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Environmental Significance Statement 

 It is challenging to identify, track, and assess the in situ processing of Hg sources that 

contribute to ongoing Hg loading and bioaccumulation within aquatic ecosystems.  As controls 

on Hg emissions to the atmosphere and industrial releases to surface waters continue to reduce 

inputs of new Hg to aquatic ecosystems, it becomes increasingly important to understand how 

legacy Hg accumulated in soils and sediment may delay recovery. Mercury stable isotope 

measurements suggested that legacy mercury, generally thought to reside in recalcitrant forms, 

likely contributes to increases in Hg flux along the flow path of a point-source-impacted 

headwater stream.  By linking Hg isotopes and hydrology, this study provides a framework that 

integrates stable Hg isotope techniques with more traditional stream- and watershed-scale 

approaches. 
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Abstract: 30 

Natural abundance stable Hg isotope measurements were used to place new constraints 31 

on sources, transport, and transformations of Hg along the flow path of East Fork Poplar Creek 32 

(EFPC), a point-source contaminated headwater stream in Oak Ridge, Tennessee.  Particulate-33 

bound Hg in the water column of EFPC within the Y12 National Security Complex, was 34 

isotopically similar to average metallic Hg(0) used in industry, having a mean δ202
Hg value of -35 

0.42 ± 0.09‰ (1SD) and near-zero ∆
199

Hg.  On average, particulate fraction δ202
Hg values 36 

increased downstream by 0.53‰, while ∆
199

Hg decreased by -0.10‰, converging with the Hg 37 

isotopic composition of the fine fraction of streambed sediment along the 26 km flow path. The 38 

dissolved fraction behaved differently.  Although initial ∆
199

Hg values of the dissolved fraction 39 

were also near-zero, these values increased transiently along the flow path. Initial δ202
Hg values 40 

of the dissolved fraction were more variable than in the particulate fraction, ranging from -0.44 41 

to 0.18‰ among three seasonal sampling campaigns, but converged to an average δ202
Hg value 42 

of 0.01 ±0.10‰ (1SD) downstream. Dissolved Hg in the hyporheic and riparian pore water had 43 

higher and lower δ202
Hg values, respectively, compared to dissolved Hg in stream water. 44 

Variations in Hg isotopic composition of the dissolved and suspended fractions along the flow 45 

path suggest that: (1) physical processes such as dilution and sedimentation do not fully explain 46 

decreases in total mercury concentrations along the flow path; (2) in-stream processes include 47 

photochemical reduction, but microbial reduction is likely more dominant; and (3) additional 48 

sources of dissolved mercury inputs to EFPC at baseflow during this study predominantly arise 49 

from the hyporheic zone. 50 

 51 

 52 

Environmental Significance Statement 53 

 It is challenging to identify, track, and assess the in situ processing of Hg sources that 54 

contribute to ongoing Hg loading and bioaccumulation within aquatic ecosystems.  As controls 55 

on Hg emissions to the atmosphere and industrial releases to surface waters continue to reduce 56 

inputs of new Hg to aquatic ecosystems, it becomes increasingly important to understand how 57 

legacy Hg accumulated in soils and sediment may delay recovery. Mercury stable isotope 58 

measurements suggested that legacy mercury, generally thought to reside in recalcitrant forms, 59 

likely contributes to increases in Hg flux along the flow path of a point-source-impacted 60 

headwater stream.  By linking Hg isotopes and hydrology, this study provides a framework that 61 

integrates stable Hg isotope techniques with more traditional stream- and watershed-scale 62 

approaches.   63 
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1. Introduction 64 

Understanding how aquatic ecosystems contaminated with mercury (Hg) will recover as 65 

atmospheric emissions and industrial point source discharges are controlled has become an 66 

important area of Hg research.  Key to predicting recovery from Hg contamination is 67 

understanding the mobilization of legacy Hg sources and the subsequent bioavailability and 68 

biogeochemical cycling of mobilized Hg within aquatic ecosystems. Over the last two decades, 69 

observational and mass balance studies, in situ field manipulations, and isotope spike 70 

experiments have all provided valuable insight into Hg mobilization, bioavailability, and 71 

biogeochemical cycling.
1-11

  Nonetheless, discerning the importance of potential sources and 72 

evaluating in situ processes that influence legacy Hg dynamics in complex ecosystems has 73 

remained challenging. 74 

Herein, we take a multi-seasonal hydro-biogeochemical flow path approach that utilizes 75 

natural abundance stable Hg isotope ratio measurements to place new constraints on sources, 76 

transport, and in-situ transformations of Hg in East Fork Poplar Creek (EFPC), Oak Ridge, 77 

Tennessee. We document variations in Hg isotopic composition in stream water dissolved and 78 

particulate phases, hyporheic zone pore water and sediment, riparian floodplain pore water and 79 

sediment, streambed periphyton, and streambed sediment in EFPC, and interpret the evolution of 80 

isotopic signatures along the flow path in terms of experimentally derived fractionation patterns 81 

associated with biogeochemical processes
12, 13

 and with regard to the addition of Hg from 82 

riparian floodplains and the hyporheic zone. 83 

The East Fork Poplar Creek ecosystem is heavily contaminated with Hg from operations 84 

to separate 
6
Li isotopes for thermonuclear weapons development during the 1950’s and early 85 

1960’s at the Y-12 National Security Complex (Y12), Oak Ridge, TN.
14

  During that time, an 86 

estimated 193,000 +/- 27,000 kg of metallic Hg was lost to the local soil and groundwater 87 

environment, and 128,000 +/- 35,000 kg of particulate-bound and dissolved Hg(II) associated 88 

with neutralized nitric acid waste was discharged directly to EFPC from the storm drain system 89 

underlying Y12.
14

 These historical releases of Hg have resulted in a legacy of Hg contamination 90 

in streambed sediment, streambanks, and floodplain soils downstream of the Y12 complex.
15, 16

 91 

The largest known remaining sources of inorganic Hg to Upper EFPC (i.e., within the 92 

Y12 boundary) include dissolved Hg(II) species discharged from the storm drain network 93 

underlying the Y12 facility (~ 60% +/- 10%), dissolved Hg(0) from metallic mercury within 94 

streambed sediments along the first 300 m of Upper EFPC (~15% +/- 5%), and a small amount 95 

of post-remedial-action dissolved Hg(0) emanating from a groundwater spring near the Y12 96 

boundary (~3.5%)
14

.  Inputs of dissolved Hg(0) to the creek are either lost by volatilization
17-20

 97 

or are oxidized.  Dissolved Hg(II) species become largely associated with naturally occurring 98 

dissolved and particulate organic matter.
21-23

  Despite the successes of remedial strategies within 99 

the Y12 complex, discharges of total dissolved and particulate-bound Hg at the Y12 boundary 100 

continued to be ~10 g/d (~ 330 ng/L) under managed baseflow conditions maintained from 1997 101 

to 2014.
14, 24

 102 
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The inventory of Hg in the EFPC ecosystem and the transport of dissolved and particulate 103 

Hg under both baseflow and stormflow conditions have been studied.  Southworth et al.
15, 16

 and 104 

Riscassi et al.
25

 similarly concluded that particulate-bound Hg associated with streambed 105 

sediment, streambed biofilm, and streambank soils within Lower EFPC (downstream of the Y12 106 

boundary) was primarily responsible for the large increases in Hg export during wet weather 107 

high-flow conditions. Riscassi et al.
25

 further suggested that total dissolved mercury (THgd) 108 

associated with dissolved organic matter (DOM) was transported to the stream predominantly 109 

from watershed soils (rather than from upstream point sources) during high flow events. 110 

Under baseflow conditions, in contrast, Southworth et al.
15, 16

 concluded that ongoing 111 

inorganic Hg inputs from the Y12 complex into Upper EFPC (upstream of the Y12 boundary) 112 

continue to sustain waterborne Hg concentrations throughout EFPC.  However, Riscassi et al.
25

 113 

determined that ~60% of annual baseflow hydrologic discharge in the lower reaches of EFPC 114 

was derived from diffuse groundwater.  Although the THgd load contributed by these diffuse 115 

inputs could not be evaluated, they represent a potential source of legacy Hg to the stream 116 

channel.  Mercury in soils and sediment resides in highly insoluble forms
16, 26-29

 that are 117 

generally thought to have little impact on total dissolved mercury (THgd) concentrations;
15

 118 

however, recent experiments with EFPC floodplain soils suggest that a small portion of these 119 

recalcitrant legacy Hg reservoirs may be re-mobilized.
25, 30

 120 

Waterborne concentrations of THgd and particulate-bound mercury (THgp) decrease with 121 

distance downstream from Y12 during baseflow in EFPC.
14, 31

  Dilution with low Hg 122 

concentration waters from non-Y12-contaminated tributaries and groundwater likely contribute 123 

to these decreases in THg concentrations.
25, 32, 33

  However, Southworth et al.
15

 noted that THg 124 

fluxes (not just concentrations) also decreased downstream under baseflow conditions, 125 

suggesting THg removal from the water column by sedimentation of the particulate phase and 126 

accumulation in biofilm coatings on the streambed.  In contrast, waterborne concentrations of 127 

MeHg increase with distance downstream of Y12,
14, 31

 resulting in a decoupling of inorganic Hg 128 

and MeHg concentrations along the flow path. Riscassi et al.
25

 observed that the highest 129 

concentrations of methylmercury (MeHg) in downstream surface waters occurred during 130 

baseflow, implying a significant role for in-stream (and, perhaps, near-stream) processes within 131 

the streambed hyporheic zone and streambed periphyton. 132 

The overarching objective of this study was to utilize Hg isotopes to further elucidate the 133 

in-stream processes and source input(s) that influence waterborne mercury dynamics along the 134 

flow path of EFPC, a mercury contaminated headwater stream.  Specifically, we sought to 135 

understand whether in-stream processes, such as photochemical and microbial reduction, in 136 

conjunction with physical processes, such as sedimentation, mixing, and dilution, may influence 137 

downstream decreases in THgp and THgd concentrations.  Additionally, we aimed to characterize 138 

the mercury isotopic composition of potential legacy sources of THgd to stream water (e.g., 139 

inputs from the hyporheic zone and riparian floodplains) downstream of the Y12 complex, and to 140 

assess their role in sustaining baseflow THgd concentrations along the flow path of EFPC. 141 

 142 
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2. Methods 143 

2.1. Site Description 144 

  The headwaters of East Fork Poplar Creek (EFPC) originate within the US Department 145 

of Energy (DOE) Y-12 National Security Complex (Y12), and flow 26 km downstream to its 146 

confluence with Poplar Creek (Figure 1).
24

  Locations along EFPC are denoted by their distance 147 

upstream from this confluence, in kilometers.  Upon construction of Y12, headwater tributaries 148 

were confined within a buried storm drain network
14

 that discharges into an open industrial ditch, 149 

flowing about 3 km downstream to the Y12 boundary at Station 17 (EFK23.4).  This channelized 150 

reach of EFPC within the Y12 boundary is administratively referred to as Upper EFPC.  151 

Beginning in August 1996, flow in Upper EFPC was augmented with the addition of water piped 152 

from the Clinch River in order to maintain a minimum flow of ~300 l/s at Station 17,
24

 thereby 153 

reducing the mercury concentration of waters exported from Y12 to ~300 ng/L.
15

  This managed 154 

flow regime was maintained throughout the period of our study, but was terminated in April 155 

2014.  Beginning at the Y12 boundary, Lower EFPC is more naturally meandering as it passes 156 

through the city of Oak Ridge for about 15 km, and then across more forested Oak Ridge 157 

Reservation land.  The large amount of impervious surface within Y12 and the city of Oak Ridge 158 

results in rapid storm water runoff, flashy flows, and shifting loads of streambed sediment.   The 159 

streambed consists of a mixture of coarse gravel, cobble, and bedrock outcrops, about half of 160 

which is typically covered by silt, sand, and small gravel.
24

  The surface of the streambed is 161 

typically covered with biofilm coatings that are rapidly replaced following high flow scouring 162 

events.  The stream corridor throughout Lower EFPC is mostly forested, with narrow riparian  163 

floodplains increasing in their extent further downstream (National Wetlands Inventory).  These 164 

riparian wetland floodplains are classified as palustrine forested broad-leaved deciduous and 165 

temporarily flooded (PFO1A; www.fws.gov/wetlands/data/mapper.html). Approximately 2 km
2
 166 

of these riparian floodplains downstream of Y12 have Hg-contaminated soils.
15

 Total watershed 167 

area of EFPC is 76.9 km
2
.  Three small tributaries with drainage areas ranging from 5.6 to 6.6 168 

km
2
 enter EFPC at EFK20, EFK16, and EFK10.

34
  The city of Oak Ridge wastewater treatment 169 

facility (ORWTF) discharges to EFPC at EFK13.5.  A more detailed description of the EFPC 170 

watershed is available elsewhere.
14, 15, 24

  The regional reference site for this study is located ~25 171 

km northeast of Y12, has no known point-sources of Hg contamination, and is characterized by 172 

typical background levels of mercury in water and sediment (Hinds Creek, HCK10; 36.1411ºN, 173 

84.0508ºW; see Figure 1 in Donovan et al.
34

). 174 

 175 

2.2. Study Design and Sample Collection 176 

 We employed both synoptic and intensive site sampling strategies during three seasonal 177 

sampling campaigns (October 2011, April 2012, and August 2012).  All samples were collected 178 

during baseflow conditions (Figure S1).  Synoptic sampling consisted of eight stream sampling 179 

locations along the flow path of EFPC, ranging from EFK5.0 to EFK25.4, two of which were 180 

within the Y12 boundary along Upper EFPC (Figure 1).  Synoptic samples were collected to 181 

assess changes in the isotopic composition of waterborne mercury along the flow path of EFPC.  182 
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Water samples for analysis of total dissolved mercury (THgd) were immediately filtered in the 183 

field (0.45 µm cellulose nitrate sterile analytical filter units; Thermo Scientific Nalgene #130-184 

4045), poured into Teflon bottles, and preserved to 0.5% (v/v) Trace Metal Grade (TMG) HCl. 185 

Filters were retained for analysis of total particulate-bound mercury (THgp).  Both filtered and 186 

unfiltered stream water was also collected for analysis of methylmercury (MeHg); these samples 187 

were stored in polycarbonate bottles and preserved to 0.5% (v/v) with TMG HCl. All bottles for 188 

THg and MeHg were trace metal cleaned and blank-checked prior to use.  Dissolved organic 189 

carbon (DOC) samples were syringe filtered (0.45 µm Supor) onsite into 40 ml amber I-Chem 190 

vials; anion (NO3
-
, SO4

2-
, Cl

-
) samples were syringe filtered (0.45 µm polypropylene) onsite into 191 

60 ml HDPE bottles, following methods of Demers et al. 
35

.  All samples were put into coolers 192 

with ice in the field and refrigerated at 4ºC upon return to the lab at the end of each day. 193 

 During the April and August sampling campaigns, bulk stream water samples were also 194 

collected from three synoptic sampling sites (EFK25.4, EFK22.3, and EFK5.0) for separation 195 

and analysis of dissolved gaseous mercury (DGM). Concentrations of stream water DGM along 196 

the flow path were low, and therefore DGM samples were not analyzed for Hg isotopic 197 

composition. 198 

 Intensive site sampling was completed during each season at two sites along EFPC 199 

(EFK5.0, EFK22.3) and at a regional reference stream, Hinds Creek (HCK10), located ~25 km 200 

northeast of Y12 (Figure 1).  These intensive sampling efforts were designed to assess 201 

differences in mercury isotopic composition within various components of the stream ecosystem.  202 

At each intensive site, we collected surface water, hyporheic pore water from both the center and 203 

side of the main channel, and streambed biofilm coatings.  At EFK22.3, we also collected 204 

surface water and pore water from a Hg-contaminated riparian floodplain.  Pore water samples 205 

were collected with a Henry sampler (i.e., a temporary piezometer, www.mheproducts.com).  206 

Biofilm was scrubbed off the surface of 10-20 rocks in each of the study reaches, and the 207 

resulting slurry was transferred to a trace metal clean polycarbonate bottle, stored on ice in the 208 

field, and placed in refrigeration upon return to the lab at the end of each day.  Similar to 209 

synoptic sampling, intensive site surface water and pore water samples were collected for 210 

analysis of THgd, THgp, filtered MeHg, unfiltered MeHg, DOC, Specific UV Absorbance 211 

(SUVA254), anions, and pH. 212 

 213 

2.3. Hydrologic Discharge and Mercury Fluxes 214 

 Gauging stations were located at the Y12 boundary (Station 17, EFK23.4) and 215 

downstream near EFK5.0. The gauging station at EFK23.4 (formerly, United States Geological 216 

Survey (USGS) #03538235) is currently operated by Y12, consists of a water-stage recorder and 217 

a concrete weir, and has been continuously maintained since it was established in 1992
36

. Hourly 218 

mean discharge (m
3
/s) at this gauging station was provided courtesy of K. Hanzelka and was 219 

calculated from a stage-discharge rating curve established by the USGS. The gauging station at 220 

EFK5.4 was located at a previously established USGS surface water monitoring site (USGS ID# 221 

03538250) which had a period of record from 1960 through 1988
37

, and was re-established in 222 
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2011 by Riscassi et al.
25

 Hourly mean discharge (m
3
/s) at this gauging station was based on stage 223 

readings at 6 minute intervals measured by a pressure transducer within a stilling well. Daily 224 

mean discharge (m
3
/s) data for the City of Oak Ridge wastewater treatment facility (ORWTF) 225 

were provided courtesy of J. Sproles. Water levels at EFK23.4 and the ORWTF were measured 226 

during all sampling periods; water levels at EFK5.4 were recorded beginning in February 2012.  227 

Therefore, October 2012 baseflow discharge and concentration data were used to represent 228 

October 2011 baseflow conditions for estimates of flux.  Herein, we take the conservative 229 

approach of applying a discharge uncertainty based on a USGS rating system indicating that 95% 230 

of daily discharges at these stations are within 10% of the true value;
36, 37

 this uncertainty 231 

estimate includes both qualitative and quantitative factors and is believed to be > 1SD. 232 

 Whereas hydrologic discharge (Q) at EFK23.4, EFK5.4, and ORWTF were measured 233 

directly, we estimated the discharge from tributaries and diffuse sources (combined) by 234 

difference: (QTributaries + QDiffuse) = (QEFK5.4) – (QEFK23.4) – (QORWTF).  Instantaneous mercury flux 235 

(Φ) at EFK23.4, EFK5.0 and ORWTF was calculated by multiplying discharge (Q) by 236 

concentration (C).  Uncertainty in concentration measurements was based on the average relative 237 

standard deviation (RSD) of replicate stream water samples taken from upstream and 238 

downstream sites along EFPC (8.4% RSD, n = 5; see section 2.4).  We calculated maximum 239 

potential tributary mercury flux by multiplying (QTributaries + QDiffuse) by the average concentration 240 

of tributaries; thus, some portion of the estimated tributary flux is likely attributable to diffuse 241 

sources and this is considered in the discussion.  Finally, we estimated the minimum diffuse 242 

mercury flux (Φ Diffuse) by subtraction: (Φ Diffuse) = (Φ EFK5.0) – (Φ EFK23.4) – (Φ ORWTF) – (Φ 243 

Tributaries). For discharge and flux calculations, uncertainties for sums and differences, and relative 244 

uncertainties for products, were propagated in quadrature.
38

 245 

 246 

2.4. Concentration Analysis 247 

 Total Hg and MeHg concentrations were measured using standard methods and samples 248 

were analyzed in batches with quality control that included independent primary and secondary 249 

standards, continuing calibration verification standards, continuing calibration blanks, matrix 250 

spike recovery tests, analysis of duplicate field samples, reference materials, and equipment and 251 

procedural blanks.  Upon return to the lab, field-acidified THgd surface water samples were 252 

oxidized to 1% BrCl by volume (verified to be Hg-free) and allowed to react in the dark at 4ºC 253 

for one month prior to analysis.  Stream water and pore water THgd concentrations were 254 

measured according to EPA Method 1631
39

 using an automated cold-vapor atomic fluorescence 255 

spectrometer (CVAFS; RA-3F, Nippon Instruments).  Particulate-bound mercury (THgp) 256 

retained on filters was combusted offline and the released mercury was trapped in an oxidizing 257 

solution that was then measured for THg concentration according to EPA Method 1631 using a 258 

cold-vapor atomic absorption spectrometer (CVAAS; MA-2000, Nippon Instruments; see section 259 

2.5.1), and scaled to the volume of filtered stream water.  Biofilm THg samples were dewatered 260 

via centrifugation, freeze-dried, homogenized in an alumina grinding cylinder in a mixer mill, 261 

and analyzed by offline combustion, similar to filters.  Filtered and unfiltered stream water 262 

Page 8 of 46Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 
 

 

MeHg was analyzed by distillation purge and trap according to EPA Method 1630
40

 using dual 263 

isotope spike dilution.
41

 264 

 Dissolved gaseous mercury (DGM) was extracted from stream water in the laboratory, 265 

within one hour of collection.  In the field, a 2L Pyrex media bottle was filled with 1L of stream 266 

water with minimal agitation, capped, double bagged, wrapped in black plastic, and immediately 267 

put in a cooler on ice.  These stream water samples were immediately returned to the lab for 268 

DGM extraction by purge and trap using similar methods as for filtered stream water sample 269 

preparation for mercury isotope analysis (see section: 2.5.2), with several important differences.  270 

First, bulk stream water was unaltered prior to purging of DGM (i.e., the sample was not filtered, 271 

acidified, oxidized, or reduced).  Second, the cap of the sample collection bottle was fitted with 272 

two-way valves that allowed connection to the purge and trap system without losing DGM 273 

volatilized to the headspace during transport. Third, testing showed that samples could be 274 

completely purged within 90 minutes.  Purged DGM was oxidized in 1% KMnO4 (mass/mass) in 275 

10% sulfuric acid (v/v) (hereafter referred to as 1% KMnO4) that was measured for THg 276 

concentration according to EPA Method 1631
39

 via CVAAS and scaled to volume of sampled 277 

stream water. 278 

 DOC was analyzed using high-temperature platinum-catalyzed combustion followed by 279 

infrared detection of CO2 (Shimazdu TOC-L). UV absorbance data was collected with a Hewlett-280 

Packard 8453 spectrophotometer using a 1.0 cm path length and ultrapure water as a blank. 281 

Specific ultraviolet absorbance (SUVA254) values were determined by dividing UV absorbance 282 

at 254 nm (1/m) by DOC concentration (mg/L) and is reported in units of liters per milligram 283 

carbon per meter (L/mg C m)
42

. Inorganic anions were analyzed by a Dionex DX-500 ion 284 

chromatograph equipped with a Dionex AS15 analytical column and a Dionex EG40 eluent 285 

generator. MeHg, DOC, UV absorbance, and inorganic anion analyses were completed in the 286 

Environmental Sciences Division (ESD) at Oak Ridge National Laboratory (ORNL), as 287 

previously described.
21, 43, 44

 All other measurements were completed in the Biogeochemistry and 288 

Environmental Isotope Geochemistry Laboratory at the University of Michigan. 289 

 290 

2.5. Sample Preparation for Isotope Analysis 291 

 2.5.1. Offline Combustion of Filters and Biofilm.  Biofilm and THgp retained on filters 292 

were prepared by two-stage combustion with inline trapping of released Hg in order to remove 293 

matrix interferences and concentrate Hg for isotopic analysis, following methods detailed in 294 

Demers et al.
45

  Filters were freeze-dried prior to combustion. Volatilized reduced Hg(0) was re-295 

oxidized and trapped within a 24 g solution of 1% KMnO4.  To quantify THgp released from 296 

each sample, the 1% KMnO4 combustion trap solution was reduced with hydroxylamine 297 

hydrochloride, and a small aliquot was diluted with 1% BrCl for analysis by CVAAS (see 298 

section 2.4).  Reduced solutions were concentrated into secondary 1% KMnO4 traps to achieve 299 

required 1-5 ng/g concentration for isotopic analysis, as well as to further remove matrix 300 

interferences.  The Hg concentration of a small aliquot of this transfer trap solution was 301 
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measured to determine full procedural recovery of reference materials, as well as to allow 302 

matching of standard and sample concentrations for isotope analysis. 303 

 Offline-combustion performance was monitored with procedural blanks and by percent 304 

recovery of reference materials.  Average procedural blanks were 0.004 ng/g THg (± 0.002 ng/g, 305 

1SD, n=21) prior to transfer, and 0.015 ng/g THg (± 0.003 ng/g, 1SD, n=11) subsequent to 306 

transfer, typically representing <1% of sample solutions.  We combusted NIST SRM 1944 307 

(NY/NJ Waterway Sediment; 3400 ± 500 ng/g) with recovery ranging from 94.8% to 103.9% 308 

(99.4% ± 3.1%, 1SD, n=8), and NIST SRM 1515 (Apple Leaves, 44 ± 4 ng/g) with recovery 309 

ranging from 91.2% to 94.3% (92.7% ± 1.2%, 1SD, n=5) (Table 2).  310 

 2.5.2. Purging and Trapping of Filtered Stream Water and Pore Water Samples. 311 

Mercury in filtered stream water and pore water samples was purged and trapped into 1% 312 

KMnO4 solution for isotope analysis.  Previously acidified and oxidized stream water samples 313 

were diluted by at least 50% with similarly acidified and oxidized Hg-free de-ionized water, and 314 

thoroughly mixed.  Dilution of samples minimized potential matrix interferences, ensuring high 315 

recoveries.  Diluted samples were then pre-reduced with 1000 µl of 30% hydroxylamine 316 

hydrochloride 
39

, capped tightly, and allowed to react for one hour.  The remainder of the purge 317 

and trap procedure involving SnCl2 reduction and subsequent re-oxidization and trapping of 318 

mercury within a 1% KMnO4 solution followed methods detailed in Demers et al.
45

  To quantify 319 

purge and trap recovery, Hg concentration of the 1% KMnO4 trap solution was determined as 320 

outlined for the combustion trap solutions (see section 2.5.1), scaled to total solution mass, and 321 

compared to total mass of Hg in the original sample.  Recovery of Hg from sample solutions was 322 

98.9% ± 3.3% (1SD, n = 44) (Table S1, Table S2). We also monitored the performance of the 323 

purge and trap system with procedural blanks and procedural standards. Procedural blanks 324 

consisted of Hg-free de-ionized water that was acidified and oxidized the same as samples.  325 

Procedural standards consisted of either 15 ng or 35 ng of Hg (NIST SRM 3133), representing a 326 

range of sample concentrations.  Standard aliquots were added to one or two 2L media bottles, 327 

and diluted to 1L with Hg-free de-ionized water that was acidified and oxidized to match the 328 

matrix of sample solutions.  Procedural blanks and standards were purged, trapped, and analyzed 329 

in the same manner as samples.  Final procedural blank 1% KMnO4 solutions (0.013 ng/g ± 330 

0.005 ng/g, 1SD, n=9) typically represented <1% of sample solutions.  Procedural standard 331 

recovery was 97.3% (± 3.2%, 1SD, n = 14). Purge and trap procedural standards using 332 

NIST3133 were not significantly fractionated relative to NIST SRM 3133 bracketing standards 333 

(Table 2). 334 

 335 

2.6. Mercury Isotope Analysis 336 

 Mercury isotopic composition was measured using a multiple collector inductively 337 

coupled plasma mass spectrometer (MC-ICP-MS; Nu Instruments) using continuous flow vapor 338 

generation with Sn(II) reduction.
46, 47

  We employed an arrangement of faraday cups that allowed 339 

for simultaneous collection of masses 196, 198, 199, 200, 201, 202, 203, 204, 205, and 206.  340 

Analyses were run at 1-5 ng/g Hg, with standard concentrations matching sample concentrations 341 
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to within 5%.  Instrumental bias was corrected using an internal standard (NIST SRM 997, 342 
205

Tl/
203

Tl ratio of 2.38714) and sample-standard bracketing using NIST SRM 3133 Hg standard.  343 

Isobaric interferences from 
204

Pb were monitored to allow correction using mass 206; however, 344 

interferences were always negligible.  On-peak zero corrections were applied to all masses.  345 

 We report isotopic compositions as permil (‰) deviations from the average of NIST 346 

SRM 3133 bracketing standards using delta notation: 347 

 348 

 (Eq 1)  δ
xxx

Hg (‰) = ([(
xxx

Hg/
198

Hg)unknown / (
xxx

Hg/
198

Hg)NIST SRM 3133] – 1) * 1000 349 

 350 

where xxx is the mass of each Hg isotope between 
199

Hg and 
204

Hg.  We use δ
202

Hg to report 351 

mass dependent fractionation (MDF).  Mass independent fractionation (MIF) is reported as the 352 

deviation of the isotope ratio from the theoretically predicted values based on the kinetic mass-353 

dependent fractionation law and measured δ
202

Hg.
47

  MIF is reported in “capital delta” notation 354 

(∆
xxx

Hg) in units of permil (‰) (Equation 2), and is well approximated for small ranges in delta 355 

values (≤ 10 ‰) by Equation 3: 356 

 357 

 (Eq 2)  ∆
xxx

Hg (‰) = 1000 x ({ln[(δ
xxx

Hg/1000) + 1]} – β x {ln[(δ
202

Hg/1000) +1]}) 358 

  359 

 (Eq 3)  ∆
xxx

Hg (‰) ≈ δ
xxx

Hg – (δ
202

Hg x β) 360 

 361 

where xxx is the mass of each Hg isotope 199, 200, 201, 204 and β is a constant for each isotope 362 

(0.252, 0.502. 0.752, 1.493, respectively).
47

 363 

 We characterized the uncertainty of Hg isotope measurements using a secondary standard 364 

that is widely distributed (UM-Almadén), as well as with procedural standards for each natural 365 

environmental matrix.
47

  To characterize the reproducibility of the mass spectrometry, we 366 

measured the isotopic composition of UM-Almadén several times (5-7x) at representative low 367 

and high analytical concentrations within each analytical session.  The 2SD uncertainty was then 368 

generated from the average of session averages for each delta value.  Internal precision was 369 

typically lower than the external reproducibility of the method.   For procedural standards, we 370 

calculated uncertainty as 2SE of the average of session averages.  A separate estimate of 371 

procedural uncertainty was made for each sample matrix: for stream water and pore water THgd, 372 

the procedural uncertainty was generated via purge and trap of NIST SRM 3133; for particulate-373 

bound mercury (THgp) retained on filters and biofilm, the procedural standard was generated by 374 

offline combustion of NIST SRM 1944 and NIST SRM 1515; all as described in section 2.5. We 375 

represent the uncertainty of samples with the uncertainty (2SE) of associated procedural 376 

standards; however, where the 2SE of procedural standards was less than the 2SD of UM-377 

Almadén, we instead represent sample uncertainty using UM-Almadén.  The uncertainty 378 

associated with the isotopic composition of UM-Almadén, procedural standards, and reference 379 

materials are presented in Table 2. 380 

 381 
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3. Results and Discussion 382 

3.1. Stream Water Mercury Concentrations 383 

 Concentrations of mercury associated with the dissolved aqueous phase (THgd, <0.45 384 

µm, 11.4 to 239.8 ng/L) and suspended particulates (THgp, >0.45 µm, 30.5 to 253.2 ng/L) 385 

decreased rapidly along the 26 km flow path from the headwaters of EFPC to its confluence with 386 

Poplar Creek (Table S3, Figure S2), consistent with previous observations.
31, 48

 A limited number 387 

of measurements suggest that dissolved gaseous mercury (DGM) concentrations also decrease 388 

along the flow path (Table S3).  Within the channelized Upper EFPC, DGM constituted < 10% 389 

of typical dissolved mercury concentrations at Station 8 (EFK25.4) and was rapidly oxidized 390 

and/or volatilized from the water column (Table S3). Thus, mercury transport was dominated by 391 

the oxidized phase, with 53-87% associated with particulates and 13-48% associated with the 392 

dissolved phase.  Despite sharp declines along the flow path, dissolved and particulate-bound 393 

mercury concentrations remained elevated by an order of magnitude, or more, over non-Y12-394 

impacted tributary and reference streams (background THgd ranged from <0.05 to 0.59 ng/L; 395 

background THgp ranged from 0.71 to 15.2 ng/L). 396 

 On a mass basis, suspended particulate THgp concentrations also decreased from 60.3 397 

µg/g (±26.7 µg/g, 1SD, n = 3) to 14.9 µg/g (±6.0 µg/g, 1SD, n = 3) along the flow path (Figure 398 

S2, Table S3). These decreasing THgp concentrations mostly tracked those of the <125 µm fine-399 

fraction of streambed sediment,
34

 except in two localized reaches (EFK10, EFK18) where 400 

streambed sediment was likely influenced by elevated Hg concentrations in streambank and/or 401 

floodplain soil.
49, 50

  Otherwise, streambank soil mercury concentrations and inventories are 402 

generally lower further downstream, although concentrations remain highly variable and 403 

elevated by an order of magnitude, or more, above background levels.
16, 50

 Mercury 404 

concentrations in the mobile suspended particulate phase are likely integrated over longer 405 

reaches than in streambed sediments. 406 

 Bulk (< 2 mm) streambed sediment had Hg concentrations that were 8.4 to 57 µg/g lower 407 

than the co-located <125 µm fine fraction and suspended particulates, following expected 408 

concentration-grain size relationships, and did not uniformly decrease along the flow path.
34

  409 

Sampling at kilometer intervals, Brooks et al.
49

 similarly found that sediment Hg concentrations 410 

did not decrease uniformly with distance downstream.  Bulk (< 2 mm), coarse (1-2 mm), and 411 

medium (250 µm – 1 mm) size fractions decreased in Hg concentration through Upper EFPC, 412 

but remained relatively constant downstream of Y12, except for within aforementioned localized 413 

high concentration hotspots.
49

  Contrary to expectations, the 125- 250 µm fraction examined by 414 

Brooks et al.
49

 continued to decrease in Hg concentration in the lower reaches of EFPC to lower 415 

values than observed in all other size fractions.
16, 34, 49

  Overall, our observations of suspended 416 

THgp were most consistent in grain size and Hg concentration with the <125 µm fine-fraction of 417 

streambed sediment.
16, 34

  Although the < 125 µm fine-fraction likely represents only a small 418 

proportion of the streambed sediment (< 10%), this and smaller size fractions typically dominate 419 

the suspended phase at baseflow. 420 
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 In contrast with dissolved and particulate inorganic mercury, methylmercury (MeHg) 421 

concentrations increased downstream of Y12; MeHgd ranged from 0.05 ng/L to 0.25 ng/L, and 422 

MeHgp ranged from 0.01 to 0.15 ng/L (Figure S2, Table S3).  This is also consistent with 423 

previous observations that have demonstrated a decoupling of total mercury and methylmercury 424 

dynamics along the flow path of EFPC.
31, 48

  Methylmercury was predominantly associated with 425 

the dissolved phase, which accounted for 54-92% of total waterborne MeHg, with the proportion 426 

of THgd as MeHgd (%MeHgd) ranging up to only 1.8% along the flow path.  Despite the high 427 

loads of inorganic mercury within the EFPC ecosystem, stream water MeHg concentrations did 428 

not exceed 0.25 ng/L.  These concentrations of MeHgd in stream water were greater than MeHgd 429 

concentrations at our regional reference site (Hinds Creek, HCK10; mean = 0.04 ng/L, 1SD < 430 

0.01 ng/L, n = 3), but are similar to some non-point-source impacted riparian wetland influenced 431 

streams studied in other regions.
4, 51-53

 432 

 433 

3.2. Hydrologic Discharge and Mercury Fluxes 434 

 Fluxes of water and mercury along the flow path varied with season.  Whereas managed 435 

stream flow at the Y12 boundary (EFK23.4) was relatively constant (0.25 ± 0.01 m
3
/s, 1SD), 436 

stream flow downstream at EFK5.0 was more variable, ranging from 0.95 ± 0.10 m
3
/s (1SD) in 437 

October to 1.22 ± 0.12 m
3
/s (1SD) in April (Table 1).  Thus, in April, prior to leaf-out and the 438 

onset of evapotranspiration, flow emanating from watershed-derived sources (not including Y12 439 

or the ORWTF) was 45% ± 3% (1SD) greater than in August and October (Table 1).  This 440 

watershed-derived component is likely dominated by tributary flow, but also includes diffuse 441 

contributions of groundwater discharging directly to the stream from the hyporheic zone and 442 

riparian wetlands along the EFPC stream corridor.  Thus, tributaries and diffuse sources 443 

(combined) accounted for 68% ± 10% (1SD) of flow at EFK5.0 in the dormant season and  59-444 

62% ± 10% (1SD) of flow at EFK5.0 in the growing season (Table 1).  Our snapshot estimates 445 

are in good agreement with recent data showing that 60% of annual baseflow hydrologic 446 

discharge at EFK5.0 was derived from tributaries and diffuse groundwater sources located 447 

throughout the watershed.
25

  This simple hydrologic budget suggests that although the stream 448 

had smaller  watershed contributions during August and October,  tributaries and diffuse inputs 449 

contributed nearly 60% or more of stream water flow throughout the year. 450 

  Similar to stream water flow, average THgd flux in April, August, and October at the 451 

Y12 boundary (EFK23.4; 12.7 ± 1.2 µg/s, 1SD) was typically smaller and less variable than 452 

downstream at EFK5.0 where THgd flux ranged from 13.9 ± 1.8 µg/s (1SD) in April to an 453 

average of 18.8 ± 0.33 µg/s (1SD) in August and October (Table 1).  Although tributary and 454 

diffuse sources (combined) contributed similar fractions of stream water flow during each of our 455 

seasonal sampling campaigns, the THgd flux contributed by these sources varied substantially 456 

(Table 1).  Maximum tributary contributions to THgd flux during all seasons was minimal, on 457 

average representing only 1.1% ± 1.0% (1SD) of THgd flux at EFK5.0.  Some portion of this 458 

small maximum tributary THgd flux is likely attributable to diffuse sources; however, because 459 

the maximum potential tributary THgd flux is an order of magnitude smaller than estimated 460 
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diffuse fluxes and uncertainties (Table 1), tributary THgd flux has no effect on the interpretation 461 

of diffuse fluxes.  Calculated diffuse fluxes in April were also small, as well as relatively 462 

uncertain, representing only 6.3% ± 17.6% (1SD) of the THgd flux at EFK5.0.  In contrast, in 463 

August and October diffuse fluxes contributed substantially to THgd loads at EFK5.0, accounting 464 

for 24% ± 16% (1SD) and 36% ± 15% (1SD) of THgd fluxes at EFK5.0, respectively.  This 465 

implies that high concentration diffuse sources of Hg can be an important net source of THgd to 466 

the stream channel along the flow path of Lower EFPC. Diffuse sources of THgd could be 467 

delivered to the stream via shallow, contaminated groundwater or alternatively, could be derived 468 

from the re-mobilization of legacy mercury associated with streambed sediment, as may be 469 

suggested by the very high THgd concentrations of some hyporheic pore water samples (Table 470 

S2, Table S6). These results suggest that a greater complexity of Hg sources contribute to EFPC 471 

than previous findings of Southworth et al.
15, 16

 that indicated present-day inorganic Hg inputs 472 

sustain waterborne Hg concentrations during baseflow. Moreover, whereas net fluxes reveal the 473 

balance of gains and losses of Hg along the flow path, such measurements cannot be used to 474 

assess whether turnover or exchange dynamics mask, in part, the magnitude of diffuse sources of 475 

THgd along Lower EFPC. 476 

 THgp fluxes at the Y12 boundary (EFK23.4; 39.3 ± 1.2 µg/s, 1SD) were also typically 477 

smaller and less variable than downstream at EFK5.0 where THgp flux ranged from 52.7 ± 6.9 478 

µg/s (1SD) in October, to 63.8 ± 8.3 µg/s (1SD) in April, and 111 ± 14.6 (1SD) µg/s in August 479 

(Table 1). Thus, approximately 25% ± 16% (1SD), 34% ± 16% (1SD), and 61% ± 14% (1SD) of 480 

the THgp fluxes at EFK5.0 in October, April, and August, respectively, were derived from along 481 

the flow path, not including inputs from tributaries or the ORWTF (Table 1).  Temporal 482 

differences in suspended sediment dynamics along EFPC may have been influenced by the 483 

timing of our longitudinal sampling in each season.  In October, there was a longer period of 484 

baseflow conditions without event flow prior to sampling, whereas during August, sampling 485 

occurred immediately upon the return of baseflow subsequent to scouring high-flow conditions 486 

(Figure S1).  Southworth et al.
15

 suggested that biofilm accumulates suspended sediment from 487 

the water column along the flow path; thus, an increase in streambed biofilm may somewhat 488 

limit downstream transport of suspended sediment via physical retention, and therefore decrease 489 

the concentration of suspended THgp along the flow path (e.g., suspended THgp = 30.5 ng/L at 490 

EFK5.0 in October).  In contrast, removal of biofilm by scouring high flow events may 491 

subsequently increase the amount of particulate-bound mercury that can be re-suspended along 492 

the flow path until the biofilm layer recovers  (e.g., suspended THgp = 114.8 ng/L at EFK5.0 in 493 

August). 494 

 Overall, our observations of hydrologic discharge in combination with mercury fluxes 495 

provide new insight into the sources of THgd and THgp being contributed to Lower EFPC, and 496 

the factors that control their variability. Our flux estimates suggest that diffuse legacy sources of 497 

Hg contamination (e.g., hyporheic discharge and riparian inputs) may contribute as much as a 498 

third of THgd along the flow path of EFPC, depending on the season.  In contrast, streambed 499 

dynamics (including biofilm) may significantly affect the transport and fate of the suspended 500 
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load along the flow path, as previously suggested.
15

 Moreover, the magnitude of diffuse inputs of 501 

both THgd and THgp may be influenced by antecedent flow conditions.  In the remainder of this 502 

paper, we utilize Hg isotope systematics to provide an independent assessment of the sources and 503 

processes influencing the transport, transformation, and fate of dissolved and particulate-bound 504 

Hg in the EFPC ecosystem. 505 

3.3. Mercury Isotopic Composition in Stream Water   506 

 3.3.1. Suspended Particulate Hg Isotopic Composition.  Suspended particulate-bound 507 

mercury (THgp) δ
202

Hg values ranged from -0.60‰ to 0.15‰ (±0.06‰, 2SD) and THgp ∆
199

Hg 508 

values ranged from -0.11‰ to 0.05‰ (±0.05‰, 2SD)  (Table S4).  Within Upper EFPC, THgp 509 

was characterized by δ202
Hg and ∆

199
Hg values (-0.42±0.09‰ δ

202
Hg, 1SD, n=6; -0.01±0.02‰ 510 

∆
199

Hg, 1SD, n=6) that were similar to average commercial sources of liquid Hg
0
 (-0.38±0.34‰  511 

δ202
Hg, 1SD, n=13; near-zero ∆

199
Hg), as summarized by Sun et al.

54
  Downstream along the 512 

flow path, these THgp ∆
199

Hg and δ
202

Hg values converged toward the isotopic composition of 513 

the < 125 µm fine-fraction of streambed sediment (δ202
Hg  = 0.26‰ to -0.02‰; ∆

199
Hg  = -514 

0.05‰ to -0.13‰)
34

 (Figure 3).  The convergence of suspended THgp with the < 125 µm fine-515 

fraction was consistent during all seasons, with the exception of the ∆
199

Hg value associated with 516 

THgp at EFK5.0 during April (Figure 3b).  On average across multiple seasons we observed a 517 

0.53‰ shift in δ202
Hg values and a -0.10‰ shift in ∆

199
Hg values associated with suspended 518 

THgp along the flow path of EFPC (Figure 3).  Regression analysis combining isotopic data from 519 

both the < 2 mm and < 125 µm fractions 
34

 suggests that ∆
199

Hg values associated with the 520 

streambed sediment also declined somewhat along the flow path (p = 0.05), whereas δ202
Hg 521 

values did not change significantly.  The isotopic composition of streambed biofilm coatings was 522 

indistinguishable from the average isotopic composition of the suspended load at both upstream 523 

and downstream intensive sampling sites, similarly converging with the mercury isotopic 524 

composition of the streambed sediment (Figure 3, Table S5). 525 

 We cannot unequivocally identify the mechanisms responsible for the difference in Hg 526 

isotopic composition associated with the < 125 µm fine fraction of streambed sediment and the 527 

suspended THgp from within Upper EFPC.  It is possible that the isotopic composition of 528 

mercury released from Y12 has changed over time, as numerous remediation efforts have been 529 

made to decrease mercury exports from Y12.
14, 24, 49

  However, historic source materials used 530 

within and discharged from Y12 were not available for isotopic analysis, and therefore we do not 531 

know whether remediation efforts altered the isotopic composition of Y12-derived mercury.  If 532 

the isotopic composition of Y12-derived mercury has changed over time, then the Hg isotopic 533 

composition of the < 125 µm fine fraction of streambed sediment may simply result from the 534 

contribution of legacy sources to the streambed. 535 

 Mercury in the fine fraction of streambed sediment in Lower EFPC is thought to be 536 

derived predominantly from streambank erosion and, to a lesser extent, overland transport of 537 

floodplain soils.
15, 16, 49, 50

 Moreover, a historic release deposit (HRD) layer has recently been 538 

observed in eroding streambanks within a limited number of highly localized reaches between 539 
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EFK22 and EFK18.  This high concentration (~1,000 µg/g THg) layer of coal fines, fly ash, and 540 

Hg-rich precipitates was released from Y12 at the peak of industrial activities and deposited in 541 

floodplains of Lower EFPC.
50

  Further research will be needed to quantify the Hg isotopic 542 

composition of streambank soil and the HRD to determine whether it differs from suspended 543 

THgp in Upper EFPC, and if the isotopic composition of the < 125 µm fine fraction of streambed 544 

sediment could be derived from either of these legacy sources. 545 

 Alternatively, the isotopic composition of suspended THgp in Upper EFPC may be a 546 

better approximation of the isotopic composition of mercury historically exported from Y12, as 547 

current elevated concentrations of mercury in stream water continue to be derived from metallic 548 

mercury historically lost to the local environment and oxidized mercury associated with 549 

neutralized nitric acid waste remaining within the Y12 storm drain network.  The similarity in 550 

Hg isotopic composition of the suspended THgp within Upper EFPC and commercial sources of 551 

liquid Hg
0
 (see above) provides some support for this possibility.  Moreover, Donovan et al.

34
 552 

showed that the δ
202

Hg value of mercury in bulk (< 2 mm) sediment was negatively offset from 553 

the <125 µm fine fraction by up to -0.45‰, with bulk samples from EFK23 and EFK5 having 554 

the lowest δ
202

Hg values (-0.23‰ and -0.28‰, respectively).  It is possible that discrete coarse 555 

fractions, without the influence of finer fractions, may have a lower δ
202

Hg value that approaches 556 

the composition of suspended particulates in Upper EFPC (-0.42±0.09‰ δ
202

Hg, 1SD, n=6).  557 

This would suggest that coarser, less mobile size fractions more likely represent the signature of 558 

mercury historically released from Y12.  In this case, the isotopic composition of mercury in the 559 

< 125 µm fine fraction of streambed sediment would need to be derived from processes that alter 560 

the isotopic composition of the historic source. 561 

 Donovan et al.
34

 argued that in situ fractionation processes were unlikely to appreciably 562 

alter overall floodplain sediment Hg isotopic composition.  However, it may be more plausible to 563 

significantly fractionate smaller pools of mercury associated with suspended THgp, biofilm, and 564 

the < 125 µm fraction of streambed sediment.  The < 125 µm fraction of streambed sediment 565 

likely constitutes < 10% of the larger inventory of mercury in bulk sediment in Lower EFPC (~ 566 

172 kg to 289 kg in the < 1 mm to < 2 mm fraction, respectively), while the inventory of the < 567 

125 µm fraction associated with the biofilm layer has been estimated to be even smaller (0.3 568 

kg).
15, 16, 49

  In comparison, the annual export of suspended THgp from Y12 was ~3 kg during this 569 

study (coarsely estimated as 80% of annual total mercury fluxes across the Y12 boundary at 570 

EFK23.4).   Using the Rayleigh equation and average fractionation factors for microbial 571 

reduction (α = 1.00163; Kritee et al. 2007) and photochemical reduction from thiol ligands (α = 572 

1.00132),
55

 we estimated that the -0.53‰ shift in δ202
Hg values between suspended THgp and 573 

the <125 µm fraction of streambed sediment could result from mercury losses of ~28% via 574 

microbial reduction, and that losses of only ~10% would be required for photochemical 575 

reduction to impart the -0.10‰ shift in ∆
199

Hg values associated with these relatively small 576 

inventories.  577 

 Overall, it is likely that some combination of these source-driven and process-driven 578 

mechanisms result in the consistent pattern of suspended THgp isotopic convergence with the < 579 
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125 µm fine-fraction of streambed sediment along the flow path during all seasons.  Given the 580 

growing understanding of the potential importance of streambank soils in replenishing streambed 581 

sediment in EFPC,
15, 16, 49, 50

 it is possible that streambank soils contribute mercury with an 582 

isotopic composition having intermediate δ202
Hg values between that of suspended THgp from 583 

Upper EFPC and the < 125 µm fraction of streambed sediment from Lower EFPC.  It is also 584 

possible that Y12-derived inputs from THgp in Upper EFPC and streambank soils are further 585 

processed within the streambed sediment (and biofilm), progressively imparting them with small 586 

negative ∆
199

Hg  values along the flow path.  Thus the isotopic composition of the THgp 587 

converges with the < 125 µm fine fraction of streambed sediment as suspended particulates 588 

spiral downstream
56

, being repeatedly deposited to, processed within, and re-suspended from the 589 

biofilm layer, and mix with progressively more altered fine sediment along the flow path.  The 590 

suspended particulates likely integrate isotopic signals over longer reaches than does the 591 

streambed sediment, and the biofilm further temporally integrates the suspended particulate 592 

signal leading to its extraordinarily consistent isotopic composition at each intensive site along 593 

the flow path.  A more detailed study of Hg isotopes in streambed sediment size fractions, the 594 

streambank soil, and the HRD layer along the flow path of EFPC will be required to further 595 

assess this conceptual model. 596 

 597 

 3.3.2. Dissolved Hg Isotopic Composition.  Stream water total dissolved mercury 598 

(THgd) had δ202
Hg values ranging from -0.44‰ to 0.18‰ (±0.06‰, 2SD) and THgd ∆

199
Hg 599 

values ranging from -0.02‰ to 0.24‰ (±0.05‰, 2SD) (Table S1).  Based on predominantly 600 

near-zero ∆
200

Hg and ∆
204

Hg values of THgd and THgp, even-mass-MIF in stream water was 601 

negligible. The ∆
199

Hg and δ202
Hg values associated with THgd underwent less consistent shifts 602 

along the flow path than those associated with particulates in both Upper and Lower EFPC 603 

(Figure 4).  Although the initial THgd δ
202

Hg values in Upper EFPC varied from -0.44‰ to 604 

0.18‰, they converged to an average value of -0.01‰ (± 0.10‰, 1SD) during all seasonal 605 

sampling periods (Figure 4a).  In contrast, initial THgd ∆
199

Hg values were narrowly clustered, 606 

displaying near-zero ∆
199

Hg values consistent with commercial sources of metallic mercury, 607 

similar to THgp (Figure 4).  Unlike in the particulate phase, these dissolved phase ∆
199

Hg values 608 

underwent small and directionally variable changes along the flow path, although dynamics were 609 

strikingly consistent within most individual reaches of EFPC.  While this pattern is notable for its 610 

consistency across seasons, and may reflect some consistency in biogeochemical processes (e.g., 611 

photochemical reduction), environmental data was not available at high enough temporal and 612 

spatial resolution to evaluate correlations between observed MIF and potential drivers (e.g., 613 

canopy shading, cloud cover). Nevertheless, the δ202
Hg and ∆

199
Hg values of THgd suggest 614 

differences in the processes impacting MDF and MIF. Historic and ongoing activities within Y12 615 

appear to result in variable MDF prior to release into EFPC, possibly due to variations in the 616 

isotopic composition of various mercury sources within Y12, whereas processes affecting ∆
199

Hg 617 

values only occur subsequent to discharge into EFPC. The observation that widely varying 618 

starting THgd δ
202

Hg values converged to a relatively narrow range of values along the flow 619 
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path, increasing in October and August and decreasing in April, suggests that additional source 620 

input(s) may have a predominant influence on THgd δ202
Hg values downstream of Y12, whereas, 621 

THgd ∆
199

Hg values appear to be predominantly influenced by a similar set of biogeochemical 622 

transformations across all seasons. 623 

 Overall, the observation that mercury isotopic composition associated with suspended 624 

solids and in the dissolved phase changed along the flow path of EFPC and among seasonal 625 

sampling periods broadly demonstrates that decreases in mercury concentrations along the flow 626 

path could not have resulted exclusively from the physical processes of dilution and 627 

sedimentation.  That is, in order to shift the isotopic composition of waterborne mercury, 628 

mercury must be either lost or gained from a given fraction.  Moreover, changes in the isotopic 629 

composition of THgd and THgp were not expressed as monotonic systematic shifts along the flow 630 

path based on dual isotope plots of ∆
199

Hg and δ202
Hg values (Figure S3).  Whereas the dual 631 

isotope plot of THgp ∆
199

Hg and δ202
Hg values did generally decrease in ∆

199
Hg values and 632 

increase in δ202
Hg values over the ~ 20 km flow path, the plot of THgd ∆

199
Hg and δ202

Hg values 633 

along the flow path was seemingly erratic within and among the seasonal sampling periods 634 

(Figure S3).  This decoupling of ∆
199

Hg and δ202
Hg values suggests that no single 635 

biogeochemical process or additional source input alone results in the observed THgd and THgp 636 

concentrations and shifts in isotopic composition along the flow path, but rather, a complex suite 637 

of biogeochemical transformations and/or source input(s) likely influence stream water mercury 638 

concentrations and isotopic composition in Lower EFPC. 639 

 640 

3.4. In-Stream Processes and Additional Source Inputs. 641 

Mercury isotopes fractionate in the natural environment through photochemical, biotic, 642 

and dark abiotic pathways.
13

  Overall, Hg isotope fractionation can impart distinct isotopic 643 

signatures within various environmental pools that serve as both a record of biogeochemical 644 

cycling, and as a tracer of subsequent mobilization and transport.  Here we use observed changes 645 

in ∆
199

Hg and δ202
Hg values associated with suspended solids (THgp) and the aqueous dissolved 646 

phase (THgd) along the flow path of EFPC to further constrain the relative importance of various 647 

in-stream processes (e.g., mercury reduction, microbial methylation and demethylation, and 648 

partitioning among dissolved and particulate phases) and additional source(s) of mercury (e.g., 649 

non-Y12-impacted tributaries, the hyporheic zone, and riparian wetlands) in Lower EFPC. 650 

Our approach is first to assess whether in-stream processes can plausibly account for 651 

observed shifts in THgd and THgp isotope composition along the flow path, and second to 652 

consider the potential influence of additional source(s), as suggested by our assessment of 653 

hydrologic mercury fluxes (see section 3.2).  We acknowledge that additional source inputs 654 

along the flow path could somewhat confound our attempt to assess process-level influences on 655 

waterborne THgd and THgp isotope composition; however, because δ202
Hg and ∆

199
Hg along the 656 

flow path are decoupled, our observations cannot be explained through mixing alone, and thus 657 

in-stream biogeochemical processing must also be considered.  Although this approach may not 658 

allow the unequivocal identification of the mechanism(s) responsible for observed shifts in Hg 659 
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isotopic composition, it allows us to better constrain the possibilities and thus should lead to an 660 

improved understanding of Hg biogeochemical cycling in EFPC and other lotic ecosystems. 661 

 662 

 3.4.1. Mercury Reduction Processes.  Recent experiments investigating photochemical 663 

and dark abiotic and biotic oxidation and reduction pathways with natural waters and substrates 664 

have demonstrated that various redox processes could influence Hg cycling in EFPC
44, 57-61

  665 

However, the relative rates of these processes are dependent upon environmental conditions and 666 

thus, it is challenging to predict which processes most influence the biogeochemical cycling of 667 

mercury in situ. Using mercury isotopes, we can assess if any previously characterized  redox 668 

pathways are influential in situ in EFPC. 669 

 The ∆
199

Hg values associated with both the dissolved and particulate fractions display 670 

only subtle changes downstream of Y12 (see section 3.3) (Figure 3, Figure 4).  Such small 671 

changes in ∆
199

Hg values suggest that photochemical transformations are of only minor 672 

significance within Lower EFPC. 673 

 Photochemical reduction of mercury in natural waters of EFPC could occur within the 674 

aqueous phase or on surfaces of the suspended fraction.  Mercury is primarily bound to reduced 675 

sulfur ligands within EFPC,
22, 23, 57, 61, 62

 and so we focus our discussion on the isotopic effects of 676 

photochemical reduction of mercury primarily bound to sulfur ligands.  Photochemical reduction 677 

of mercury from sulfur bearing ligands in the aqueous phase, with subsequent evasion from the 678 

water column, would decrease the ∆
199

Hg value of the remaining aqueous oxidized pool.
55

  Thus, 679 

photochemical reduction from the dissolved phase is not consistent with shifts in ∆
199

Hg values 680 

of THgd observed in Lower EFPC (Figure 4b). 681 

 Photochemical reduction of mercury from sulfur bearing ligands in the suspended phase 682 

would decrease the ∆
199

Hg values of the remaining suspended phase, which is consistent with 683 

observed trends along the flow path (Figure 3b).  Simultaneously, reduced mercury released to 684 

the water column would increase the ∆
199

Hg value of the dissolved phase temporarily until the 685 

released DGM was either volatilized or re-oxidized and re-adsorbed (Figure 4b).  If DGM 686 

released from the suspended phase was quantitatively volatilized from the water column, the 687 

dissolved phase would exhibit a transient increase in ∆
199

Hg values that subsequently return to 688 

the initial near-zero ∆
199

Hg values of Upper EFPC.  On the other hand, if a fraction of this 689 

released DGM was photochemically re-oxidized and re-adsorbed, the net overall effect would 690 

still be a decrease in ∆
199

Hg values associated with the suspended phase, and only a transient 691 

shift would be observed in the aqueous phase.  Photochemical reduction of mercury from sulfur-692 

bearing ligands would also increase δ202
Hg values of the residual suspended phase, and this is 693 

directionally consistent with the isotopic composition of the suspended load along the flow path 694 

(Figure 3a).  Photochemical reduction from sulfur bearing ligands within the streambed biofilm 695 

coatings would result in similar effects. However, photochemical reduction of mercury from 696 

sulfur bearing ligands has a characteristic ∆
199

Hg:δ202
Hg ratio of about -0.8

55
.  Thus, given the 697 

observed small decrease in ∆
199

Hg of the suspended phase (~ -0.10‰), we would expect to see 698 

only a small concomitant increase in the δ202
Hg value of the suspended phase (~0.13‰).  In 699 
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contrast, we observed a 0.53‰ increase in δ202
Hg values associated with the suspended phase, 700 

and thus photochemical reduction could only account for ~20% of MDF recorded in THgp.  701 

Therefore, additional processes are required to account for the observed increases in δ202
Hg 702 

values associated with the suspended phase, that could occur in part within the streambed biofilm 703 

as the suspended load spirals downstream,
56

 being repeatedly deposited, re-suspended, and 704 

further processed along the flow path (Figure 3). 705 

 There are several non-photochemical (i.e., dark) biotic and abiotic mechanisms that could 706 

additionally increase the δ202
Hg values of residual Hg(II) of the suspended phase and streambed 707 

biofilm, including microbial methylation,
63

 dark abiotic reduction,
64

 and microbial reduction.
65, 66

  708 

The concentrations of MeHg in surface waters of the EFPC ecosystem are low, especially 709 

relative to total mercury concentrations (i.e., %MeHg, Table S3).  Thus, it seems unlikely that 710 

contributions of MeHg could significantly shift the isotopic composition of the large residual 711 

inorganic mercury pool.  Moreover, the small ∆
199

Hg values associated with waterborne THgd 712 

and THgp, and sediment, suggest that photochemical demethylation is not a driving process 713 

within EFPC.  Thus, dark abiotic reduction and/or microbial reduction may be more likely 714 

responsible for the additional MDF observed in the suspended phase along the flow path. 715 

 Dark abiotic reduction and volatilization from the stream water dissolved fraction would 716 

increase δ202
Hg and decrease ∆

199
Hg values of the residual aqueous phase.

64
  Although we 717 

observed increases in δ202
Hg values of the dissolved fraction along the flow path in August and 718 

October, these shifts did not occur consistently across all seasonal sampling periods (Figure 4a).  719 

Moreover, we observed transient increases in ∆
199

Hg values, opposite of what would be expected 720 

if dark abiotic reduction from the dissolved fraction was a dominant process (Figure 4b).  Thus 721 

dark abiotic reduction of mercury from the dissolved phase does not likely drive observed shifts 722 

in mercury isotopic composition of stream water along the flow path. 723 

 Dark abiotic reduction of mercury from the suspended phase would increase δ202
Hg 724 

values of the residual suspended phase, which is consistent with observed increases in δ202
Hg 725 

values associated with the particulate fraction along the flow path during all seasonal sampling 726 

periods (Figure 3a).
64

  This process would also result in small decreases in the ∆
199

Hg values of 727 

the suspended load, and released Hg(0) would transiently increase ∆
199

Hg values of the dissolved 728 

fraction, both of which are consistent with our observations (Figure 3b, Figure 4b).
64

  Dark 729 

abiotic reduction has a characteristic ∆
199

Hg: δ202
Hg ratio of about -0.12.

64
 Thus, even the subtle 730 

decrease in ∆
199

Hg observed within the suspended phase (~0.10‰) would be associated with a 731 

large shift in δ202
Hg values of ~0.82‰, which would more than account for the ~0.53‰ increase 732 

in δ202
Hg values of THgp. Thus, dark abiotic reduction alone could account for the observed 733 

MDF within the particulate phase, but would be constrained to account for no more than ~60% 734 

of the odd-mass-number MIF (i.e., ∆
199

Hg) recorded in THgp. 735 

 Based on observed MDF and MIF along the flow path and experimentally derived 736 

∆
199

Hg: δ202
Hg ratios, a combination of photochemical reduction and dark abiotic reduction 737 

could account for observed isotopic shifts along the flow path, with dark abiotic reduction 738 

accounting for ~60% of the shift in ∆
199

Hg values and ~90% of the shift in δ202
Hg values within 739 
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the suspended particulate fraction.  However, mechanisms that induce MIF can also be 740 

differentiated by the ∆
199

Hg:∆
201

Hg ratio. Although this assessment is difficult for delta values < 741 

± 0.3‰,
13

 the odd-mass-number MIF observed in the suspended particulate fraction of EFPC 742 

stream water had a ∆
199

Hg:∆
201

Hg slope of 0.98 (± 0.18, 1SE; n = 24; p<0.0001; r
2
=0.59) that 743 

appeared to be more influenced by photochemical reduction (∆
199

Hg:∆
201

Hg ratio of ~ 1.0) than 744 

by dark abiotic reduction (∆
199

Hg:∆
201

Hg ratio of ~ 1.6) (Figure S4).
64, 67, 68

  Thus, the 745 

predominant role of dark abiotic reduction required for these two processes to account for 746 

observed shifts in ∆
199

Hg and δ202
Hg values is not consistent with characteristic ratios of odd-747 

mass-number MIF. Although dark abiotic reduction may play a role in the biogeochemical 748 

cycling of Hg in EFPC, it does not appear to explain observed mercury isotope dynamics along 749 

the flow path. 750 

 Microbial reduction releases Hg(0) with lower δ202
Hg values than the residual substrate, 751 

without affecting MIF.
65, 69

  Whether this process occurs within the suspended phase, or in situ 752 

within streambed biofilm and subsequently Hg is re-mobilized to the water column, the effect 753 

would be increasing δ202
Hg values associated with the suspended phase and/or biofilm along the 754 

flow path of EFPC, without any additional influence on ∆
199

Hg values.  Thus, while the observed 755 

shift in THgp ∆
199

Hg values constrains photochemical reduction to account for only ~20% of the 756 

shift in THgp δ
202

Hg values, microbial reduction could account for the remaining ~80% of the 757 

observed 0.53‰ shift in THgp δ
202

Hg values.  Given the low concentration of DGM in the water 758 

column of Lower EFPC, reduced mercury contributed to the aqueous phase is likely volatilized 759 

from the stream or is rapidly re-oxidized and re-adsorbed to the suspended phase or streambed 760 

biofilm.  Thus, microbial reduction processes could conceivably influence the isotopic 761 

composition of the suspended phase and biofilm without influencing the isotopic composition of 762 

the dissolved phase.  Microbial reduction of mercury from the suspended phase and/or streambed 763 

biofilm is consistent with our observations of isotopic composition (Figure 3a) and decreases in 764 

mercury concentration of the suspended phase along the flow path of EFPC (Table S3, Figure 765 

3c), despite that recent laboratory studies suggest that binding of Hg(II) with thiols and sulfides 766 

inhibits microbial reduction.
70

  Nonetheless, highly contaminated substrates, as are found within 767 

EFPC, are likely sites for microbial reduction
71, 72

 and microbial dynamics may be less 768 

seasonally impacted than photochemical mechanisms that may be limited by tree canopy 769 

shading. 770 

 In summary, various pathways of mercury reduction provide mechanisms that could 771 

reasonably result in the observed ∆
199

Hg values of the dissolved phase, and both ∆
199

Hg and 772 

δ202
Hg values of the suspended phase.  Photochemical reduction of sulfur-bound mercury from 773 

the suspended fraction, coupled with subsequent volatilization and/or re-oxidation and re-774 

adsorption appears to be consistent with observed variation in the ∆
199

Hg values in both the 775 

dissolved and suspended phases along the flow path.  However, this photochemical process 776 

cannot alone explain the magnitude of δ202
Hg shifts along the flow path of EFPC.  777 

Photochemical reduction in combination with dark abiotic reduction could account for the 778 

observed shifts in both ∆
199

Hg and δ202
Hg values within the particulate fraction.  However, this 779 
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requires that the observed MIF is predominantly driven by dark abiotic reduction (~60%), and 780 

this is not consistent with the observed ∆
199

Hg:∆
201

Hg ratio within the particulate fraction.  Thus, 781 

alternatively, microbial reduction of mercury within the suspended phase and streambed biofilm, 782 

followed by volatilization and/or re-oxidation of released DGM, may more likely be the 783 

predominant mechanism leading to increasing δ202
Hg values in the suspended phase. 784 

 Thus, reduction processes are able to account for observed mercury isotope variations 785 

associated with ∆
199

Hg values of the dissolved phase and both ∆
199

Hg and δ202
Hg values of the 786 

suspended phase. Similarly, Foucher et al.
73

 suggested that non-photochemical reduction was a 787 

dominant mechanism of Hg removal from a gold mining impacted stream in Canada, subsequent 788 

to degradation of unstable Hg-cyanide complexes.  However, our assessment of isotopic 789 

fractionation during redox reactions does not suggest a mechanism for the lack of consistency of 790 

dissolved phase δ202
Hg values along the flow path among different seasons, and we therefore 791 

suggest that there must be an additional mechanism(s) that influence mercury dynamics within 792 

the EFPC stream ecosystem. 793 

 794 

 3.4.2. Partitioning Dynamics. Mercury partitioning between dissolved and particulate 795 

phases may be influenced by both kinetic and equilibrium processes.  During kinetically 796 

controlled mass dependent fractionation of Hg isotopes, lighter isotopes would be expected to 797 

preferentially enrich the particulate phase. For example, precipitation of montroydite (HgO) was 798 

shown to be under kinetic control and displayed a ε
202

Hg(precipitate-supernatant) enrichment factor of -799 

0.32‰.
74

  Equilibrium Hg isotope fractionation during adsorption, complexation, and 800 

precipitation processes also has been shown to enrich the residual dissolved phase in heavier 801 

isotopes (increasing δ202
Hg values), relative to the adsorbed, complexed, or precipitated phase 802 

that becomes enriched in lighter isotopes.
73-76

  Equilibrium experiments for Hg(II)-sorption to 803 

goethite,
76

  Hg(II)-thiol complexation,
75

 and metacinnabar (β-HgS) precipitation
74

 were 804 

characterized by enrichment factors (ε
202

Hg(particulate-dissolved)) ranging from -0.53 ± 0.15‰ (2SD) 805 

to -0.67‰ ± 0.08 (2SD).  Although these studies suggest that dissolved Hg speciation and 806 

aqueous ligand exchange are important controls on equilibrium Hg isotope fractionation, the 807 

ultimate effect of Hg(II) partitioning to particulate phases appears to be similar across a range of 808 

environmentally relevant processes.
74

 809 

 In our field-based study, δ202
Hg values associated with THgd increased along the flow 810 

path of EFPC during October and August (Figure 4a), consistent with fractionation processes 811 

during partitioning between dissolved and particulate phases. If kinetic and/or equilibrium 812 

fractionation during partitioning of Hg was controlling the increase in THgd δ
202

Hg values along 813 

the flow path of EFPC, particulate phase δ202
Hg values would also be expected to increase, but 814 

with a negative δ202
Hg(p-d) offset relative to the dissolved phase.  Although THgp δ

202
Hg values 815 

did increase along the flow path of EFPC (Figure 3a), we did not observe a consistent negative 816 

δ202
Hg(p-d) offset between the dissolved and particulate phases (Figure 5). In April, THgd behaved 817 

differently than in August and October, displaying an overall decrease in δ202
Hg values along the 818 

flow path while THgp δ
202

Hg values increased similarly during all three sampling periods.  On 819 
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one hand, these observations could be interpreted to mean that adsorption dynamics are not a 820 

dominant control over isotopic effects in EFPC.  On the other hand, it is possible that other 821 

factors such as co-occurring reactions or the mass balance between the dissolved and suspended 822 

phases are simply obscuring the expected isotopic effects of partitioning processes. 823 

 In-field observations may be complicated by co-occurring interactions among dissolved 824 

inorganic Hg species, dissolved Hg-NOM complexes, and particulate-bound Hg phases.  Miller 825 

et al.
23

 scrutinized the complexation of mercury with dissolved NOM in Upper EFPC (EFK26.0 826 

to EFK23.4).  Their experiments suggested an initial rapid interaction of a portion of dissolved 827 

inorganic Hg with dissolved NOM in Upper EFPC, followed by slower kinetically controlled 828 

Hg-NOM reactions.  Miller et al.
23

 suggested that during the slower kinetically controlled phase 829 

of this Hg-NOM interaction, Hg was being transferred from inorganic complexes or weak Hg-830 

NOM complexes (e.g., carboxyl and amine functional groups) to stronger Hg-NOM complexes 831 

(e.g., hydrophobic moieties with mono- or bi-dentate binding with thiol functional groups) 832 

within the macromolecular structure of dissolved NOM.  Complexation experiments done with 833 

both Hg-spiked and non-spiked natural stream water from EFPC did not achieve equilibrium 834 

within 24 hours.
23

  This is similar to the long equilibration times (1 to > 30 days) observed by 835 

Jiskra et al.
77

 for the interaction of various dissolved aqueous Hg species with carboxyl- and 836 

thiol-resins.  For comparison, the time required for stream water to travel from the Y12 boundary 837 

(EFK23.4) to our furthest downstream sampling site (EFK5.0) at base flow is ~48 hours. 838 

 Based on a mass balance of reducible and non-reducible fractions, Miller et al.
23

 also 839 

suggested that Hg that did not initially form strong Hg-NOM complexes was more likely to be 840 

particle reactive.  Using X-ray fluorescence (XRF) mapping, Gu et al.
22

 showed that particulates 841 

in Upper EFPC were a mixture of diatoms and mineral particles, with Hg being most associated 842 

with sulfhydryl groups on NOM-coated iron-oxyhydroxide mineral particulates. 843 

 Thus, in both the dissolved and suspended particulate phases in EFPC, reduced sulfur in 844 

natural organic matter likely plays a key role in Hg complexation.  Taken together, the 845 

complexity of co-occurring interactions among dissolved inorganic Hg species, dissolved Hg-846 

NOM complexes, and particulate-bound Hg phases; slow equilibration processes; and evidence 847 

of additional THgd inputs from diffuse legacy sources (see section 3.2), and inorganic Hg inputs 848 

due to mercury reduction from substrates along the flow path (see section 3.4.1), likely obscure 849 

our ability to observe expected isotopic effects derived from controlled adsorption, 850 

complexation, and precipitation experiments. 851 

 Washburn et al.
78

 observed a positive δ202
Hgp-d offset between dissolved and suspended 852 

phases in point-source Hg-contaminated stream water from the South River in Virginia, USA 853 

(mean = 0.29 ± 0.16‰ (1SD); min = 0.09‰; max = 0.58‰; as calculated from data tables). Note 854 

that we have reversed the sign convention reported in Washburn et al.
78

 to follow Jiskra et al.
76

 855 

and Smith et al.
74

  This δ202
Hgp-d offset was opposite in sign to that expected based on adsorption, 856 

complexation, and precipitation experiments.
73-76

  The authors suggested that there was an initial 857 

rapid reaction between released Hg and a limited quantity of reduced sulfur moieties associated 858 

with filter-passing colloidal organic matter that imparted relatively negative δ202
Hg values to the 859 
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colloidal phase, and that the residual dissolved Hg with relatively more positive δ202
Hg values 860 

subsequently partitioned to the suspended phase.
78

 This proposed mechanism is consistent with 861 

the complexation dynamics demonstrated by Miller et al.
23

 with reducible and non-reducible Hg 862 

fractions in Upper EFPC, except that Miller et al.
23

 suggested that the initial rapid complexation 863 

occurred between released inorganic Hg complexes and dissolved NOM. 864 

 In our study, across all seasons, we did not observe a consistent negative δ202
Hgp-d offset 865 

representative of kinetic and/or equilibrium fractionation experiments, nor did we see a 866 

consistent positive δ202
Hgp-d offset representative of the dissolved phase Hg-DOM complexation 867 

mechanism suggested by Washburn et al.
78

   Instead, the direction and magnitude of the δ202
Hgp-868 

d offset varied among seasonal sampling periods and along the flow path of EFPC (Figure 5).  In 869 

October, when hydrologic flows were the lowest, we observed positive δ202
Hgp-d offsets that 870 

increased from 0.01 to 0.33‰ along the flow path from Upper EFPC downstream to EFK5.0, at 871 

which point the δ202
Hgp-d offset dropped suddenly to -0.06‰. In April, when hydrologic flows 872 

were highest, we observed the most negative δ202
Hgp-d offsets in Upper EFPC that then gradually 873 

increased to positive values along the flow path of Lower EFPC (Figure 5).  Altogether, δ202
Hgp-874 

d offsets ranged from negative to near-zero values along Upper EFPC, and increased to positive 875 

values downstream along Lower EFPC (p < 0.01, r
2
 = 0.44, n = 23, excluding one outlier at 876 

EFK5.0 in October).  This may suggest that mechanisms reflective of kinetic and/or equilibrium 877 

Hg fractionation experiments are more dominant in the upper reaches of EFPC, but that the 878 

dissolved phase Hg-DOM complexation mechanism proposed by Washburn et al.,
78

 is more 879 

dominant in the lower reaches of EFPC. Validating the mechanism responsible for observed 880 

positive δ202
Hgp-d offsets will require additional targeted, controlled experiments.  Nonetheless, 881 

the shifting magnitude and sign of the δ202
Hgp-d offset may suggest additional inputs of dissolved 882 

Hg along the flow path, as additional sources of mercury contributed to the water column may be 883 

more reactive.  Mercury reduction pathways that potentially drive observed ∆
199

Hg and δ202
Hg 884 

values of the suspended THgp (see section 3.4.1) would provide an ongoing source of dissolved 885 

gaseous mercury to the water column as the suspended load spirals downstream, being 886 

repeatedly deposited, re-suspended, and progressively processed along the flow path.  Moreover, 887 

the addition of dissolved Hg into the stream channel is consistent with our hydrologic and Hg 888 

flux estimates that indicate non-Y12-impacted tributaries and diffuse legacy sources (e.g., 889 

hyporheic discharge and riparian wetland inputs) contribute as much as a third of the THgd along 890 

the flow path of EFPC (see section 3.2). 891 

 Despite trends in δ202
Hgp-d offsets, the mass balance of mercury between dissolved and 892 

suspended phases along the flow path makes it unlikely that partitioning processes are a 893 

dominant control on mercury isotope dynamics in EFPC. If adsorption of Hg from the dissolved 894 

to the particulate phase was a dominant process controlling concentrations of mercury in the 895 

water column, we would have expected that as THgd concentrations decreased along the flow 896 

path, THgp concentrations would have increased.  On a mass-volume basis, THgd concentrations 897 

decreased by 38 ng/L (± 5 ng/L, 1SD), which is significant relative to the 66 ng/L (± 44 ng/L, 898 

1SD) THgp concentrations at EFK5.0, and therefore a transfer of this amount of Hg from the 899 
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dissolved to particulate fraction would likely be measurable.  However, THgp concentrations 900 

simultaneously decreased by 94 ng/L (± 55 ng/L, 1SD) on a mass-volume basis and by 33 µg/g 901 

(± 9 µg/g, 1SD) on a mass-mass basis.  Thus, regardless of the effect of diluting waters, THgp 902 

concentrations decrease, not increase, along the flow path.  Although this assessment may be 903 

somewhat confounded by the incorporation of sediment with lower Hg concentrations along 904 

Lower EFPC, adsorption dynamics do not appear to be the primary driver of waterborne Hg 905 

concentrations or isotopic composition along the flow path of EFPC. 906 

 907 

 3.4.3. Tributary, Hyporheic, and Riparian Inputs.  In-stream biogeochemical 908 

transformations cannot account for the seasonally variable shifts in mass-dependent mercury 909 

isotope values associated with the dissolved phase along the flow path of EFPC (Figure 4a). 910 

Therefore, it is likely that additional source inputs from the watershed downstream of Y12 also 911 

influence mercury dynamics within the Lower EFPC ecosystem.  Additional sources of dissolved 912 

mercury to EFPC could include stream water contributions from non-Y12-impacted tributaries, 913 

or diffuse inputs of pore water and shallow groundwater from the hyporheic zone and adjacent 914 

riparian floodplains. 915 

 Tributary and reference site THgd concentrations were typically < 1.0 ng/L, which was 916 

insufficient for mercury isotope analysis.  However, the isotopic composition of tributary 917 

sediment (δ202
Hg = -0.84 to -3.22‰),

34
 reference site streambed sediment (δ202

Hg = -1.42‰),
34

 918 

and reference site streambed sediment associated with hyporheic pore water samples (δ202
Hg = -919 

1.26 to -1.38‰), all consistently displayed much lower δ202
Hg values than observed for sediment 920 

in EFPC.  Evidence from non-point-source impacted lakes, streams, and forest runoff suggest 921 

that THgd in these tributaries should have similar or lower δ202
Hg values than associated 922 

sediment and soils.
79, 80

  Jiskra et al.
80

 showed that the isotopic composition of THgd in boreal 923 

forest runoff was similar to the organic soils from which it originated, with THgd δ
202

Hg values 924 

ranging from -2.29 to -1.76‰.  Chen et al.
79

 directly compared the isotopic composition of 925 

sediment and filtered surface water of non-point-source impacted lakes in Ontario, Canada.  In 926 

their study, lake sediment δ202
Hg values ranged from -1.24 to -0.68‰, while filtered surface 927 

water THgd δ
202

Hg values were even lower, ranging from -1.96 to -1.27‰; one filtered stream 928 

water sample had a THgd δ
202

Hg value of -2.22‰ ± 0.15‰ (2SD).
79

 Thus, given these soil-929 

runoff and sediment-surface water comparisons, and the very low δ202
Hg values of tributary and 930 

reference site sediment in our study, it is unlikely that tributaries could have THgd δ
202

Hg values 931 

high enough to drive EFPC THgd toward the near-zero δ202
Hg values observed at our furthest 932 

downstream site (EFK5.0, mean THgd δ
202

Hg = -0.01‰ ± 0.10‰, 1SD). 933 

 Whereas Jiskra et al.
80

 suggested that forest soil runoff originated from Hg associated 934 

with litter inputs to the forest soils, Chen et al.
79

 suggested lake surface water isotopic 935 

composition was also influenced by precipitation. North American measurements of 936 

precipitation from relatively nonlocally-impacted sites have δ
202

Hg values ranging from -1.59 to 937 

0.21‰.
45, 81-84

 Moreover, tributaries contributed only 0.6 to 1.7% of the THgd flux at EFK5.0 938 

(Table 1, Figure 2), so even if we assumed that all tributary THgd in the region was derived 939 
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directly from the most positive δ202
Hg values for precipitation, which is highly unlikely given the 940 

proximity of coal fired utility boilers,
34, 82

 non-Y12-impacted tributaries could not have an 941 

observable effect on the THgd isotopic composition in EFPC. 942 

 Flux calculations suggest that diffuse sources such as inputs from the hyporheic zone and 943 

riparian floodplains contributed up to 36% ± 15% (1SD) of THgd to EFPC (Table 1, Figure 2) 944 

(see section 3.2).  Diffuse hyporheic and riparian sources could include discharges of Hg-945 

contaminated shallow groundwater or re-mobilization of legacy mercury from contaminated 946 

streambed sediment or floodplain soils.  Recent inventories and sequential extractions of Hg in 947 

streambed sediment in EFPC suggest that re-mobilization of legacy sources could significantly 948 

contribute to stream water THgd loads. The current inventory of Hg in EFPC streambed sediment 949 

was estimated to be 334 kg.
49

 Although most Hg in streambed sediment is strongly bound, 0.18 – 950 

0.30% (interquartile range) was extractable by de-ionized water (calculated with data from 951 

Brooks et al.
49

).  Combining inventory and extraction data, we calculated that 0.6 -1.0 kg of 952 

legacy mercury in streambed sediment was weakly bound and could be potentially re-mobilized 953 

to the aqueous phase.  In comparison, the THgd flux at EFK5.0 during water year 2013 was 954 

0.368 kg/yr at baseflow, and 1.003 kg/yr during baseflow and stormflow combined.
25

  955 

Importantly, recent estimates suggest that streambank soils annually contribute ~53 kg of THg to 956 

streambed sediment,
15

 and thus water-soluble sources of legacy Hg may be replenished 957 

frequently.  Altogether, this indicates that re-mobilization of legacy Hg from streambed sediment 958 

could be a sustainable source of Hg to stream water. 959 

 Hyporheic pore water at our upstream and downstream intensive sampling sites within  960 

EFPC (i.e., EFK22.3, and EFK5.0, respectively) was characterized by δ202
Hg values that were 961 

typically similar to or higher than δ202
Hg values of overlying stream water (Table S5; Figure 6, 962 

Figure S5). Hyporheic pore water THgd concentrations ranged from being lower than to greatly 963 

exceeding overlying stream water, ranging from 6.6 ng/L to 5,000 ng/L at EFK22.3, and from 964 

2.3 ng/L to 60.5 ng/L at EFK5.0 (Table S2, Table S6).  In contrast, surface water and pore water 965 

emanating from a Y12-impacted riparian wetland at EFK22.3 had δ202
Hg values that were 966 

typically similar to or lower than δ202
Hg values of adjacent stream water (Table S5; Figure 6; 967 

Figure S5).  Riparian pore water THgd concentrations did not typically exceed adjacent surface 968 

water THgd concentrations, ranging from 5.4 ng/L to 53.7 ng/L at EFK22.3 (Table S2, Table S6).  969 

Altogether, this suggests that mixing or exchange of stream water with hyporheic pore water is a 970 

possible explanation for increasing δ202
Hg values downstream along EFPC during October and 971 

August when EFPC is less hydrologically connected with the watershed. 972 

 During April, shifts in mercury isotope values along the flow path of EFPC were 973 

different than in August and October.  During the April sampling period, the farthest upstream 974 

δ202
Hg value of THgd in stream water was significantly higher than during August and October, 975 

rapidly declining to a near-zero δ202
Hg value while still within the channelized Upper EFPC 976 

(Figure 4a).  Downstream of the Y12 boundary at EFK23.4, δ202
Hg values of the dissolved phase 977 

did not markedly change along the flow path of Lower EFPC.   This likely reflects minimal 978 

diffuse THgd inputs to EFPC in April, despite the observation that discharge from tributaries and 979 
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diffuse sources (combined) was 45% ± 3% (1SD) greater than in August and October (Table 1).  980 

Diffuse THgd inputs to EFPC may have been minimal in April due to high antecedent flow 981 

conditions (20.5 m
3
/s peak stormflow discharge, relative to 1.22 m

3
/s baseflow discharge) two 982 

weeks prior to sampling that may have had a flushing effect on the hyporheic zone.  This was a 983 

significant but not atypical high flow event, having a return interval of 1.05 – 1.25 years, with 984 

only three to four events per year, on average, having flows as high or higher.  Moreover, any 985 

small THgd flux with higher δ202
Hg values contributed from the hyporheic zone may have been 986 

offset by contributions with lower δ202
Hg values from riparian wetlands during this period when 987 

EFPC was more hydrologically connected to the watershed. 988 

 Ancillary stream water chemistry along the flow path in conjunction with ancillary pore 989 

water chemistry from the hyporheic zone and riparian wetlands is consistent with our hypothesis 990 

that diffuse hydrologic inputs influence stream water composition along the flow path of EFPC. 991 

Although variable, DOC concentrations and SUVA254 values in upstream and downstream 992 

hyporheic zones and riparian wetlands were typically similar to or greater than values in adjacent 993 

surface waters in the upper and lower reaches of EFPC (Table S3, Table S6), making it plausible 994 

that hydrologic contributions from these reservoirs could increase DOC concentrations and 995 

SUVA254 values along the flow path. Dissolved organic carbon (DOC) increased with distance 996 

downstream during August (p < 0.01, r
2
 = 0.79, n = 8) and October (p = 0.02, r

2
 = 0.62, n = 8), 997 

but not in April (p = 0.14, n = 8).  Similarly, SUVA254 also increased along the flow path in 998 

August (p < 0.01, r
2
 = 0.85, n = 8) and October (p < 0.01, r

2
 = 0.91, n = 8), but not during April 999 

(p = 0.62, n = 8) when SUVA254 values were more variable but remained relatively high 1000 

throughout EFPC (Figure 7, Table S3). Thus, it is not surprising that DOC and SUVA254 were 1001 

strongly correlated in August and October (p < 0.01, r
2
 = 0.79 , n = 16), but not in April (p = 1002 

0.173, n = 8) (Figure 7).  Altogether, this suggests that in August and October, the DOC that is 1003 

contributed to the water column along the flow path is increasingly more aromatic, reflective of 1004 

greater terrestrially derived sources from the watershed.
8, 11, 25, 85

  In April, it appears that stream 1005 

water became more influenced by terrestrially derived carbon within Upper EFPC, perhaps from 1006 

flow management waters imported from the Clinch River, and SUVA254 values remained high 1007 

along the flow path of Lower EFPC, likely due to the continued addition of watershed-derived 1008 

sources of DOC.  In August and October, SUVA254 values explained 81% and 69% of the 1009 

variability in THgd δ
202

Hg values in stream water along the flow path (p < 0.01, n = 8 for August;  1010 

p = 0.01, n = 8 for October). Overall, seasonal differences in hydrologic inputs and SUVA254 1011 

were the only identified parameters that demonstrated seasonally distinct patterns along the flow 1012 

path that were similar to the seasonally distinct patterns observed for THgd δ
202

Hg values.  These 1013 

results suggest that a significant amount of the variability in δ202
Hg values was controlled by 1014 

hydrological processes that delivered terrestrially derived, more aromatic DOC to the stream 1015 

channel from watershed sources, whereas much of the modification to odd-mass-MIF occurred 1016 

within the stream channel (see section 3.4.1).  Overall, our Hg isotope results are consistent with 1017 

the generally accepted conceptualization that mercury mobilization and transport are intrinsically 1018 
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linked to organic matter and hydrological dynamics, even within this point-source Hg-1019 

contaminated headwater stream. 1020 

 1021 

4. Conclusions and Implications 1022 

 Mercury isotope ratio measurements spanning three seasonal sampling periods (October, 1023 

April, and August) suggest a temporal consistency in the sources and  biogeochemical 1024 

transformations influencing the suspended phase along the flow path of EFPC.  Changes in both 1025 

∆
199

Hg and δ202
Hg values associated with THgp along the flow path likely resulted from a 1026 

combination of photochemical reduction (~20%) and microbial reduction (~80%), but may also 1027 

be partly influenced by the contribution of streambank soils to the streambed.  The isotopic 1028 

composition of the suspended particulate phase was indistinguishable from the biofilm 1029 

associated with streambed surfaces.  Thus, if the predominant location of biogeochemical 1030 

transformation was within these streambed biofilms, it is not surprising that non-photochemical 1031 

reduction processes (i.e., microbial reduction) may have been favored.  Both suspended 1032 

particulate and biofilm mercury isotopic composition converged with the isotopic composition of 1033 

the fine fraction of streambed sediment (<125 µm) along the ~20 km study reach.  Overall, these 1034 

observations suggest that the suspended load isotopic composition during baseflow is altered as 1035 

it is transported downstream, being repeatedly deposited to, processed within, and re-suspended 1036 

from the biofilm layer, and progressively mixed with fine sediments along the flow path. 1037 

 The odd-mass-MIF signature of the dissolved phase was small in magnitude and 1038 

transient, likely reflecting release of DGM to the water column from photochemical reduction 1039 

within the suspended particulate phase or streambed biofilm that was subsequently volatilized to 1040 

the atmosphere. In contrast, the shifts in δ202
Hg values of the dissolved phase along the flow path 1041 

could not be explained by in-stream biogeochemical processes, but rather appeared to be 1042 

influenced primarily by inputs from the hyporheic zone. Hyporheic exchange appeared to have 1043 

had the greatest influence on the isotopic composition of dissolved mercury in stream water 1044 

during August and October when EFPC was less hydrologically connected to the watershed, 1045 

whereas riparian wetlands appeared to have, at most, a limited influence during April when 1046 

EFPC was more hydrologically connected to the watershed and the hyporheic zone may have 1047 

been flushed due to recent high stream flows. 1048 

 These findings based on mercury isotope systematics contrast in some ways from the 1049 

conclusions of previous studies of mercury biogeochemistry in EFPC.  Southworth et al.
15, 16

 1050 

suggested that ongoing inorganic Hg inputs from Y12 sustain waterborne mercury 1051 

concentrations during baseflow, whereas particle-bound Hg associated with streambed sediment, 1052 

biofilm, and streambanks within Lower EFPC are responsible for Hg export during high flow 1053 

conditions.  Mercury isotope analysis suggests that in-stream processing and additional source 1054 

inputs along Lower EFPC may be more important than originally estimated, even during 1055 

baseflow. In this study, mercury isotope systematics also suggest that the suspended THgp load is 1056 

modified by deposition to, photochemical and microbial reduction within, and resuspension from 1057 

streambed biofilm during baseflow conditions. It also suggests that the long term mercury 1058 
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isotopic composition of the fine fraction of streambed sediment likely arises from these 1059 

processes as well as from possible mixing with streambank soils deposited to the creek.  1060 

Southworth et al.
15

 also noted that THg fluxes (not just concentrations) decreased downstream 1061 

during baseflow conditions, suggesting removal of the suspended load from the water column by 1062 

the biofilm.  Although our study also suggests the importance of streambed biofilm coatings, our 1063 

THgp flux estimates increased downstream, further supporting our finding that streambed biofilm 1064 

was likely a source, as well as a sink, for the suspended load as it spiraled downstream. 1065 

 We do not know why baseflow total mercury flux (THg = THg(p+d)) measurements along 1066 

EFPC differed between our study and those determined in December 2007.
15

  The THg flux 1067 

across the Y12 boundary (EFK23.4) in 2007 (~ 5 g/d)
15

 was similar to the average daily THg(p+d) 1068 

flux (4.5 ± 0.2 g/d, 1SD) calculated by extrapolating and summing our instantaneous THgd and 1069 

THgp fluxes.  However, THg flux at EFK6 in 2007 (~2.6 g/d)
15

 was smaller than the average 1070 

daily THg(p+d) flux (8.1 ± 2.8 g/d, 1SD) we measured downstream at EFK5.0. This implies that 1071 

conditions along Lower EFPC differed between the two studies.  Both studies were sampled 1072 

under baseflow conditions, although the manual hydrologic discharge measurement associated 1073 

with sampling was not reported in Southworth et al,
15

 which makes direct comparisons difficult, 1074 

and the absence of continuous stream flow monitoring in Lower EFPC in 2007 makes it 1075 

impossible to assess antecedent flow conditions.  Nonetheless, THg flux is typically dominated 1076 

by the particulate phase, and thus the total suspended solids (TSS) flux may provide some 1077 

additional insight.  The TSS flux across the Y12 boundary in 2007 (~ 60 kg/d) was similar to the 1078 

76 ± 17 kg/d (1SD) TSS flux we observed in our study.  However, the TSS flux at EFK5.0 in our 1079 

study ranged from 140 kg/d in October, to 512 kg/d in August, and 687 kg/d in April, which 1080 

were higher than the ~95 kg/d TSS flux measured during December 2007, and this increased 1081 

suspended particulate load was likely responsible for observed increases in THg(p+d) flux during 1082 

our study.  Although our study suggests that biofilm dynamics and antecedent flow conditions 1083 

may be important determinants of the flux of THgp from Lower EFPC under baseflow 1084 

conditions, additional studies will be required to determine the precise factors that control 1085 

whether Lower EFPC acts as a net sink or net source of THgp along the flow path at baseflow. 1086 

 Mercury isotopic measurements suggest that stream water dissolved total mercury 1087 

concentrations are not entirely sustained by export from Y12 during baseflow, but are augmented 1088 

primarily by hyporheic exchange and possibly, to a much lesser extent, inputs from riparian 1089 

wetlands, depending on seasonal hydrologic connectivity and antecedent flow conditions.  1090 

Southworth et al.
15

 suggested that mercury associated with streambed sediment and floodplain 1091 

soils is in highly insoluble fractions, and thus the ongoing dissolved inorganic Hg loading from 1092 

Y12 should be the predominant source of bioavailable Hg that is methylated within the Lower 1093 

EFPC ecosystem.  However, mercury isotope systematics revealed that the hyporheic zone (and 1094 

to a much lesser extent, riparian wetlands) may also contribute to dissolved mercury loads in 1095 

Lower EFPC.  Given that the hyporheic zone and riparian wetlands are potentially anoxic sites 1096 

that can support high rates of MeHg production (e.g., pore waters ranged up to 8.5% of THg as 1097 

MeHg in the hyporheic zone, and up to 71% of THg as MeHg in riparian wetlands during this 1098 
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study) (Table S6), the mercury isotopic assessment in this study suggests that the decoupling of 1099 

inorganic mercury and MeHg in Lower EFPC could, in part, be derived from these legacy 1100 

sources.  MeHgd concentrations in the hyporheic zone, riparian pore water, and ephemeral 1101 

riparian tributary surface water were sufficiently elevated to contribute to increases in MeHgd 1102 

concentrations in stream water along the flow path (Table S3, Table S6).  This somewhat 1103 

contrasts with recent findings by Riscassi et al.
25

 that suggested MeHgd was more likely derived 1104 

from streambed periphyton rather than diffusive inputs from the hyporheic zone.  However, these 1105 

two hypotheses are not all that inconsistent, as both implicate the streambed as a source of 1106 

MeHgd to the water column.  Future research should focus on better refining flux estimates along 1107 

the EFPC corridor, further quantifying the influence of hyporheic exchange and riparian 1108 

wetlands, identifying the processes that lead to the release of these legacy sources to the water 1109 

column, and assessing the sources of mercury that are methylated and accumulated within biota. 1110 

 This research demonstrates that mercury isotopic signatures, imparted by molecular-scale 1111 

reactions, can be used to gain new insights into process-level controls on the in-situ cycling of 1112 

mercury in complex aquatic ecosystems, and to reveal the sources of legacy mercury 1113 

contributing to stream water mercury concentrations.  As methods for mercury isotopic analysis 1114 

continue to be refined, it should become possible to also use mercury isotope techniques to 1115 

assess the influence of non-point-source derived legacy mercury in ecosystems with background 1116 

concentrations of mercury in soil and water that can result in the bioaccumulation of mercury to 1117 

levels that are harmful to fish and wildlife.  Importantly, this study suggests that different 1118 

reservoirs of legacy mercury in the environment likely have isotopic signatures that can be 1119 

differentiated, and thus it should also be possible to track MeHg generated from these various 1120 

sources into biota.  More broadly, this research emphasizes that, similar to non-point-source 1121 

contaminated ecosystems, mercury mobilization and transport in this highly contaminated 1122 

headwater stream are strongly influenced by dissolved organic carbon dynamics and 1123 

hydrological processes.  By linking Hg isotopes and hydrology, this study provides a framework 1124 

for integrating stable Hg isotope techniques with more traditional stream- and watershed-scale 1125 

approaches and thus may serve as a model for future study of both point-source and non-point-1126 

source Hg-contaminated watersheds. 1127 
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Figure Legends 1399 

 1400 
Figure 1. Map of synoptic sampling sites along the flow path of East Fork Poplar Creek (EFPC) 1401 
in Oak Ridge, TN, USA. Synoptic sampling sites are identified by a three letter code (EFK) 1402 
corresponding to the stream, followed by the kilometers upstream from its confluence with 1403 
Poplar Creek.  Intensive hyporheic pore water sampling sites were located at EFK5.0 and 1404 
EFK22.3; Y12-impacted riparian wetland sampling site was located at EFK22.3. The regional 1405 
reference site for this study (Hinds Creek, HCK10) is located ~25 km northeast of Y12, and is a 1406 
tributary to the Clinch River (see Donovan et al.

34
).  1407 

 1408 
Figure 2. Components of flux of (A) total dissolved mercury (THgd), and (B) total particulate 1409 
mercury (THgp) at EFK5.0 in East Fork Poplar Creek, Oak Ridge, TN, USA.  Fluxes of diffuse 1410 
legacy Hg, Oak Ridge wastewater treatment facility (ORWTF) and tributary Hg, and Y12-1411 
contributed Hg are shown relative to total flux at EFK5.0. Flux data (µg/s) are located in Table 1.   1412 
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Figure 3. Isotopic composition and concentration of particulate-bound mercury (THgp). Shown 1414 
are (A) δ

202
Hg values and (B) ∆

199
Hg values associated with total suspended solids (n=24), 1415 

biofilm (n = 6), and the fine fraction of streambed sediment (<125 µm; n = 6), and (C) 1416 
concentrations of THgp associated with total suspended solids along the flow path of East Fork 1417 
Poplar Creek, Oak Ridge, TN, USA. Analytical uncertainty of delta values is shown as 2SD of 1418 
average of session averages for UM-Almaden (see Methods). Regression lines include THgp data 1419 
points, but exclude biofilm.  Shaded area shows range of (A) δ

202
Hg values and (B) ∆

199
Hg 1420 

values of fine fraction streambed sediments, as previously reported by Donovan et al.
34 
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Figure 4. Isotopic composition and concentration of dissolved mercury (THgd). Shown are (A) 1423 

δ
202

Hg values (n=23), (B) ∆
199

Hg values (n=23), and (C) concentrations  (n=24) associated with 1424 
stream water along the flow path of East Fork Poplar Creek, Oak Ridge, TN, USA. Analytical 1425 

uncertainty is shown as 2SD of average of session averages for UM-Almaden (see Methods).  1426 
 1427 

Figure 5. Offset between δ
202

Hg values of dissolved Hg (THgd) and particulate-bound Hg 1428 
(THgp) associated with total suspended solids along the flow path of East Fork Poplar Creek, 1429 
Oak Ridge, TN, USA. Gray dashed line shows zero values for δ

202
Hgp-d.  1430 

 1431 

Figure 6. Mercury isotopic composition (δ
202

Hg vs ∆
199

Hg ) of dissolved Hg (THgd) in stream 1432 
water (n = 23), hyporheic pore water (n = 11), and riparian surface water and pore water (n = 5); 1433 
and particulate-bound mercury (THgp) (n = 24) associated with total suspended solids along the 1434 
flow path of East Fork Poplar Creek, Oak Ridge, TN, USA. Analytical uncertainty is shown as 1435 
2SD of average of session averages for UM-Almaden (see Methods). Gray dashed lines show 1436 

zero values for δ
202

Hg and ∆
199

Hg.  1437 
 1438 

Figure 7.  Relationships among dissolved organic carbon (DOC), specific UV absorbance  at 1439 
254 nm (SUVA254), and distance along the flow path of East Fork Poplar Creek (EFPC) in Oak 1440 
Ridge, TN, USA. Regression lines are plotted only for statistically significant slope values (p < 1441 
0.05).  1442 
 1443 
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Figure 1. Map of synoptic sampling sites along the flow path of East Fork Poplar Creek (EFPC) 

in Oak Ridge, TN, USA. Synoptic sampling sites are identified by a three letter code (EFK) 

corresponding to the stream, followed by the kilometers upstream from its confluence with 

Poplar Creek.  Intensive hyporheic pore water sampling sites were located at EFK5.0 and 

EFK22.3; Y12-impacted riparian wetland sampling site was located at EFK22.3. The regional 

reference site for this study (Hinds Creek, HCK10) is located ~25 km northeast of Y12, and is a 

tributary to the Clinch River (see Donovan et al.34).  
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Figure 2. Components of flux of (A) total dissolved mercury (THgd), and (B) total particulate 

mercury (THgp) at EFK5.0 in East Fork Poplar Creek, Oak Ridge, TN, USA. Fluxes of diffuse 

legacy Hg, Oak Ridge wastewater treatment facility (ORWTF) and tributary Hg, and Y12-

contributed Hg are shown relative to total flux at EFK5.0.  Flux data (µg/s) are located in Table 1.   
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Figure 3. Isotopic composition and concentration of particulate-bound mercury (THgp). Shown are 

(A) δ202Hg values and (B) ∆199Hg values associated with total suspended solids (n=24), biofilm (n 

= 6), and the fine fraction of streambed sediment (<125 µm; n = 6), and (C) concentrations of THgp 

associated with total suspended solids along the flow path of East Fork Poplar Creek, Oak Ridge, 

TN, USA. Analytical uncertainty of delta values is shown as 2SD of average of session averages for 

UM-Almaden (see Methods). Regression lines include THgp data points, but exclude biofilm.  

Shaded area shows range of (A) δ202Hg values and (B) ∆199Hg values of fine fraction streambed 

sediments, as previously reported by Donovan et al.34 
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Figure 4. Isotopic composition and concentration of dissolved mercury (THgd). Shown are (A) 

δ202Hg values (n=23), (B) ∆199Hg values (n=23), and (C) concentrations  (n=24) associated with 

stream water along the flow path of East Fork Poplar Creek, Oak Ridge, TN, USA. Analytical 

uncertainty is shown as 2SD of average of session averages for UM-Almaden (see Methods).  
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Figure 5. Offset between δ202Hg values of dissolved Hg (THgd) and particulate-bound Hg (THgp) 

associated with total suspended solids along the flow path of East Fork Poplar Creek, Oak Ridge, 

TN, USA. Gray dashed line shows zero values for δ202Hgp-d.  

y = -0.02x + 0.38 
r² = 0.44 

-0.6 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0.0 

0.1 

0.2 

0.3 

0.4 

0 5 10 15 20 25 

δ
2
0
2
H

g
(p

-d
) 
O

ff
s
e
t 
(‰

) 

Distance from confluence with Poplar Creek (km) 

Oct-2011 

Apr-2012 

Aug-2012 

Page 42 of 46Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

∆
1
9
9
H

g
 (

‰
) 

δ202Hg (‰) 

 Stream Water THgd 

 Stream Water THgp 

 Hyporheic THgd 

 Riparian THgd 

  

Analytical 

Uncertainty 

Figure 6. Mercury isotopic composition (δ202Hg vs. ∆199Hg ) of dissolved Hg (THgd) in stream 

water (n = 23), hyporheic porewater (n = 11), and riparian surface water and porewater (n = 5); and 

particulate-bound mercury (THgp) (n = 24) associated with total suspended solids along the flow 

path of East Fork Poplar Creek, Oak Ridge, TN, USA.  Analytical uncertainty is shown as 2SD of 

average of session averages for UM-Almaden (see Methods). Gray dashed lines show zero values 

for δ202Hg and ∆199Hg.  
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Figure 7.  Relationships among dissolved organic carbon (DOC), specific UV absorbance  at 254 

nm (SUVA254), and distance along the flow path of East Fork Poplar Creek (EFPC) in Oak Ridge, 

TN, USA. Regression lines are plotted only for statistically significant slope values (p < 0.05). 
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Table 1. Stream water discharge (m3/s), and flux of total dissolved 

mercury (THgd) and particulate-bound mercury (THgp) from 

EFK23.4, the Oak Ridge wastewater treatment facility (ORWTF) 

that discharges at EFK13.5, tributaries and diffuse sources 

upstream of EFK5.0, and EFK5.0 in East Fork Poplar Creek, Oak 

Ridge, TN, USA.a 

aDischarge and flux calculations are detailed in methods, uncertainties are 

based on propagation of error associated with discharge and concentration data, 

and are likely ≥ 1SD (see section 2.3). Location of EFK23.4 and EFK5.0 are 

shown on site map (Figure 1).   

October 0.24 ± 0.02 0.12 ± 0.01 0.59 ± 0.10 0.95 ± 0.10

April 0.26 ± 0.03 0.13 ± 0.01 0.84 ± 0.13 1.22 ± 0.12

August 0.26 ± 0.03 0.14 ± 0.01 0.57 ± 0.10 0.97 ± 0.10

October 11.5 ± 1.5 0.201 ± 0.026 0.169 ± 0.032 6.70 ± 2.86 18.6 ± 2.4

April 12.5 ± 1.6 0.443 ± 0.058 0.085 ± 0.015 0.88 ± 2.45 13.9 ± 1.8

August 13.9 ± 1.8 0.211 ± 0.028 0.329 ± 0.065 4.60 ± 3.08 19.0 ± 2.5

October 38.2 ± 5.0 0.309 ± 0.040 1.03 ± 0.20 13.2 ± 8.5 52.7 ± 6.9

April 40.8 ± 5.3 0.200 ± 0.026 1.09 ± 0.19 21.6 ± 9.9 63.8 ± 8.3

August 38.9 ± 5.1 0.228 ± 0.030 4.94 ± 0.98 67.5 ± 15.5 111 ± 14.6

THgp Flux (µg/s)

EFK23.4 ORWTF Tributaries Diffuse EFK5.0

THgd Flux (µg/s)

EFK23.4 ORWTF Tributaries Diffuse EFK5.0

Discharge (m3/s)

EFK23.4 ORWTF Tributaries & Diffuse EFK5.0
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Table 2. Mercury isotopic composition of UM-Almaden and procedural standards.a 

aFor UM-Almaden, n is the number of preparations (i.e., the number of session averages, with 

separate values for preparations at different concentrations within a session). For procedural 

standards, n is the number of completely independent preparations of the material. The 2σ for 

UM-Almaden shows 2SD of the average of session averages; whereas the 2σ for purge & trap 

standards and reference materials show 2SE of the average of session averages (see Methods). 

Standard Type n

δ204Hg 

(‰)

2σ 

(‰)

δ202Hg 

(‰)

2σ 

(‰)

δ201Hg 

(‰)

2σ 

(‰)

δ200Hg 

(‰)

2σ 

(‰)

δ199Hg 

(‰)

2σ 

(‰)

∆204Hg 

(‰)

2σ 

(‰)

∆201Hg 

(‰)

2σ 

(‰)

∆200Hg 

(‰)

2σ 

(‰)

∆199Hg 

(‰)

2σ 

(‰)

UM-Almaden 34 -0.88 0.09 -0.58 0.06 -0.48 0.05 -0.27 0.06 -0.16 0.06 -0.02 0.11 -0.04 0.04 0.02 0.04 -0.02 0.05

Purge & Trap

(NIST SRM 3133)

Apple Leaves 

(NIST SRM 1515)

NY/NJ Waterw ay Sediment

(NIST SRM 1944)
0.01 0.02 -0.03 0.01 0.00 0.02 -0.018 -0.68 0.06 -0.46 0.03 -0.37 0.02 -0.23 0.02

0.02

5 -3.89 0.07 -2.65 0.03 -2.03 0.04 -1.37 0.02 -0.63 0.04 0.07 0.05 -0.04 0.03 -0.04 0.02 0.04 0.03

0.04 0.02 -0.03 0.05 -0.02 0.02 0.03 0.03 0.0314 0.03 0.05 0.04 0.04 0.01 0.03 0.04 0.04

0.03-0.12 0.03

Page 46 of 46Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


