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Environmental Significance:

Erosion from contaminated streambank soils can serve as the primary source of mercury input to
freshwater stream systems. Identifying the solid phase speciation and processes that control mercury
release from eroded soil is critical for predicting mercury fate. Here we determine that large aggregates
enriched in mercury and sulfur particles present in oxic contaminated streambank soils are the result of
9 clusters of nanocrystalline mercury sulfide. The undercoordinated nanocrystalline mercury sulfide

10 structure is the result of crystallographic defects. Unraveling the importance of crystal defects on

11 nanoparticle reactivity is important for making accurate predictions of mercury mobilization and

12 bioavailability.
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Abstract

At mercury (Hg)-contaminated sites, streambank erosion can act as a main mobilizer of Hg into
nearby waterbodies. Once deposited into the waters, mercury from these soils can be transformed to
MeHg by microorganisms. It is therefore important to understand the solid-phase speciation of Hg in
streambanks as differences in Hg speciation will have implications for Hg transport and bioavailability. In
this study, we characterized Hg solid phases in Hg-contaminated soils (100-1100 mg/kg Hg) collected from
the incised bank of the East Fork Poplar Creek (EFPC) in Oak Ridge, TN (USA). The analysis of the soil
samples by scanning electron microscopy-energy dispersive spectroscopy indicated numerous
microenvironments where Hg and sulfur (S) are co-located. According to bulk soil analyses by extended
X-ray absorption fine structure spectroscopy (EXAFS), the near-neighbor Hg molecular coordination in the
soils closely resembled freshly precipitated Hg sulfide (metacinnabar, HgS); however, EXAFS fits indicated
the Hg in the HgS structure was undercoordinated with respect to crystalline metacinnabar. This
undercoordination of Hg-S observed by spectroscopy is consistent with transmission electron microspy
images showing the presence of nanocrystallites with structural defects (twinning, stacking faults,
dislocations) in individual HgS-bearing particles. Although the soils were collected from exposed parts of
the stream bank (i.e., open to the atmosphere), the presence of reduced forms of S and sulfate-reducing
microbes suggests that biogenic sulfides promote the formation of HgS nanoparticles in these soils.
Altogether, these data demonstrate the predominance of nanoparticulate HgS with crystal lattice defects
in the bank soils of an industrially impacted stream. Efforts to predict the mobilization and bioavailability
of Hg associated with nano-HgS forms should consider the impact of nanocrystalline lattice defects on
particle surface reactivity, including Hg dissolution rates and bioavailability on Hg fate and

transformations.
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1. Introduction
Soils in riparian zones of watersheds act as an important repository for metals through adsorption
and sedimentation processes.!* The accumulation and retention of metals in these soils largely depend
on localized geochemical conditions and how those conditions influence metal speciation.*> In particular,
the dynamic hydrologic behavior within riparian soils creates conditions that strongly impact metal
cycling. Fluctuating redox state caused by flooding events can temporarily create sulfate-reducing
conditions ideal for metal sequestration via precipitation as metal sulfides.®® Particularly in the case of
mercury (Hg), the formation of sparingly soluble mercury sulfides (HgS) may reduce microbial production
of methylmercury (MeHg), a bioaccumulative neurotoxin.? 10
East Fork Poplar Creek (EFPC) in Oak Ridge, Tennessee, (USA) is one example of a highly
contaminated riparian zone in the United States. EFPC was placed on the US Environmental Protection
Agency’s National Priorities List of Superfund sites in 1989 because of extensive Hg contamination
resulting from historical activities at the US Department of Energy’s Y-12 National Security Complex (Y-12
NSC).*! From 1950 to 1963, the Y-12 NSC, located at the headwaters of the EFPC, was the site for
substantial usage of liquid elemental Hg (Hg® ) for the separation of lithium (Li) isotopes.'? Unintended
spills, leaks, and discharge during this time resulted in an estimated 385 tons of Hg lost to the local
environment,'® 14 which contaminated the terrestrial and aquatic compartments of the EFPC watershed.
Similar to the Y-12 NSC, other locations hosting historical and ongoing usage of Hg® for industrial
processing®>1” and gold mining'®22 have experienced large-scale Hg releases to local riparian ecosystems.
The riparian soils of the EFPC can generally be grouped into streambank (SB) soils and floodplain
soils. SB soils are proximally located (i.e., within 1 m) and exposed to the stream while floodplain soils are
located upland and contribute solutes and particles to the stream via overland and subsurface flows. The
extent of our knowledge of metal sulfide formation, in particular HgS, in these soils is somewhat limited.

Sequestration of chalcophile metals as metal sulfides is expected to occur in anoxic sediments and
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porewater?3?’ and in estuarine settings with high concentrations of available sulfur for sulfidation
reactions.?®3% Unlike these settings, riparian soils generally have moderate to low amounts of available
sulfide.® 31 Although the speciation and geochemical reactivity of Hg and other metals in floodplain soils
has been investigated in numerous locations® 8 3234 most studies rely on sequential extractions or other
non-spectroscopic characterization methods that provide limited insights at the molecular scale. Only a
few studies have characterized Hg speciation in floodplain soils under oxic conditions, and they have
confirmed the formation of HgS particles.3> 3® The mechanism of sulfide formation in these oxic soil
settings is not entirely clear; both biotic (i.e., microbial sulfate reduction during flooding) and abiotic (i.e.,
transformation of Hg(ll)-thiolate complexes in organic matter) processes have been proposed.3> 3¢ The
mode of HgS particle formation guides the crystal structure and interfacial composition that can influence
surface interactions with other particles, mobilization, and bioavailablity potential of Hg in the stream.

Although much emphasis has been placed on floodplain soils in the study of Hg inputs to stream
ecosystems near these industrially impacted sites, an equally important compartment of the riparian zone
are SB soils, which serve as the interface between the stream and upland terrain.3”-3° Streambanks are
particularly important because of their potential to erode over time, serving as direct input of Hg into
water bodies where transformation to MeHg is possible. In fact, research quantifying Hg inputs to EFPC
revealed SB erosion to be the most significant loading input of Hg to the creek, whereas the floodplain
contribution was minimal.'* % Therefore, in this work, we sought to evaluate the speciation of Hg in bank
soils of EFPC as a means for understanding the historical mode of Hg accumulation in stream banks and
future potential for transformation as bank soils are eroded.

In this research, we focused on a subset of SB soils as part of a larger study characterizing Hg and
MeHg distributions along the creek.’ 4! Prior selective sequential extractions of a subset of samples
suggest that 89.3% + 5.6% of the Hg was extracted with aqua regia (F5 fraction),*? which is consistent with

the most recalcitrant Hg phases, such as HgS.'® These extractions provide an idea of the biogeochemically
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relevant fractions, but there are limits in interpretation when fractionating a sample into operationally
defined groups based on extraction media.**® To overcome the limitations of previous analyses, we used
a variety of characterization approaches, including elemental analyses, electron microscopy, X-ray
absorption spectroscopy, and microbial community analysis to characterize the structure and orgins of

nanocrystalline HgS (nano-HgS) in bank soils.

Top, middle, bottom
Hg (ug/g)

0-100

101 - 250

251 - 500

501 - 1,000

1,001 - 5,000
[—— Kilometers

0 0.25 05

Fig. 1. Map of East Fork Poplar Creek (EFPC) depicting soil sampling locations from the historical release
deposits (labeled “HRD”) and corresponding Hg concentrations for samples from three depths (top,
middle, bottom) at that location. Samples were collected 18 to 23 kilometers (EFK) upstream of the mouth
of EFPC. This data was originally presented in Supplementary Information of Dickson et al.,'>, but using
“BL” for sample notation instead of “HRD".
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2. Methods
2.1. Site Description and Sample Collection

EFPC is a 26-km, low-gradient, low-order stream that originates in the Oak Ridge Reservation in
Eastern Tennessee (Fig. 1).%° In total, EFPC drains a 77-km? watershed, with groundwater, stormwater
runoff, and process and cooling water from the Y-12 NSC contributing to the EFPC flow.3'4” The Y-12 NSC
is located at the headwaters of the EFPC; from there, the creek extends 3 km until it reaches the boundary
of the Oak Ridge Reservation. The creek then travels an additional 23 km through commercial, residential,
open-land, and forested areas until its confluence with Poplar Creek. This 23 km reach downstream is
referred as “Lower EFPC.” Sites in Lower EFPC are designated by the notation “EFK” (East Fork Kilometer),
followed by an integer corresponding to the approximate kilometers from the site to the confluence with
Poplar Creek. For example, EFK 23 would be the sampling site immediately outside the Y-12 NSC boundary.

This study focused on a subset of samples from a previously identified SB zone of higher Hg
concentrations associated with fine-grained coal fines that were deposited during the period of active Hg
use at the Y-12 NSC.> 1641 As such, these dark-colored layers that appear along the exposed bank of the
incised stream are referred to as historical release deposits (HRDs), and are typically located 5 to 120 cm
below ground surface (Supplementary Information Fig. SI1). In July 2015, 2.5-cm diameter and depth core
samples of the HRD were collected from the bank at 70 locations along the stream corridor. The soil
samples were immediately placed on dry ice and transferred to -80°C storage at Oak Ridge National
Laboratory within 8 h after collection. Samples were subsequently analyzed for major elements (Al, Si, Fe,
Ca, Mg, K, Na, Li, Fe, Mn, Ti, P), Hg, MeHg, and physiochemical properties. The SB soils were classified as
a loam and silty loam*! and consist of 1.0% * 3.8% gravel (mean t standard deviation), 35.2% + 14.2%
sand, 45.2% + 10.5% silt, and 18.6% * 7.7% clay with a mean total carbon content of 1.73% + 0.86%, mean
organic carbon content of 1.41% + 0.71%, mean nitrogen content of 0.12% + 0.05%, and a soil pH of 7.4

+ 0.4.% In this study, a subset of the HRD samples from 10 of the 70 locations evaluated by Dickson et al.
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15 were selected because of their high Hg content for further characterization using the methods described
below. For comparison of elemental content, additional samples were collected from non-contaminated

SB zones downstream of the HRD.

2.2. Elemental Analysis
Major elements (Al, Si, Fe, Ca, Mg, K, Na, Li, Fe, Mn, Ti, P) and Hg in these samples were previously
reported by Dickson et al.’>. Sulfur sequential extraction was performed on several samples to extract
various oxidation states of sulfur (5S0,%, S°, S, S%) and was followed by sulfur isotope composition (634S)

measurements.*®-50 Method details can be found in the Supplementary Information.

2.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy

Scanning electron microscopy (SEM) measurements with energy-dispersive spectroscopy (EDS)
mapping were performed with a Hitachi S4800 field-emission gun SEM with a backscatter electron
detector and a Bruker EDS detector. Prior to analysis, 14 dried EFPC bank soils samples were embedded
in an epoxy resin (Buehler vacuum epoxy) and polished to obtain cross-sectional interfaces. The polished
samples were then carbon-coated using a Cressington 208 sputter coater. The SEM backscatter electron
detector was used to search for Hg-enriched particles. All SEM measurements were performed at 20 keV
with brightness turned down and contrast increased relative to normal SEM usage, making it easier to
detect brighter, high-Z elements, such as Hg, in the bank soil samples. Once a bright particle was located,
a point EDS spectrum was taken at the bright spot to confirm the presence of Hg at that specific location.
After receiving confirmation of the presence of Hg from the spot EDS spectrum, a full EDS map was
obtained. The EDS map was reanalyzed with a ZAF correction with respect to atomic percent for post-
processing. Post-processing of the EDS data, as well as particle and cluster size analysis, was performed

with NIH Imagel.>¥ 52 The separate elemental EDS maps were stacked and a line profile was taken across
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the Hg particle. For the particle and cluster size analysis, a minimum of four individual measurements per
particle or cluster were performed. All EDS measurements reported were considered semi-quantitative.
Spectrum alignment was performed using an EDS Al+Cu calibration standard and the AlKo and CuKa peak

positions. No other standards were used to perform the EDS analyses.

2.4. Transmission electron microscopy and selected area electron diffraction (TEM-SAED)

Focused lon Beam (FIB) lamella of Hg-enriched HRD soils were prepared by lift-out techniques
from the epoxy resin cross-sectional polished SEM samples using a Hitachi NB5000 dual-beam FIB-SEM.
The polished samples were coated with a thick layer of carbon. A 3 mm wide by approximately 15 mm
long tungsten cap was deposited on the cross-sectional edge. After lift-out, the samples were mounted
on an Omniprobe lift-out transmission electron microscopy (TEM) grid and further thinned using a
gallium ion beam.

Scanning TEM (STEM) imaging (bright-field and dark-field) and EDS mapping were performed
using a Hitachi HF3300 cold field emission S/TEM at an accelerating voltage of 300 keV equipped with a
Bruker XFlash EDS silicon drift detector. The HF3300 is also equipped with a secondary electron detector,
which allowed for the acquisition of simultaneous SEM and dark-field STEM images. The atomic weight
percentages contained in EDS images were calculated using the P/B—ZAF method with Bruker’s Esprit 2.0
software. Copper was used for the energy position calibration. A TEM background was used with
background points picked using the interactive data fit option. A series fit was chosen for the peak
deconvolution method. A tile size of 2 x 2 pixels was chosen for peak deconvolution, resulting in a
512 x 384 pixel image for each elemental EDS map. Selected-area electron diffraction (SAED)
measurements were also performed on regions of the FIB lamella. The camera length used to collect the

SAED images were calibrated against an aluminum diffraction standard obtained from Ted Pella, Inc.
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Based on this measurement, the current instrument calibration had less than 1% error compared with
the aluminum standard d-spacings, so calibration corrections to the SAED were not performed.

For comparisons, TEM analysis was also performed on chemically synthesized HgS and a
biogenic HgS (bio-HgS) extracellularly synthesized using the sulfate-reducing bacteria Desulfovibrio
desulfuricans ND132. Details of the synthesis and media are described in the Supplementary
Information Section 1. Briefly, abiotic HgS nanoparticles were synthesized by mixing 1 mM Na,S and
0.05 mM HgCl, in autoclaved, anoxic deionized water. Bio-HgS nanoparticles were prepared first by
incubating ND132 cells in a phosphate-buffered saline (PBS) in the presence of 20 mM Na,SO, and 40
mM pyruvate for 3 days,>*>° at which sulfate was mostly reduced to sulfide with a measured sulfide
concentration of ~20 mM. The culture medium was then taken and mixed with 0.05 mM HgCl, to form
HgS precipitates. Both the biogenic and abiotic HgS precipitates were then vacuum filtered and rinsed

with autoclaved, anoxic deionized water before TEM imaging.

2.5. Extended X-ray Absorption Fine-Structure Spectroscopy

The local bonding environment of the Hg in the SB HRD samples was evaluated by Hg L,-edge
extended X-ray absorption fine-structure spectroscopy (EXAFS). The EXAFS was collected on beamline 11-
2 at the Stanford Synchrotron Radiation Lightsource under dedicated conditions (3 GeV, 500 mA) using an
unfocused beam. The beamline was configured with a rhodium mirror, a channel-cut Si(220) phi = 90°
monochromator (beam size = 1 mm vertical x 10 mm horizontal), and a 100-element Ge detector. The
energy scale was calibrated to the derivative maxima (11,919 eV) of an Au metal foil for Hg. Multiple scans
(from 2 to 6) were collected for each sample as they were held at 77 K in a liquid nitrogen cryostat. EXAFS
spectra were collected out to k = 12 A at a 0.05 A-Lstep. Backgrounds were removed from EXAFS spectra

using a cubic spline fit with nodes defined by the AUTOBKG function in IFEFFIT. Fourier transformations



Page 11 of 37

oNOYTULT D WN =

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

Environmental Science: Processes & Impacts

of k3-weighted spectra [k3*x(k)] were taken across a k range of 3 to 12.7 A-Lusing a Kaiser-Bessel window
with a 0.5 AL sill width.56

Spectra were qualitatively compared with previously described spectra for the following 9 Hg
compounds: mercury oxide (HgO)*’, Schuetteite®” (Hgs(S0,4)0,), cinnabar>’ (a-HgS), metacinnabar>’ (-
HgS), Hg-tetrathiolate®” (H,Cyst:Hg = 15), Hg-cysteine®” (H,Cyst:Hg = 2.2), Hg-glutathione®” (GSH:Hg = 2.2),
and freshly precipitated nano-HgS aged for 8 days®®. Additionally, EXAFS spectra were modeled using the
Artemis module of Demeter®® to fit parameters for interatomic distance (AR), coordination number (N),
and mean-square displacement of interatomic distance (c2) across a R range in the Fourier transform from
1.5 to 5 A. The amplitude reduction factor (So2) was fixed at 0.73.58 EXAFS fits utilized paths generated in
Artemis from structural models of metacinnabar available as a .cif file from the American Mineralogist
Crystal Structure Database.>® ©°

2.6. Metagenomic Sequencing and Analysis

A soil sample from the SB HRD layer at EFK 18.2 (36.00438 N, 84.28246 W) was collected in sterile
collection bags (Nasco, Madison, WI, USA), sealed and then stored at -20°C until further processing. DNA
was isolated from 1 g of soil using a MO BIO PowerSoil DNA Isolation Kit (QIAGEN Inc., Germantown, MD,
USA) following the manufacturer’s instructions. The purity and concentration of the extracted DNA was
evaluated using a NanoDrop 2000c UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA). The isolated DNA was stored at -20°C prior to analysis. Shotgun metagenome libraries were
constructed by barcoding the extracted DNA by sample and sequenced on the lllumina NextSeq platform
with 150 bps paired-end multiplex sequencing (CosmosID Inc., Rockville, MD, USA). Raw sequence reads
were binned by barcode and analyzed using the Meta-Genome Rapid Annotation with Subsystem
Technology (MG-RAST) server.®® The MG-RAST analysis pipeline performs quality control, protein
prediction, clustering and similarity-based annotation of large metagenomic data sets. Taxa were assigned

within the MG-RAST pipeline using a nucleic-acid similarity search. Briefly, representative hits clustered

10
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at 97% identity were matched using BLAT (65% identity, e-value cutoff of 10->) to the M5rna database,
which integrates the SILVA, Greengenes and RDP rRNA databases.®? &3 The relative abundance of taxa
refers to the proportion of sequences assigned to each taxonomic hierarchy relative to the total number

of taxonomic assignments.

3. Results and Discussion

3.1 Elemental Contents of Bank Core Samples

Average Hg contents in the SB HRD samples were 727 + 338 mg/kg, greatly exceeding the 8.31 + 7.98
mg/kg Hg contents reported for non-HRD soils along EFPC3* (Table 1). However, these observed Hg levels
are not surprising given the extensive contamination of the site, and they agree with previously reported
observations for the HRD layer.'* 4% Hg contents in the EFPC SB soils have been shown to exceed levels in
floodplain soils and streambed sediments in the area (Fig. S2).6 14.32-34,40,64

The average sulfur (S) content of the SB soils was 900 + 430 mg/kg (Table 1), which is comparable to
the average soil S content in the US of approximately 1200 mg/kg.®> For all samples except HRD-43R, the
chromium reducible sulfide fraction (we refer as S- or disulfide) was on average 61% *+ 16% of total sulfur
and the predominant form of sulfur in the soil samples (Table 1). Sulfate (24.9% + 15.6%) and monosulfide
(14.1% * 4.1%) were other major forms of sulfur. The presence of reduced sulfur is often associated with
dissimilatory sulfate-reducing microorganisms (SRMs), and is responsible for biogenic HgS nucleation.®® It
is important to point out that the measured sulfate in HRD samples represent the bulk of any acid-soluble
minerals present and pore-water sulfate adsorbed to surfaces or present as a soluble salt formed after
drying the samples prior to performing the sequential extractions. Given that the sulfate minerals were
not detected by SEM, the measured sulfate contents are likely representative of the pore-water sulfate

that was present in the studied samples at the time of sampling.

11
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Despite the relatively average S soil concentrations, the molar ratio of S to Hg was on average 9.04 +
4.87, indicating a surplus of S relative to Hg, which is needed for HgS formation. However, these ratios are
not a definite indication of HgS formation, as S and Hg can exist independently of each other through
complexation with other elements in the soil. Therefore, other methods were explored to further probe

these associations.

12
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Table 1. Bank soil samples elemental composition from the historical release deposit (HRD) and non-contaminated streambanks (SB) along East
Fork Poplar Creek (EFPC). East Fork Kilometer (EFK) represents the distance from the mouth of EFPC to the sample site. Portions of this data was

originally presented in Supplementary Information of Dickson et al.,*>, but using “BL” for sample notation instead of “HRD.”

Sulfate  Disulfide Disulfide Monosulfide Monosulfide

Sample Hg Al Si Ca Fe TOC S0 Sulfate 6345 — S 534S - CDT sz 534S - CDT
ID EFK  (mg/kg) (g/kg) (g/kg) (s/kg) (s/kg) (g/kg) (mg/kg) (%)  CDT [%.] (%) [%o] (%) (%]
HRD-2L 22.46 1,143 61.7 287 23.7 325 13 500 3.60 ND 76.8 2.3 19.6 1.8
HRD-4L 21.98 147.0 56.0 327 5.30 27.9 12 200 15.3 1.7 75.9 5.2 8.80 2.5
HRD-8R 19.39 522.8 65.7 288 12.9 43.0 21 1,200 17.9 3.1 72.5 ND 9.70 1.3
HRD-12R  19.16 390.2 61.4 292 10.3 36.2 29 800 NA?! NA NA NA NA NA
HRD-22L 18.94 881.5 66.8 271 5.40 47.7 30 1,700 21.5 1.9 65.1 ND 134 3.6
HRD-31L 18.66 796.0 74.9 250 9.80 44.4 37 700 NA NA NA NA NA NA
HRD-40R  18.31 858.2 65.6 285 6.60 40.1 24 800 NA NA NA NA NA NA
HRD-43R  18.20 427.9 71.5 233 9.00 34.9 42 1,200 52.2 2.1 32.8 ND 14.9 6.3
HRD-51R  18.03 1,139 76.7 243 14.8 42.3 39 1,200 30.2 0.9 50.9 ND 18.9 -0.1
HRD-54L 17.97 967.2 75.8 267 8.50 42.4 29 700 33.8 0.4 53.0 ND 13.2 1.4
SB1-7 22.30 18.38 44.1 342 7.3 21.7 9.0 100 NA NA NA NA NA NA
SB6-3 18.10 4.01 60.1 323 6.3 31 5.0 600 NA NA NA NA NA NA
SB9-5 14.70 0.2 41.5 371 2.3 21.7 4.9 ND NA NA NA NA NA NA
SB15-6 8.80 10.65 38 345 3.2 19.7 22 400 NA NA NA NA NA NA

INA = data not available; 2ND = non-detectable level.
13
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3.3 Mercury-Sulfur Associations

SEM-EDS analysis on HRD-2L and HRD-54L showed multiple spots with overlapping EDS signals at
the Hg L-edge and S K-edge, indicating collocation of Hg and S (Fig. 2, Fig. 3, and Fig. SI5-S110). For all HRD
samples SEM imaging indicated HgS clusters (i.e., particle aggregates) ranging from 0.20 to 4.0 um and
containing multiple nano-sized particles (Fig. SI3, SI4). No HgS clusters were observed in the SB samples
except in one location in sample SB6-3. Particles with collocated Hg and S in sample HRD-2L ranged from
70 to 200 nm in diameter. Particles containing Hg and S in the HRD-54L sample were larger, ranging from
520 to 4450 nm in diameter. These SEM-EDS data indicate Hg-S association, which could occur in various
forms including HgS mineral particles, Hg bound to thiol groups or disulfide in SOM®7:68, and other mineral
particles (e.g. aluminum and iron (hydr)oxides® 7°, clays® 7%, or other metal sulfide particles’?) that host
both Hg and S (Fig. 3, SI5-S110). For example, in one sample from HRD-54L, we observed in the spatially
resolved EDS spectra increased signal intensity at energies corresponding to the Hg L-edge, S K-edge, as
well as the Ca, Si, and Al K-edges (Fig. 3). Increased signal from all of these elements on the HRD-54L
sample suggests the presence of an Al- and Si-bearing particle that hosts HgS co-precipitate or crust.
Alternatively, the Hg could be bound to organic S ligands that are components of soil organic compounds

that coat Al-bearing mineral particles.”
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289  Ca, Al, Hg, and S. Right: Corresponding EDS average horizontal line profiles for each element.
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3.3 Crystallography and Local Binding Environment

The analysis of a subset of the streambank soils (n=3) by Hg Ls;-edge EXAFS revealed that the local
coordination state of Hg resembled nanocrystalline HgS (nano-HgS). The k3-weighted EXAFS data for all
samples shared similar spectral features at k = 3-7 A, with subtle differences in intensities at k = 9-12 A
(Fig. 4). Interestingly, while HRD-2L and HRD-51L contained similar Hg content (~1100-1200 mg/kg; Table
1), the spectral features of HRD-51L were of lesser intensity in both the Fourier transforms and the k3-
weighted data.

Shell-by-shell fitting of EXAFS spectra for the streambank soils indicated that the average
characteristic interatomic distance of nearest neighbor atoms was ~2.54 A, indicating Hg coordination
state similar to both 8-HgS and freshly precipitated nano-HgS (Table 2, Table SI1). This first-shell Hg peak
is also distinctly different from characteristic interatomic distances for other possible reference materials,
including Hg-SOM (Table SI1). However, the k3-weighted EXAFS spectra for the streambank soils shared
key features with spectra of the fresh nano-HgS, particularly with the doublet peaks at around 4.75 A
and 10.8 A! (Fig. 4, dashed lines A and B). These features were not observed in the #HgS spectra. Despite
accounting for most factors in the EXAFS fits (R factor < 0.10), coordination numbers of near-neighbor
atoms (i.e., Hg-S and Hg-Hg back-scattering atoms) were lower than the corresponding values for
reference nano-HgS and f~HgS. While we observed differences in spectral intensity for HRD-2L and HRD-
51L samples, the fitting parameters from the shell-by-shell models (i.e. coordination numbers in Table 2)
did not reveal observable differences between soil samples. Regardless, the shell-by-shell fitting results
of EXAFS spectra for all 3 soils suggest significantly fewer S and Hg near-neighbor back-scattering atoms
for Hg species in the streambank soils compared to the #-HgS crystal lattice (Table 2).

The appearance of undercoordinated Hg in a HgS structure could be due to several reasons. First,
undercoordination can be caused by artefacts of the spectra, such as saturation of the detector

(deadtime) with sample X-rays, resulting in reduced signal that led to underestimation of Hg-S
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coordination number. However, EXAFS fits for samples remained unchanged after correcting for
deadtime; thus, we believe detector saturation was minimal. More likely, the appearance of
undercoordinated Hg in a HgS structure suggests that Hg is predominantly in the form of aggregated
nanoparticles of HgS. The apparent coordination number for nanoscale crystals will be less than that
observed in larger mineral forms because of the high specific surface area of nanometer-scale (<10 nm)
crystals and the larger portion of atoms that comprise the crystal lattice edge.”*7® Based on the
coordination results shown in Table 2, we estimated (using crystallite modeling methods described in prior
studies’” 78) that the HgS clusters were ~1 nm in diameter (see Figure SI11). The nanocrystalline features
of the HgS particles has implications for the reactivity of these particles. In order to confirm this
phenomenon, the sample HRD-2L was further analyzed by TEM-SAED as a means to evaluate size,

crystallinity, and morphology of the nanoparticulate HgS.
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Fig. 4. Normalized bulk Hg-EXAFS spectra and Fourier transforms of streambank soil samples HRD-2L,
HRD-54L, and HRD-51L. Spectra are compared with published data for other possible Hg complexes in
this environment: 2 Avellan et al.>’; °Pham et al.*8. Solid line-experimental data; solid red line- nonlinear
least-squares fits; vertical blue line- visual guide. Numerical results presented in Table 2.
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Table 2. Parameters for shell-by-shell interatomic fits of EXAFS spectra for historical release deposit
(HRD) streambank samples compared to expected values for fully coordinated metacinnabar (#HgS). A-
B is the absorber-backscatter atom pair. Adjustable parameters include coordination number (N), bond
distances (R), mean square atomic displacement (c?), and the change in threshold energy (AE;). The
threshold energy (E,) was set at 12,285 eV. The amplitude reduction factor (Sy?) was fixed at 0.73 based
on fitting of the f-HgsS 2.

2

Sample A-B N R(A) c AE R factor®

HRD-54L Hg-S 4.5 0.5 2.53 +0.01 0.0063 +0.0013* 7.2+1.4 0.045
Hg-Hg 4.7 £3.0 4.14 +0.01 0.0037 £0.0032
Hg-S 4.9 +2.5 4.810.03 0.0063 +0.0013*

HRD-51L Hg-S 3.80.5 2.54 £0.01 0.0085 +0.0019* 9.0 £2.0 0.055
Hg-Hg 5225 4.17 £0.01 0.0043 £0.0025
Hg-S 6.5+2.4 4.83 £0.02 0.0085 +0.0019*

HRD-2L Hg-S 3.7+0.4 2.53 £0.00 0.0030 +0.0009* 6.3+1.0 0.035
Hg-Hg 6.0+£3.0 4.1510.01 0.0038 £0.0026
Hg-S 44 +1.8 4.84 +0.02 0.0030 +0.0009*

B-HgS Hg-S 4 2.53 0.003 2.5

(model Hg-Hg 12 4.15 0.006

compound)®8 Hg-S 12 4.83 0.009

APaths were linked in the fitting;
Z{Vfit(xzneasured _ Xgnadel(x))z
2

BR - faCtOT = ZNﬁt(Xmeasured)
i i

TEM-SAED analysis of the HRD-2L samples indicated clusters of defect-containing HgS
nanoparticles (Fig. 5, Fig. 6). Brightfield TEM images of HRD-2L indicate aggregates of spherical crystalline
nanoparticles each about 10 nm in diameter (Fig. 5B, C, F, G). Lattice fringe patterns were observed in
only a subset of nanoparticles, which is expected because the random arrangement of the particles
prevented the orientation required for Bragg diffraction of the electron beam. Nanoparticles near the
edge of the particle aggregates were focused on for clarity and to avoid Moire interference patterns of
the lattice fringes of overlapping nanoparticles. The HRTEM images were fast Fourier transformed (FFT)
to show the lattice spacings of the nanocrystals. For the most part, lattice spaces are consistent with the
metacinnabar polymorph of HgS viewed down the [-233] and [0-11] zone axes (Fig. 6). The striped and

chevron patterns in some of the HRTEM lattice fringe images are indications of crystallographic defects
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such as stacking faults and twin boundaries in the nanoparticles. This is further reflected by the slight
deviation in d-spacing for the [200] plane looking down the [0-11] zone axis (Fig. 6B). These
crystallographic defects can lead to nanoparticles with higher surface energies, thus potentially increasing
their reactivity and dissolution behaviors relative to particles lacking such defects.”® While SAED spectra
are, for the most part, indicative of -HgS, the observed distortion at index [200] supports the low

coordination number modeled by the EXAFS fits.8

Fig. 5. Bright field TEM images of FIB liftout from HRD-2L streambank soil sample (A and E). The FIB
liftout was collected from the cluster of particles shown in Fig. SI4. Magnification increases from left to
right (B-D and F-H) and is centered on the area delineated with red box.
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5 nm

Spot# Miller Index """[::“;“‘ L "(':;?“"3 Spot# Miller Index """{';“n:;“‘ Ut "‘['nsn':?""s
1 311 0.173 0.177 1 -111 0.331 0.338
2 3-13 0.132 0.134 2 111 0.340 0.338
3 022 0.195 0.207 3 200 0314 0.293
4 -3-31 0.129 0.134 4 1-1-1 0.328 0.338
5 -3-1-1 0.172 0.177 5 -1-1-1 0.341 0.338
6 -31-3 0.132 0.134 6 -200 0.316 0.293

Fig. 6. HRTEM and corresponding SAED pattern for a FIB liftout from streambank soil HRD-2L.

The imaging of HRD-2L was further compared to the TEM-SAED of a biogenic HgS sample synthesized
in the lab (Fig. 7). In both figures we observe similar structural defects in the form of twinning, stacking
faults, and dislocation. These defects may be attributed to biogenic polymers adsorbing to the
nanoparticle surface, stabilizing the nanoparticle, retarding nucleation and allowing more flexibility in the

assembly of particles.”® 81-83
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Fig. 7. TEM images and corresponding SAED patterns of A) streambank soil from EFPC, and B) biogenic
HgS synthesized in the lab.
3.4 Pathways of Formation

The combined observations from SEM-EDS, EXAFS, and TEM suggest poorly ordered HgS nanoparticles
in streambank samples from EFPC. The mechanism of this HgS formation is relevant for transformations
of soluble Hg species that are continuously supplied to the riparian corridor from upland areas. Insights
on theses transformations and modes of occurrence of Hg in the stream are needed to guide management
of the site. The traditional paradigm suggests that HgS formation is of biogenic nature, in which Hg(ll)
reacts with sulfide ions produced by SRMs in anaerobic environments. However, recent research has also
identified an abiogenic chemical or photochemical HgS formation pathway via dealkylation of Hg-thiolate
complexes in SOM and polymerization of HgS.5 8 8> Given the oxygenated nature of the upland floodplain
soils of the EFPC catchment, a previous study3® argues that this abiogenic pathway explains the presence
HgS nanoclusters.

For the streambank soils that are the focus of our study, the aforementioned abiotic pathways is a
potential mechanism of nanocrytalline HgS formation; however, this process is kinetically unfavorable.

Instead, the traditional mode of biogenic sulfide formation may be occurring in these soils, even though
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they are exposed to oxygenated conditions. In our metagenomic analysis of the SB HRD soils (Fig. 8), we
observed SRMs that are prevalent in bacterial (Deltaproteobacteria, Thermodesulfovibrio(Nitrospirae),
Firmicutes, Thermodesulfobacteria) and archaeal lineages (Euryarchaeota, Crenarchaeota).®® At the
family level, 18 clades represent most of the known SRMs in environmental samples (Table SI2). The
relative abundance of these clades in the EFPC HRD soil metagenome is shown in Fig. 8; additional details
on taxa abundance can be found in the Supplementary Information (S| Section 4). At the family level, the
Desulfovibrionaceae were the most abundant SRM (0.59%), followed by the Syntrophobacteraceae
(0.35%), the Peptococcaceae (0.33%) and the Desulfobacteraceae (0.32%). The total relative abundance
for all identified SRM was 2.49%.

The results demonstrate that a diverse group of SRMs are present in the microbial community of
EFPC HRD soils. Therefore, dissimilatory sulfate reduction may represent a significant source of biogenic
sulfide in these soils. Frequent flooding of streambank soils combined with detection of both reduced S
and SRMs therefore argues that biogenic HgS nanocluster formation is a relevant mechanism of HgS
formation. It is noteworthy that the measured 83*S values of chromium-reducable sulfides were higher (-
0.1 to +6.3 %o) than typically found in biogenic sulfides formed as a result of SRMs (< -10 %o0)®’. However,
these values are similar to the ranges of 33*S measured in the acid-soluble sulfate found in the studied
soils (+0.4 to +3.1 %) and dissolved sulfate in local surface waters (+2.7 to +5.8 %o)®8. This suggest that
SRMs occurs under sulfate-depleted conditions leading to insignificant S isotope fractionations because
of complete reduction of porewater sulfate to sulfides such as HgS particles. The concentration of
dissolved sulfate in local surface waters are relatively low (average 0.13 mM)®, thus any of this sulfate
contributed to the studied soils during flooding events would be quickly metabolized (reduced to sulfide)
by SRMs.

The structural defects of nanocrystalline HgS in TEM analysis of streambank soil HgS particles are

similar to defects observed for biological-HgS nanoparticles produced in the laboratory. These defects are
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1
2
i 416  likely due to polymers that are present during HgS nucleation. For example, structural defects, such as
Z 417  those observed in the synthetic bio-HgS, may occur if Hg?* complexes with biologically produced sulfide
7
8 418  in the extracellular polymeric substance (EPS) rich environment outside of the SRM cell envelope.” 81-83
9

10 419  Similarly for HgS nanoparticles produced by abiotic dealkylation of Hg-thiolate moities, NOM in soils may
12 420  affect nano-HgS formation, growth, aggregation, and dissolution reactions®” 8%°1 that alter lattice
421 structure.”? However, the dealkylation of Hg-thiolate complexes is significantly slower than the
17 422  complexation of Hg?* with free sulfides. As such, the abiogenic pathway could be expected to yield less
19 423  defective HgS structures than those of biogenic origin.?® 23 Furtherwork is needed to directly compare
21 424  abiotic delakylation and biogenic proceses for their rates of nanocrstyalline HgS formation as well as the

23 425  properties of the material products, including crystal lattice structure and particle morphology.
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4. Environmental Implications

In this work, we used a variety of characterization techniques to identify disordered HgS
nanoclusters in an exposed streambank soil with moderate S content from EFPC. Because of the observed
structural defects in the nanoparticles, the HgS particles were probably formed in the presence of an
organic polymer such soil organic matter or the EPS of SRMs. These observations provide further evidence
for the persistence of nanocrystalline HgS in oxic soil settings, rather than their presence being limited to
anoxic sediments and porewater?3-?” and other settings with high concentrations of available sulfide.?8-3°
Furthermore, we observed that HgS particles were co-located with other major elements in soils,
indicating that the nanocrystalline HgS are agglomerated or co-precipitated with other host particles.

Our observations in EFPC bank soils may be applicable to other Hg-contaminated fluvial systems
that experiences dynamic redox conditions and where bank erosion is a main source of Hg mobilization
and transport. Within the US, example systems include waterways downstream of historically
contaminated sites, such as textile factories (e.g., South River, VA) and abandoned mines of the “mercury
mineral belts”%* in Alaska®®, California?®> %, Nevada®’, and Oregon?®® ?°. Additionally, riverbank erosion
serves as a long-term Hg input to waterways near active sites of artisanal and small-scale gold mining,°®
102 3 mining technique in which large amounts of liquid elemental mercury are added to soils to extract
gold.

These results add to the growing literature underlining the importance of studying the nanoscale
structure of HgS particles and how it relates to bioavailability. While #-HgS was once viewed as an
immobile sink for mercury, research in the last decade has demonstrated nano-HgS, particularly when
formed in the presence of DOM, to be more soluble and more bioavailable compared to macrocrystalline
metacinnabar.10-91.103,104 Nanoparticles in general have demonstrated increased reactivity relative to their

bulk-scale counterparts, often attributed to unique structure and surface properties.'%>-1% For example,
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sorption and dissolution properties of nanoparticles are dependent on nanocrystal facets and defect
structure.”® 81 109113 These phenomena have yet to be confirmed for nano-HgS, but would likely have
implications for its reactivity and mobility. Indeed, stable Hg isotope tracing of various fractions of EFPC
sediments suggest continuous cycling of Hg between particulate, dissolved and absorption phases in the
stream. 14 115

The dynamic hydrologic conditions of streambank soils should be considered in their impact on
the speciation and resulting structure of Hg in industrially impacted soils. Moreover, frequent flooding
and erosion of streambank soils will make nano-HgS very suspectable to mobilization, and the structure
of the mobilized HgS will likely further impact its reactivity. During streambank erosion, for example, nano-
HgS will be deposited into the stream, where depending on its facets and defect density, may exhibit
enhanced solubility, producing more bioavailable Hg(ll) complexes. Additionally, bacteria have been
observed to preferentially attach to defects on nanocrystalline particles'!®, which, in the case of nano-
HgS, may result in enhanced adsorption by methylators. Similarly, in flooding events, mercury associated
with nano-HgS entrapped in soil may be mobilized via dissolution reactions. In both cases of particle
erosion and dissolution, the nanoscale structure of HgS will likely impact the distribution of mercury and
the susceptibility of the metal for further transformation. It is therefore necessary to study the
microscopic structure of nano-HgS to elucidate implications for environmental reactivity, transport, and

bioavailability.
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