 15
ug 171, respectively) following high flow-events downstream the AR.2! Along the Colorado
stretch of the AR, the periodic increases in total metal concentrations are muted, likely due
to the influence of topography on the river’s ability to carry suspended sediment. More
prominent increases in metal concentrations were observed along the New Mexico stretch of
the AR before its confluence with the SJR in Farmington, NM. Metal concentrations for the
water samples we collected on August 17-18, 2015 were all low (below the national
drinking water standards). No major precipitation events occurred after the spill and before
sample collection, so the result obtained is consistent with the analyses of EPA water quality
data presented above.

The difference between the background parent-rock material and the land use will also affect
the total, dissolved and suspended metal concentrations (Figure S2 and Table S1 in the SI),
and other water quality parameters such as pH, DO, dissolved anions and cations (Figure
S3), and SC (Table S2 in the SlI). The highest total concentration for some metals was found
in the CC sample, L1 (j.e. 13.41 mg I"1 Fe, 54.92 ug I1 Cu and 2.94 mg I~ Zn) mostly as
dissolved metals, corresponding with the lowest pH (3.32), the greatest DO (10.3 mg I71)
and SO42~ (630.5 mg I71) concentrations, and the highest SC (1,000 uS cm™1). Total metal
and DO concentrations decreased and the fraction of suspended metals and pH increased
downstream, reaching values of 0.54 mg 171 Fe, 1.61 ug I=1 Cu, non-detected Zn, 3.3 mg |1
DO, and pH 7.95-8.14 in the Farmington area. SO42~ concentration was the lowest in the
AR upstream the confluence with CC (86.6 mg I in L2), increasing just after the
confluence (170.9 mg 171 in L3) and decreasing further downstream. In contrast, Pb
concentration was the highest in the AR after the confluence with CC where most of the Pb
was 99% suspended (3.33 pg 171 Pb in CC, L1, vs. 4.14 pg I"1 Pb in the AR after the
confluence, L3). Some major cations (e.g. Mg, K, Na, Ba) and metals (e.g. Sr, Mo, V) did
not follow the same concentration profile (Table S1). For example, uranium (U)
concentration was the highest in the AR near Farmington sample (0.25 ug I"1 U in L6
compared with 0.11 pg I-1 U in CC, L1). Finally, detectable concentrations of phosphate
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(2.6 mg 171 PO43"), nitrate (24.4 mg 171 NO3™) and nitrite (0.9 mg 11 NO,™) were only
detected downstream of the AR confluence in the SJR, Farmington area, L7.

Our measurements are consistent with previous studies indicating that the water quality is
different in CC compared with the Farmington area. In September 30, 1998, the pH was
measured to be 3.78 in CC and 7.27 and 6.73 in the AR before and after the confluence with
CC.22 Similarly, in the same study, the SC was 963 uS cm™1 in CC, and 295 puS cm™1 and
440 uS cm~1 in the AR.22 The difference in water quality between CC and the AR upstream
of the confluence has been observed in a previous study, and it is probably explained by a
larger propylitic area in the AR basin, with higher calcite and lower sulfide concentrations
than in CC.23 The pH values in the AR and SJR near Farmington varied from a minimum of
6.9 to a maximum of 9.5 since the monitoring by the U.S. Geological Survey (USGS) began
in 1955,24 25 with an average pH of 7.89 +0.37 in the AR and 7.85 +0.32 in the SJR.
Additionally, the measurements of SC near Farmington show a great variation, ranging from
101 to 2290 uS cm™1.24. 25

The fact that elevated concentrations of metals of environmental relevance are
predominantly present as suspended solids in the water highlights the importance of
studying the sediment composition and mineralogy in the AR. We have used an array of
techniques to further investigate the chemical composition, structure, and morphology of
these sediments.

Chemical analyses for sediments

Elevated metal concentrations were detected by chemical analyses in sediments along
different locations of the AR. Natural mineralization and high mining activity have caused a
widespread distribution of metals in the area. Bulk concentration analyses (Table S3 in Sl)
performed with X-Ray Fluorescence (XRF) showed that Pb, S, Cu and P concentration
decreases from CC, L1, (2620 mg kg™! Pb, 13750 mg kg1 S, 686 mg kg~! Cu, 3125 mg
kg~ P) to the AR near Farmington sample (72 mg kg1 Pb, 491 mg kg™ S, less 30 mg kg™t
Cu, 600 mg kg1 P). Interestingly, the concentrations of Fe, Mn and Zn were higher in the
sample, C1, collected above the water level in the same area, than in L1. Furthermore, Fe,
Mn and Zn concentrations are the highest in the AR sediments after the confluence with CC
(L3) than in the CC sample (L1), which suggests a different source of these elements in
those locations, most likely from different mineral assemblages in MC or upstream the
AR.26 Overall, the metal concentrations in the sediments from the Silverton area are above
their average concentrations in the earth’s crust of 55 mg kg™ Cu, 56.3 g kg~! Fe, 950 mg
kg™ Mn, 12.5 mg kg1 Pb, 260 mg kg™ S and 70 mg kg~ Zn.27 Our results are in
agreement with previous studies reporting that the concentration of metals in the sediments
in the Upper AR watershed exceeded the average crustal earth concentration.2® Therefore,
the concentrations found in the sediments in the AR after the GKM spill are within ranges
shown by the historical data available for the site.

The trends in elemental composition observed with XRF are consistent with results obtained
from acid digestions to determine the acid extractable elemental content in sediments. Figure
2 shows the concentration profile of selected elements along the sampling locations, and
Table S4 in Sl presents the average concentrations and standard deviations for all the
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measured elements. Arsenic, cadmium (Cd), mercury (Hg) and other trace elements now
were detected in the sediments due to the lower detection limit of the method. Arsenic
concentration decreased from 4.25 +0.25 mg kg™ As in CC to 0.22 £0.00 mg kg™! As in the
SJR. Although, the measured As concentration can be considered low for the area where
they have been measured to range from 15 to 30 mg kg™1,28 our results are from a partial
acid digestion. The Cd concentration profile is similar to those described for Fe, Mn and Zn;
the highest concentration was measured in the AR just below the confluence with CC (0.66
+0.01 mg kg~! Cd) and the concentration then decreases downstream to values of 0.04
+0.00 mg kg1 Cd in the Farmington area. Finally, Hg concentration in CC of 86.7 ug kg1
was slightly above the average crustal earth concentration of 80 ug kg™,27 decreasing
downstream along the AR. In addition, trace concentrations of U and V (Table S4 in SI)
were measured in the sediments in all sampling locations, with the highest U and V
concentrations, 0.28 £0.04 mg kg™ U and 4.7 £0.2 mg kg™ V, detected in the AR at BB,
CO. The slight increase in U and V concentration near BB could be explained by higher
natural U concentration in the area?? and the former presence of an ore processing facility
located a quarter of a mile southwest of the city of BB which produced V from 1942 to 1946
and U from 1949 to 1963, producing 917,466 m3 of mill tailings.3°

Surface analyses for metal oxidation states and nutrient speciation in sediments

Additional solid analyses were performed in solid samples L1, L4, and L7, which are
selected as a representation of the AR watershed from Silverton, CO, to Farmington, NM.
We investigated the metal speciation in the near surface region of the sediments (top 5 — 10
nm depth) using XPS. Lead(Il), Fe(l1), and SO4%~ were predominant in samples collected
from CC (sample L1) and BB (sample L4). In contrast, Fe(l1l) and the presence of
phosphate, NO3, NO,, NHs3, and SO42~ were predominant in the sediment samples from
Farmington (sample L7). The oxidation state and chemical composition data measured by
XPS analyses are consistent with the observed differences for chemical analyses of water
and sediments in the areas of CC, BB, and Farmington, discussed in the previous
subsections.

The near-surface region of the sediments from CC have the highest concentration of metals
and predominance of reduced Fe. As shown in Figure 3, the Pb 4f doublet peaks (4f7/, and
4f50) are clearly detected in samples L1 and L4. No Pb was detected in C1 or in sample L7.
The better S/N of the Pb 4f spectrum in sample L1 compared with L4 indicates a higher
surface Pb concentration upstream, in agreement with the bulk analyses by XRF and acid
digestion. Lead is present as 100% Pb(Il) in sample L1, but in sample L4 Pb is 82.2% Ph(ll).
Iron was detected in all the sediment samples by Fe 3p XPS narrow scans (Figure 3). Curve
fitting of Fe 3p spectra suggest that the surface region of the sediments from CC and BB
consist of 72.1 £7.0% Fe(I1) (C1: 64.0% Fe(Il); L1: 75.9% Fe(I1), L4: 76.3% Fe(ll)). In
contrast, Fe is mostly oxidized in the surface of the sediments from Farmington (L7, 12.0%
Fe(Il) and 88.0% Fe(l11)). A summary of the XPS curve-fit results is presented in Table S5
in SI. Interestingly, Mn and Zn were measured in high concentrations in bulk analyses of
sediments, but were not detected in the near-surface region of the sediments samples with
XPS.

Environ Sci Technol. Author manuscript; available in PMC 2017 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez-Freire et al. Page 7

Sulfur, P and N species present in the surface of the sediments were also identified with
XPS, following a trend similar to their concentration profile in the water samples. Sulfur
(Figure S4) was found as SO,2~ in the samples from upstream the AR in CC (L1) and BB
(L4), but not in C1 or in the Farmington sample (L7). High SO42~ concentration was also
measured in the water sample from CC; these results together are in agreement with the
geology of the area and the high sulfidic minerals found in the Red Mountains® and SO 42~
minerals in the caldera.3! Phosphorous was present as PO43~ (100%) in all the analyzed
sediments, but it was only detected in the water sample from Farmington. Finally, N species
in the sediments were characterized and their spectra are shown in Figure S5. Reduced
amide (—-NH,) and ammonia (-NH3) groups were detected in the four sediment samples,
from CC to Farmington. In the sample from Farmington, —NOs (34.3%) and —NO, (9.8%)
groups were found in the sediments together with the highest percentage of reduced N-
species (L4, 95% —NH, and 5% —NHps); similarly, the anions NO3~ and NO,™ were only
detected in the water sample from Farmington, where they occurred with PO,3~.

Sediment mineralogy

Microscopy, spectroscopy, and XRD analyses of sediments collected from CC (L1) and
Baker’s Bridge (L4) suggest that metals such as Pb, Cu, and Zn are associated with Fe-
S0,42~ as well as Fe-oxide and -oxyhydroxide phases. The mineral composition of these
sediments was analyzed using a combination of STEM-EDX and XRD. STEM X-ray maps
and EDS spectra obtained for sediment sample L1 are illustrated in Figure 4A. The sediment
sample contains abundant submicron, euhedral to anhedral crystals containing Fe, Cu, S, O,
P and K consistent with the presence of Cu-bearing jarosite. The Cu-bearing jarosite grains
are compositionally variable, with some grains containing detectable concentrations of Zn
and Ph, whereas in other grains these elements are not detectable by EDS (Figure 4A).
Crystals of Cu-Pb-Zn-bearing jarosite were also detected in sample L4 (Figure S6). The
jarosite grains commonly present are associated with muscovite or illite, the predominant
minerals in these sediments. Lead, Zn and P are commonly also associated with Fe-oxides or
-oxyhydroxides and are likely absorbed and/or co-precipitated onto the surfaces of the Fe-
oxide grains. The STEM results are consistent with XRD analyses. XRD patterns for the
sediment samples L1 and L4 are illustrated in Figure 4B and a summary of the quantitative
analyses for these patterns is presented in Table S6. The major minerals in the samples are
quartz (SiOy, 37.1% L1 and 36.8% L4), illite [(Al,Mg,Fe),(Si,Al)4019(0OH),,(H,0), 29.9%
L1 and 12.1% L4] and chlorite [(Mg,Fe)3(Si,Al)4010(0OH),:(Mg,Fe)3(OH)g, 17.6% L1 and
10.7% L4]. Hydronium-jarosite was only confirmed in the sample from CC (7.4% L1).
Other studies have also found an association of metals with jarosite phases

(M (Fe3%)6(SO4)4(OH)1, mineral phases, where M may be K, (NH,)*, Na, Ag or Pb and n =
1 for divalent cations, and n=2 for monovalent cations), with the occurrence of Pb mostly in
anhedral jarosite.32: 33

Madssbauer spectroscopy analyses were used to further identify Fe-bearing minerals in
sediments from CC (C1 and L1) and from BB (L4). The Mossbauer spectra are shown in
Figure 3 and a summary of parameters and results is presented in Table S7 (a more detailed
explanation of is included in the SI). The Mdssbauer parameters for sample C1 (Figure 5A)
are consistent with those of nano-crystalline goethite.34-36 Additional Fe-bearing minerals
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detected in C1 are weakly-ferromagnetic hematite, a paramagnetic Fe(l11) doublet feature
which is consistent with any number of Fe(l11) containing minerals, including primary
silicates and clay minerals,3> 37 and a paramagnetic octahedral Fe(I1) doublet feature
consistent with Fe(I1) in clay minerals, primary silicates, phosphates, or sulfates.3” The
Maossbauer parameters for the Fe(ll) are consistent with the XRD identification of chlorite
and illite type clay minerals. Samples L1 (Figure 5B) and L4 (Figure 5C) have similar
paramagnetic Fe(l11) doublets consistent with octahedral Fe(I11) in silicates, and
phosphates3”: 38 and nano-crystalline goethite. In addition to goethite, sample L4 contains
weakly-ferromagnetic hematite, consistent with the detection of hematite in the control
sample.34 35 Also, an additional Fe-bearing phase was detected in samples L1 and L4,
which based on XRD and STEM data, is most likely jarosite. There is limited information
about the low temperature Mdssbauer parameters of jarosite-group Fe-minerals. In order to
resolve this discrepancy, we synthesized K-jarosite following the procedure described
elsewhere,39 confirmed its identity with XRD, and collected Mdssbauer spectra (Figure
S7A). The synthetic jarosite hyperfine parameters and temperature behavior are consistent
with a portion of the Fe in samples L1 and L4. By fitting room temperature spectra (Figure
S7B), we estimate that 20-35% of the Fe present in the two samples is present as jarosite.

Relevant geochemical features

The difference between the background parent-rock material and land use affected the metal
concentration profiles and other water quality parameters such as pH, DO, and dissolved
anions and cations, resulting in three distinct areas along the AR watershed. 7he first area
comprises the Upper AR watershed which is heavily mineralized and impacted by AMD.
The water in the area is characterized by low pH, high SC and high DO and SO4%~
concentration. Water and sediments in this first area contain high concentrations of Fe, Mn,
Cu, Pb and Zn, consistent with other literature.”- 28: 40 The second area is the Animas River,
between Silverton, CO, and Farmington, NM. The water is characterized by increasing pH
and alkalinity, and decreasing, SC, DO. Sediments and water have lower concentrations of
Fe, Mn, Cu, Pb and Zn, but higher U and V concentrations due to the legacy
contamination.3® The third areais near Farmington, NM, where metal concentrations in the
water and sediments are low, and nutrients are present due to intense agricultural activities in
this zone. In contrast with the Silverton reach, the samples from Farmington have low total
metal, SO42~ and DO and high pH (7.95 — 8.14) and alkalinity. In addition, phosphates and
N-species were only found in water and sediments of the Farmington area.

The three different geochemical areas are the result of various source contributions, such as
natural mineralization, mining and/or agricultural activity. Cement Creek is a heavily
mineralized area,” 8 while Farmington is an agriculture-intensive zone with more than 500
farms with nearly 70,000 irrigated acres of farmland.?! The use of fertilizers and manure is
known to increase the N and P loads in water affected by agricultural run-off,%2 as it is
observed in the SJR with the presence of NO3~, NO,~ and PO,3~ near Farmington. The
decrease in total metal concentration downstream the AR could be explained by simple
dilution26 but also by the deposition of the suspended metals or their immobilization within
the river sediments by physical or chemical mechanisms (sorption and/or precipitation). The
deposited or immobilized sediments can become mobilized as evidenced by the increase in
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As and Pb total concentrations in water following high-flow events. These spikes in metal
concentration in water occurring in the Farmington area are of special concern since the
water is used for irrigation of agriculture lands, and the potential for metal-accumulation in
edible plants.43-45

Finally, the identification of Fe-bearing minerals, such as jarosite phases, in this study’s
sediments has important implications to the fate of metals in the AR. The identification of
jarosite in the Upper AR basin6 was reported in a previous study.® Jarosite is known to be a
sink for metals (Pb, Zn, Cu)*’ formed in AMD environments due to the oxidation of sulfidic
minerals.33 4849 Enhancing oxidation of Fe(I1) minerals in AMD has been shown to be
effective in removing heavy metals from solution by sequestration in jarosite.?0: 1 The
stability of jarosite can be affected by pH,52 53 metal substitution®* and association with
other minerals.®® Furthermore, the geochemical weathering increases the bioavailability of
the metal-bearing minerals; thus, metal-bearing jarosite poses a higher risk for exposure than
unweathered minerals.14-16. 53 Qverall, jarosite is not thermodynamically stable at
circumneutral pH; hence, jarosite will likely dissolve at pH values higher than 6 detected
downstream of CC in the AR,52 53 releasing the associated metals to the environment.
Spikes in Pb concentrations due to an increase in pH and oxidation of Fe(ll) oxides have
been predicted by a reactive transport model and measured in the MC upstream the AR,5: 57
which support the association of Pb with a pH-dependent Fe mineral. However, there are
several pathways that the released metals can follow once in the environment, among them:
a) sorption into other mineral phases (e.g. Pb and Zn sorption onto hydrous ferric

oxide) 8-60; p) interaction and immobilization with soil organic matter (e.g. Cr
complexation with natural organic matterb); or, c) complexation with dissolved organic
matter and remain in the aqueous phase62 63,

Environmental implications

Spectroscopy and microscopy analyses show the association of Pb, Cu, and Zn with Fe-
minerals such as jarosite, goethite, and clays in sediments from CC and BB. Metal
concentrations in water (e.g., As and Pb) exceed national drinking water standards during
high flow events along the AR (Figure S1). The increase in the duration and intensity of
heavy precipitation events with the changing climate in the Southwestern US57 could
contribute to the resuspension of deposited sediments and mobilization of heavy metals.
More information is necessary to assess the effect of snowmelt and rain on metal
remobilization from sediments in river basins in semi-arid regions. The unique metal
mixtures identified in sediments analyzed in this study show that they come from diverse
sources (natural mineralization and mining activities). The weathering of minerals in
sediments can increase metal bioavailability in the AR ecosystem; studies have reported that
jarosite is more bioavailable than goethite through ingestion and inhalation.14-16: 53 Finally,
the high nutrient loads in water and sediments from intense farming in Farmington, NM,
could contribute to oxygen depletion, affecting the redox cycle sensitive metals (e.g., Fe,
Mn, As, U). Metal accumulation in crops and plants after irrigation is a relevant exposure
pathway in active agricultural areas. Hence, future research should focus on better
understanding the interaction of metal-bearing minerals and nutrients in water and sediments
to further assess biogeochemical release and accumulation of metals in the AR.
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Figure 1.
Map of the Animas River watershed from upstream Silverton to its confluence with the San

Juan River. The map includes the Gold King Mine location by the Cement Creek and the
sampling locations. The small box is the magnification of the area around the red triangle to
highlight two tributaries of the Animas River, Cement Creek and Mineral Creek.
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Selected metal concentrations in the sediment samples after digestion in triplicate of the
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Figure 3.

X-ray photoelectron spectra (XPS) of iron (Fe), lead (Pb), and manganese (Mn) for the
sediment samples C1, L1, L4, and L7.
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Figure 4.

Mineralogy of the sediments. Panel A shows the scanning transmission electron microscope
(STEM) and STEM X-ray map data of crystals in sediment sample from Cement Creek, L1.
Upper left image is a dark-field STEM image showing two submicron, euhedral crystals of
jarosite (bright in the image and labeled as 1 and 2), associated with fine-grained, clay-rich
material and Fe-oxyhydroxides (center part of the image). Additional images show STEM
X-ray maps for Fe, K, O, S, P, Cu, Pb, Zn, Si and Al. The intensity of the color is correlated
with the concentration of the element in the sample. The data show that in addition to the
major elements, Fe, K, Cu, O, and S, the jarosite grain 1 also contain detectable
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concentrations of P, Pb and Zn, but they are not detected in jarosite grain 2. This data is
supported by the EDS spectra presented in the bottom of the image. Panel B is the X-ray
diffraction spectra of samples from Cement Creek, L1, and Baker’s Bridge, L4.
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Figureb.
Mdssbauer spectra of Animas River sediment samples at 77 K and 17.5 K. The samples

analyzed are from Cement Creek, C1 (panel A) and L1 (panel B); and, from BB, L4 (panel
C), and sample C1 at 77 K and 17.5 K.
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