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Abstract 24 

Terrestrial soils are net mercury (Hg) sinks, but leaching of Hg from upland environments 25 

constitutes an important source to downstream wetlands and water bodies.  Broadly, hydrology is 26 

instrumental in facilitating Hg transport within, and export from watersheds but the relative 27 

influences of specific hydrological factors such as antecedent soil moisture and precipitation in 28 

controlling the transport of Hg through upland soils are not well understood.  The purpose of this 29 

research was to elucidate the relative controls of these hydrological factors using a full factorial 30 

laboratory experiment involving the application of an enriched stable Hg isotope tracer to intact 31 

soil cores.  Antecedent soil moisture and precipitation input depth were statistically significant, 32 

mutually exclusive controls on tracer Hg mobility.  Neither factor however had a strongly 33 

significant influence on the mobility of ambient Hg.  Tracer Hg mobility was enhanced with 34 

larger precipitation events as well as from initially drier soils and appeared to move via simple 35 

piston flow.  The majority (>99.5%) of added tracer Hg was sorbed to soil organic matter in the 36 

surface 3 cm, regardless of the hydrological treatment combinations.  Overall, these results 37 

suggest that tracer and ambient Hg are differentially controlled by hydrological conditions.  38 

Changes in hydrology may have little impact on ambient Hg mobilization in sandy loam soils.  If 39 

tracer Hg is broadly representative of contemporary soil Hg stocks, extreme precipitation events 40 

among otherwise drier conditions could enhance the export of contemporary Hg from upland 41 

systems.   42 

 43 

Keywords: mercury; stable isotope tracer; soils; transport; soil moisture; total organic carbon 44 

 45 
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1 Introduction 46 

Soils store an enormous pool of mercury (Hg), containing approximately 1,000,000 Mg of 47 

the global stock (Sunderland and Mason, 2007).  In most regions atmospheric deposition is the 48 

principal process delivering Hg from local, regional and global sources (Driscoll et al., 2007; 49 

Fitzgerald et al., 1998).  Although soils are large net sinks for atmospherically-deposited Hg 50 

(Gabriel and Williamson, 2004; Grigal, 2003), the accumulated Hg also slowly leaches from 51 

soils and moves via runoff to aquatic ecosystems where its toxic and organic form, 52 

methylmercury (MeHg), may be produced (Branfireun et al., 1996; Harris et al., 2007).  High-53 

flow events such as spring snowmelt appear to amplify the export of both inorganic and organic 54 

Hg species from soils and watersheds, although the mechanisms for increased fluxes vary 55 

(Bishop et al., 1995; Demers et al., 2010; Haynes and Mitchell, 2012; Mitchell et al., 2008a).   56 

Given the toxicological threats of Hg to human and wildlife populations (Mergler et al., 2007; 57 

Scheuhammer et al., 2007), it is important to understand how mercury mobility may be affected 58 

under different and/or changing hydrological conditions through time.  59 

 In field studies it is difficult to discern the relative control of individual hydrological 60 

properties, such as the antecedent soil moisture condition, on Hg transport due to confounding 61 

effects from precipitation inputs and subsequent runoff production as well as groundwater 62 

contributions.  At the hillslope scale, Haynes and Mitchell (2012) observed that Hg yield from 63 

sandy loam soils with a shallow surficial O-horizon was flow-driven; increasing proportionally 64 

with snowmelt runoff with no conclusive evidence that antecedent soil moisture was an 65 

important control on the magnitude of runoff Hg fluxes.  Previous research in upland 66 

environments (e.g. Bushey et al. 2008; Dittman et al. 2010) has suggested that high-flow event 67 

runoff enhances Hg mobility.  However, few studies consider the potential influence of 68 
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antecedent soil moisture conditions in controlling Hg fluxes through terrestrial environments.  A 69 

recent study by Oswald and Branfireun (2014) illustrated that antecedent soil moisture conditions 70 

aid in accounting for differences observed in the Hg concentration-discharge relationships that 71 

occur following the wet snowmelt period as compared to the dry late summer period.  Higher 72 

THg and soil water dissolved organic carbon concentrations were observed following warmer, 73 

drier periods in the boreal Shield watershed (Oswald and Branfireun 2014).  These studies 74 

suggest that a systematic and controlled testing of the relative controls of antecedent soil 75 

moisture and the magnitude of precipitation inputs on Hg mobility is required. 76 

 Due to the myriad variables influencing natural systems it is often difficult to accurately 77 

identify individual hydrological controls on contaminant mobility.  Microcosm-scale laboratory 78 

studies reduce the natural variability inherent in field-scale studies and allow for the controlled 79 

manipulation of hydrological variables.  Experiments of this nature commonly have been used to 80 

investigate the role of different hydrological factors such as rainfall intensity or soil moisture on 81 

nutrient and pesticide leaching and transport in soil (Phillips, 2001; Phillips and Burton, 2005; 82 

Sigua et al., 1993; Vendelboe et al., 2011).  In a recent study Reinmann et al. (2012) simulated 83 

soil frost development and spring snowmelt conditions using intact soil columns to determine the 84 

potential effects of frost on carbon and nitrogen losses from forested upland soils.  Undisturbed 85 

soil columns have also been used to study the leaching of heavy metals such as lead, copper and 86 

cadmium under different rainfall intensities (Kim et al., 2008).  Only a limited number of studies 87 

(e.g. Schlüter et al., 1995; Schlüter 1996) have employed the use of intact soil columns to 88 

investigate the impact of hydrological factors on Hg mobility, despite numerous advances in Hg 89 

analytical techniques including the increasing use of stable isotopes as environmental tracers 90 

(Björn et al., 2007). 91 
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 Given that Hg in the environment is transported in a highly non-conservative manner, the 92 

use of stable isotopes as tracers is an invaluable tool yielding information not only about the 93 

transport of Hg but also its speciation under various conditions.  The METAALICUS study 94 

applied multiple stable Hg isotopes at the landscape scale in order to investigate the potential 95 

impacts of altering the atmospheric deposition of Hg and the subsequent downstream effects on 96 

Hg bioaccumulation in fish (Harris et al., 2007).  A pilot study under the METAALICUS project 97 

added an enriched stable Hg isotope to a small, zero-order forested subcatchment as a means of 98 

assessing the reactivity and mobility dynamics of newly-deposited Hg as opposed to the large 99 

legacy soil pools of Hg at the plot scale (Hintelmann et al., 2002).  This field study found that 100 

less than 1% of the added Hg appeared in runoff, suggesting that the majority of newly-deposited 101 

Hg is incorporated into the organic matter-bound Hg pool in soil and vegetation.  Oswald et al. 102 

(2014) also traced the applied isotope in the watershed upland to assess its distribution (vertical 103 

and spatial) and transport, as well as that of ambient Hg through the soil one year following the 104 

end of application; with approximately 22% of the spike mass remaining in the upper 15 cm of 105 

mineral soil.  Despite the increasing application of isotope tracers in field settings, minimal 106 

research has been conducted using Hg isotopes in small-scale laboratory experiments to 107 

investigate Hg mobility throughout the soil profile.  Semu et al. (1985) used the radioisotope 108 

203Hg in soil column experiments to investigate the potential for groundwater contamination by 109 

Hg leaching through the soil, observing that minimal vertical translocation of Hg occurred with 110 

the majority of added Hg being immobilized in the surface soil horizons.  Schlüter (1996) 111 

similarly used 203Hg to assess the translocation of Hg through soil using small-scale column 112 

experiments in order to address the fate of Hg in soils under different rainfall intensities and 113 

volumes; concluding that practically all of the added 203Hg is sorbed in the upper organic soil 114 
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horizons and that the small amount of Hg translocation is facilitated by complexation with 115 

dissolved organic matter.  Some more recent work has used column experiments to examine 116 

applied non-labelled Hg sorption in soils (e.g. Miretzky et al. 2005; Yin et al. 1997; Zhu et al. 117 

2014).  However, such studies did not use intact, undisturbed soil cores working rather with re-118 

packed soil columns (Miretzky et al. 2005; Zhu et al. 2014) or soil suspensions (Yin et al. 1997).  119 

 Our work builds on these previous studies by adding antecedent moisture as an 120 

experimental variable possibly affecting the mobility and transport of Hg throughout the 121 

undisturbed soil profile, and by using new core encasing methods to avoid wall effects and pore 122 

blockage that often result from polyvinyl chloride- (PVC) (e.g. Bagarello et al., 2006; Bagarello 123 

and Sgroi 2008), resin-encased (e.g. Vanderborght et al. 2002) or wax-encased cores.   124 

 The overall objective of this study was to determine the relative influences of both 125 

antecedent soil moisture and precipitation on the mobility and transport of Hg throughout the soil 126 

profile. In a full factorial design we applied an enriched, stable Hg isotope to intact, foam-127 

encased soil cores that had been altered for soil moisture and to which variable amounts of 128 

precipitation were added.  The experiment was conducted to simulate the broad range in real soil 129 

moisture and precipitation input conditions observed in previous field research (Haynes and 130 

Mitchell, 2012).  A pilot study, described in the Supplementary Information, was also conducted 131 

in order to ensure the feasibility of using polyurethane expandable spray foam as a soil-encasing 132 

material (e.g., Bagarello and Sgroi 2008) for the purpose of performing Hg leaching experiments 133 

while minimizing wall effects.  134 

 135 
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2 Materials and Methods 136 

2.1 Field Sampling 137 

 Eighteen intact soil cores were collected with a 15 cm deep and 10 cm internal diameter 138 

stainless steel soil corer in the forested upland of the S7 watershed in the Marcell Experimental 139 

Forest (MEF) in north-central Minnesota.  The soil corer is equipped with a lever mechanism 140 

which allows for extrusion of the soil core from the base of the corer tube without disturbing the 141 

soil structure.  Characteristic of watersheds in this area, the upper sandy loam soils of the 142 

watershed’s hillslope are underlain by a low-permeability B-horizon, which acts as a confining 143 

layer, directing subsurface runoff as shallow interflow during high-flow events with minimal 144 

seepage loss to groundwater (Kolka et al., 2011; Timmons et al., 1977).  The soil profile above 145 

the clay-rich B-horizon consists of a shallow O-horizon below which there is a well-defined 146 

sandy loam A-horizon (mean depth to base of A-horizon 50 ± 27 cm).  Hydraulic conductivities 147 

in the sandy loam of this area range from 4 x 10-5 to 4 x 10-6 m s-1 (Mitchell et al. 2009).  The 148 

surface 15 cm of soil in this hillslope have a mean bulk density of 1.2 g cm-3 and mean porosity 149 

of approximately 37%.  The upland overstory vegetation in the S7 watershed is predominately 150 

comprised of sugar maple (Acer saccharum), quaking aspen (Populus tremuloides) and balsam 151 

poplar (Populus balsamifera).  We sampled only the upper sandy loam horizon that also included 152 

a shallow (< 3 cm) organic horizon.  Soil cores were collected from outside of experimental 153 

hillslope plots previously described in Haynes and Mitchell (2012), all within a 5 m2 area in 154 

order to minimize variability among cores and to allow for the most accurate assessment of the 155 

influences of only the two hydrological factors in question (antecedent soil moisture and depth of 156 

precipitation input).  Each core was extruded in the field onto a flat wooden board.  We noted no 157 

significant compaction or destruction of the soil cores during the collection and extrusion of each 158 
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core.  In comparing core depth to the cavity from which it was extracted, approximately 2% (0.3 159 

cm) to a maximum of 5% (< 1 cm) compaction was observed.  With the core upright on the 160 

wooden board, a 20 cm long cardboard mold was placed around it and the cavity between the 161 

soil and mold was filled with low-expansion polyurethane spray foam insulation (MONO brand); 162 

similar to the methods of Bagarello and Sgroi (2008).  A second board was then placed on top of 163 

each filled mold to contain the expansion of the foam.  The foam was allowed to cure overnight.  164 

Once fully cured, each foam-encased core was removed from the wood base and the exposed 165 

bottom of each core was also covered with spray foam insulation.  No compaction of any soil 166 

core was observed as a result of the expansion of the spray foam.  The purpose of this elaborate 167 

core encasing methodology was to hypothetically remove much of the wall effect, smear and 168 

other issues affecting water movement that often occur in intact core studies conducted in rigid 169 

tubes and other encasing materials (e.g. Cameron et al., 1990; Hoag and Price, 1997; Bagarello 170 

et al., 2006).  With other encasing methods, preferential flow directed along the point of contact 171 

between the soil and surrounding casing often occurs rather than flow through the soil matrix.  A 172 

separate study was conducted in order to test the feasibility of using foam-encased soil cores for 173 

the study of hydrological and Hg biogeochemical processes.  This is detailed in the 174 

Supplementary Information. 175 

 176 

2.2 Experimental Design 177 

 The soil core experiments were conducted in a full factorial design in which the two 178 

manipulated variables (antecedent soil moisture and precipitation input depth) incorporated both 179 

a low and high treatment level with three replicate cores per treatment combination (see Table 1).  180 

High and low treatment levels were quantified based on field data from the study area.  For 181 
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precipitation input, the low and high levels were 50 mm and 100 mm, respectively.  These values 182 

were selected in order to mimic the variability in snowpack snow water equivalent (SWE) levels 183 

observed in a previous study (Haynes and Mitchell, 2012).  The low antecedent soil moisture 184 

treatment level was designed to simulate the 65 mm of available soil water in the surface 45 cm 185 

of soil recorded in fall 2009 prior to the 2010 winter in the study area.   The high antecedent soil 186 

moisture treatment level was represented by field capacity as a means of presenting a distinct 187 

contrast to the low moisture treatment.  All experiments were conducted at room temperature.  188 

 To adjust moisture levels in the low antecedent soil moisture treatments, a known volume 189 

of tap water (determined based on the volume of the soil column and the physical characteristics 190 

of the soil to achieve the target low moisture level) was slowly added to the top of relatively dry 191 

cores over the course of approximately one hour with no ponding.  For the high antecedent 192 

moisture treatments, cores were placed in a basin of tap water overnight to saturate the soil from 193 

the base of each core and then drained by gravity the following day; effectively reaching field 194 

capacity.  To prevent loss of soil during the wetting process, Nytex mesh (50 µm) was secured 195 

around the base of each foam-encased soil core prior to manipulation.  Once the moisture 196 

manipulations were complete, 90 µg of enriched stable 199Hg isotope (approximately three times 197 

ambient soil Hg mass per core) was applied evenly to the top of each core in a 10 mL solution of 198 

199HgCl (91.09% 199Hg) via a hydrochloric acid (HCl)-washed Teflon sieve (mean blank 199Hg 199 

concentration between uses = 0.6 ± 0.5 ng L-1; see Figure 1a).  The Teflon sieve was used to 200 

ensure uniform application of the isotopic solution across the top of each soil core.  A 5 mL 201 

water rinse of the Teflon sieve followed the isotope addition to ensure complete delivery of the 202 

isotope application.  Although significantly greater than natural rates of atmospheric deposition 203 

at the Marcell Experimental Forest (2004-2013 mean annual deposition of 6.8 ± 1.4 µg m-2; 204 
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National Atmospheric Deposition Program Mercury Deposition Network, 2014), this high level 205 

of tracer addition was necessary in order to ensure that the isotope could be analytically detected 206 

in the collected outflow waters given the working hypothesis that the majority of the applied 207 

tracer would be sorbed in the soil.  Given the laboratory setup of this experiment, it would not be 208 

feasible to apply the tracer to each of the soil cores at natural deposition rates over the course of 209 

multiple years to achieve detectable isotope levels in the core outflow.  Immediately following 210 

the tracer addition each core was secured to a ring stand balanced on top of a wire mesh above an 211 

HCl-washed glass funnel (see Figure 1b).  Once secured (approximately five minutes following 212 

tracer addition), a rainfall simulator delivered the prescribed level of precipitation input via a 213 

metered peristaltic pump.  The rainfall simulator was modelled after that used by Weed et al. 214 

(1998); an evenly-distributed array of hypodermic needles secured through a piece of acrylic 215 

tightly bolted to a second piece of acrylic (fitted with a water inlet nut) with a water-tight gasket 216 

between the two sheets of acrylic providing a water reservoir.  The two levels of precipitation 217 

input (low = 50 mm, high = 100 mm) were comprised of tap water (to minimize ionic 218 

imbalances), acidified with trace metal grade nitric acid to simulate the pH of natural 219 

precipitation (pH~5-6).  This simulated precipitation was delivered to each core at a rate of 220 

approximately 30-40 mm per hour.  The low input experiments were completed over 221 

approximately 1.5 hours per core, while the high input experiments took approximately 3 hours 222 

to complete.  Although designed to simulate two contrasting snowmelt events, the selected levels 223 

of input could also be representative of large rain storm events in the study area.  There is recent 224 

precedent for this intensity of precipitation in the area of north-central Minnesota given the large, 225 

record-breaking rainstorms of June 19-20, 2012, in which approximately 185 mm of 226 

precipitation (with up to 250 mm reported locally) fell onto already saturated ground and from 227 
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which severe flooding resulted; particularly in the Duluth area.  Instantaneous rainfall intensities 228 

for this storm were observed to be as high as 50-100 mm per hour during the evening of June 19, 229 

2012 (Czuba et al., 2012).  In the context of the present study, the timing of the outflow from 230 

each of the soil cores may be different than would be observed in the natural environment as a 231 

result of the applied precipitation intensity.  For each antecedent moisture treatment level a 232 

control experiment, in which no further precipitation input was added to each core following 233 

isotope addition, was performed to determine the level to which the isotope was transported as a 234 

baseline prior to simulated meltwater addition.   235 

 Outflow from each core was collected in 50 mL intervals in new polyethylene 236 

terephthalate glycol (PETG) bottles.  A sub-sample for total organic carbon (TOC) analysis was 237 

transferred into a 20 mL high density polyethylene (HDPE) scintillation vial and refrigerated in 238 

darkness until analysis (approximately 2-3 weeks following collection).  Comparisons of filtered 239 

and unfiltered samples were analyzed for TOC to determine if filtration significantly alters TOC 240 

concentrations.  No significant difference was observed between the filtered and unfiltered 241 

samples, most likely due to the Nytex mesh acting to filter particulates from the collected 242 

outflow.  Therefore, outflow samples were not filtered.  Outflow samples for Hg analysis were 243 

preserved with 0.5% trace metal grade HCl, stored in darkness and refrigerated until analysis, 244 

which was within one month of collection.  Once outflow from the core had ceased, each core 245 

was cut vertically into two equal parts and the soil from each half was sampled in five 3 cm 246 

depth intervals (0-3, 3-6, 6-9, 9-12, 12-15 cm).  Soil samples were immediately frozen and then 247 

lyophilized prior to analysis.   248 

 249 
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2.3 Analytical Methods 250 

 Unfiltered total Hg (for both tracer 199Hg and ambient Hg analysis) water samples were 251 

oxidized by the addition of concentrated bromine monochloride (BrCl) and concentrations were 252 

determined following stannous chloride reduction and dual gold-trap amalgamation using a 253 

Tekran model 2600 total mercury analyzer that was hyphenated to an Agilent 7700 Inductively 254 

Coupled Plasma – Mass Spectrometer (ICP-MS) for mercury isotope detection.  The freeze-dried 255 

soil samples were nitric acid-digested using a microwave digestor and diluted prior to THg 256 

analysis as for waters.  The 199Hg concentrations of the added tracer in both the water and soil 257 

samples were determined as the excess total 199Hg concentrations above the naturally-occurring 258 

199Hg concentrations as measured by the ICP-MS.  These excess total 199Hg concentrations were 259 

calculated based on the magnitude of change from the natural ratio of 199Hg above that of 260 

ambient 202Hg (199Hg/202Hg =  0.569 in nature) as a result of the addition of the labelled 199Hg 261 

tracer (Hintelmann and Ogrinc, 2003).  Excess total 199Hg will be herein referred to as ‘tracer 262 

Hg’.  For water samples, recovery of an ambient total mercury spike was 97 ± 9 % (average ± 263 

standard deviation, n = 11), replication of duplicates was 6.6 ± 6.8% (n = 10), and the detection 264 

limit, calculated as three standard deviations of matrix water blanks, was 0.04 ng L-1 (n = 32).  265 

Replication of 199Hg duplicates in water samples was 6.3 ± 6.9% (n = 10) and the 199Hg detection 266 

limit was 0.007 ng L-1 (n = 32).  For digested soil samples, replication of ambient THg duplicates 267 

was 5.4 ± 4.0% (n = 11), recovery of an ambient THg spike was 101 ± 5% (n = 11) and the 268 

ambient THg detection limit was calculated to be 0.09 ng g-1.  Replication of 199Hg duplicates of 269 

digested soil samples was 9 ± 8% (n = 9) and the 199Hg detection limit was 0.08 ng g-1.  Recovery 270 

of standard reference material of known ambient Hg concentration, digested and analyzed with 271 

the soil samples, was 97 ± 4% (n = 12).  Total organic carbon (TOC) was analyzed using a 272 

Page 12 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 13 of 38 
 

Shimadzu TOC-VCSH Total Organic Carbon analyzer with an in-line total nitrogen unit (TNM-1) 273 

and a high sensitivity combustion catalyst (720°C).  Ultraviolet absorbance of the outflow 274 

samples was measured at both 254 and 365 nm using matched quartz cuvettes on a Spectronic 275 

Genesys 5 UV-VIS Spectrophotometer.  We used these two absorbance values measured at these 276 

wavelengths to calculate the ratio A254/A365, where the ratio serves as a proxy for dissolved 277 

organic carbon quality because of its negative relationship with molecular weight of dissolved 278 

organic substances (Berggren et al., 2007).  Specific UV absorbance (SUVA) at 254 nm was also 279 

calculated to assess aromaticity of dissolved organic substances in outflow samples by dividing 280 

the absorbance at 254 nm by the TOC concentration while taking into account the cuvette path 281 

length (Weishaar et al., 2003).  Loss on ignition (LOI, 550°C for 4 hours) was performed on the 282 

soil samples to determine organic matter content. 283 

 284 

2.4 Statistical Analyses 285 

 Prior to all parametric statistical analyses, data were tested for normality (Shapiro-Wilk 286 

W test) and heteroscedasticity and were successfully log-transformed or inverse-transformed to 287 

achieve normality when parametric assumptions were not met.  All statistical tests were 288 

performed using SAS Version 9.2 with α < 0.05. 289 

A two-way analysis of variance (ANOVA) was performed to determine any significant 290 

influences of, and any significant interaction between both hydrological variables (antecedent 291 

soil moisture and precipitation input depth) on both tracer Hg and ambient THg outflow loads as 292 

well as the proportion of tracer Hg in relation to ambient THg.  A one-way ANOVA (with post-293 

hoc analysis using the Tukey adjustment) was conducted on the overall tracer Hg and ambient 294 

THg outflow loads to assess significant differences among treatment combinations.  A one-way 295 
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ANOVA with post-hoc Tukey test was performed in order to determine any significant 296 

differences in soil tracer 199Hg concentrations among treatments (including controls) for each of 297 

the five depths.  Correlation matrices were created using Pearson correlation coefficients in order 298 

to assess any significant relationships between the measured outflow variables, as well as 299 

between soil tracer Hg concentrations and organic matter.  The data for one replicate core in the 300 

low moisture-high input treatment and one replicate core in the low moisture-low input treatment 301 

were omitted from correlation matrices due to exceedingly high organic matter content in the 302 

surface layers resulting from an abundance of decomposing woody debris that could not be seen 303 

until cores were sectioned at the end of the study.  One replicate core in the high moisture-low 304 

input treatment was omitted from all analyses due to a lack of outflow production (from a 305 

blockage as a result of a large rock within the core).   306 

 307 

3 Results 308 

3.1 Tracer 
199
Hg and Ambient Hg Outflow Loads by Treatment Combinations 309 

 Overall, less than 0.5% (range of 0.03 – 0.38%) of the added 90 µg of the 199Hg tracer 310 

was present in the total outflow collected across all treatments combinations.  The highest tracer 311 

Hg outflow load occurred in the low soil moisture – high precipitation input experiments (mean 312 

total load = 341 ng; Table 2).  The low moisture-high precipitation outflow tracer Hg load was 313 

significantly greater than that of any of the other treatment combinations.  The second largest 314 

tracer Hg outflow load was observed in the low moisture-low precipitation experiments.  There 315 

was not a statistically significant difference between the tracer outflow loads resulting from the 316 

two high soil moisture treatments (high moisture-high precipitation and high moisture-low 317 

precipitation).  Both of these treatments were significantly less in outflow tracer Hg than those 318 

Page 14 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 15 of 38 
 

resulting from the low moisture treatments (p < 0.0001) regardless of the level of precipitation 319 

input (Table 2).  Similarly, the outflow tracer Hg loads resulting from the high input treatment 320 

significantly exceeded the corresponding low input treatment at each level of soil moisture (p = 321 

0.001).  The total ambient THg loads followed the same general pattern by treatment as the tracer 322 

Hg loads (Table 2).  However, the statistical significance of the outflow ambient THg differences 323 

among the treatment combinations was marginal (p = 0.07).      324 

 According to the two-way ANOVA results, both antecedent soil moisture (p < 0.0001) 325 

and precipitation input depth (p = 0.001) were significant controls on tracer Hg transport and 326 

mobility through soil.  The lack of interaction (p = 0.16) between these hydrological variables 327 

suggested that these controls on tracer Hg mobility acted independent of one another.  328 

Precipitation input depth did not exert a strong influence (p = 0.18) on the mobility of ambient 329 

THg.  The influence of antecedent soil moisture was marginal (close to statistical significance at 330 

p = 0.06).  331 

 The time course plots in Figure 2 present the data for a single representative core in each 332 

of the experimental combinations.  An average could not be adequately depicted due to slight 333 

differences in the timing of the outflow for each core, which temporally staggered the data, but 334 

the overall pattern in outflow was similar between replicates despite differences in the timing. 335 

The time course plots of the tracer Hg and ambient THg concentrations for each of the treatment 336 

combinations (Figure 2) illustrated a slight delay in the tracer Hg peak for the high soil moisture 337 

treatments (Figure 2b and 2d each showing one replicate per treatment), with tracer Hg 338 

concentrations peaking during the second to fourth 50 mL-interval outflow sample (15-45 339 

minutes lag) at a mean maximum concentration of 106 ± 27 ng L-1 (average ± standard 340 

deviation).  However, for the low moisture treatments, tracer Hg concentrations were highest in 341 
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the first collected 50 mL outflow sample (mean maximum 199Hg concentration = 939 ± 664 ng L-342 

1), decreasing with subsequent samples regardless of the precipitation depth (Figure 2a and 2c 343 

each showing one replicate per treatment).  Tracer isotope concentrations in outflow were 344 

considerably higher for the low moisture treatments than the high moisture treatments.  345 

 The first 50 mL sample was collected after 10 ± 3 minutes (average ± standard deviation) 346 

on average from the high antecedent moisture experiments and after 17 ± 13 minutes for the low 347 

moisture experiments.  The rate of outflow was relatively consistent throughout the course of the 348 

experiments, with an average overall outflow rate of 5.6 ± 1.0 mL min-1 for the high moisture 349 

soils and 5.0 ± 1.1 mL min-1 for the low moisture soils (Figure 2).  Overall, of the 393 mL of 350 

added precipitation for the low input treatments, 380 ± 39 mL for the low moisture-low 351 

precipitation experiments and 404 ± 23 mL for high moisture-low precipitation was recovered in 352 

outflow.  For the high input treatments, 745 ± 23 mL for the low moisture-high precipitation 353 

treatment and 787 ± 16 mL for high moisture-high precipitation of the 785 mL added as 354 

precipitation were collected.   355 

 356 

3.2 Proportion of Ambient vs. Tracer Hg in Outflow 357 

 Average ratios of tracer Hg to ambient THg outflow loads for each of the treatment 358 

combinations were calculated to assess the proportion of tracer Hg vs. ambient THg in outflow.  359 

All ratios were greater than one with the mean tracer Hg/ambient THg ratios for both the high 360 

moisture-high precipitation and high moisture-low precipitation treatments approximately 4 ± 1 361 

and 4 ± 0.2, respectively.  The ratio for low moisture-low precipitation was approximately 9 ± 4 362 

and the low moisture-high precipitation treatment had the highest ratio at 16 ± 6.  The tracer 363 

Hg/ambient THg ratio for the low moisture-high precipitation treatment was significantly greater 364 
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(p = 0.0069) than both of the high moisture treatments (high moisture-low precipitation and high 365 

moisture- high precipitation).  However, the ratio for this treatment was not statistically different 366 

from the low moisture-low precipitation ratio.     367 

 A two-way ANOVA of the tracer Hg/ambient THg ratio across treatment combinations 368 

revealed soil moisture to be a significant control on the proportion of tracer Hg mobilized 369 

expressed as a ratio over ambient Hg (p = 0.002).  Precipitation input depth exerted no 370 

significant influence (p = 0.26) on the proportion of tracer Hg present in the outflow runoff.    371 

 372 

3.3 Tracer and Ambient Hg Loads by Hydrological Factor 373 

 Under high soil moisture conditions the amount of both tracer and ambient Hg flushed 374 

from the soil was nearly doubled (~1.7 – 1.8X) however, only marginally significant for tracer 375 

Hg (p = 0.06) when the precipitation depth was doubled (Table 2).  With low moisture conditions 376 

nearly three times (~2.7X, p < 0.01) as much tracer Hg was mobilized in runoff with two times 377 

as much precipitation input whereas the amount of liberated ambient Hg remained nearly 378 

unchanged (~1.3X increase, p = 0.35). 379 

 With the high level of precipitation input, significantly more tracer Hg (~6X, p < 0.01) 380 

and approximately 1.5 times as much ambient Hg (p = 0.02) were flushed from the low moisture 381 

soil as compared to the soil with high antecedent moisture (Table 2).  Low soil moisture soil 382 

cores subjected to low levels of precipitation input mobilized significantly more tracer Hg (~4X, 383 

p < 0.001) and highly variable, but on average twice as much ambient Hg (p = 0.25) as compared 384 

to those under high antecedent moisture conditions. 385 

 386 
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3.4 Relationships among Outflow Solutes – Tracer 
199
Hg, Ambient Hg, TOC 387 

 A significant correlation (p < 0.0001) existed between the tracer Hg and ambient THg 388 

outflow concentrations with all samples included from all replicates within all experimental 389 

combinations (Figure 3a).  However, only the low soil moisture treatments, low moisture-low 390 

precipitation and low moisture-high precipitation, displayed significant correlations (p < 0.01 391 

and 0.0001, respectively) individually between the tracer Hg and ambient THg outflow 392 

concentrations (Figure 3b).  Neither of the high moisture treatments exhibited significant 393 

relationships between these two variables.    394 

 A similar trend was observed for the relationship between tracer Hg and TOC 395 

concentrations in outflow.  A significant, but weak correlation (p < 0.0001, R2 = 0.11) existed 396 

between these variables when considering all outflow samples across all treatments (Figure 3c).  397 

The strength of the relationships improved for each of the low moisture treatments individually 398 

(p < 0.01 for both low moisture-high precipitation (R2 = 0.23) and low moisture-low 399 

precipitation (R2 = 0.34)) (Figure 3d).  No significant relationship existed however between 400 

tracer Hg and TOC for either of the high soil moisture treatments.  For all treatments (overall 401 

(Figure 3e) and individually (Figure3f)), significant correlations were observed between the 402 

outflow concentrations of ambient THg and TOC (all p ≤ 0.01; see Figure 3 for Pearson 403 

correlation coefficients).   404 

Significant positive relationships (p < 0.0001) between the ratio of A254/A365 and both 405 

the outflow ambient THg concentrations and tracer Hg concentrations were observed when 406 

considering all treatment combinations (Supplementary Figure A-4).  However, only the high 407 

moisture-high input treatment exhibited a significant correlation individually.  A significant 408 

correlation between tracer Hg and A254/A365 was also observed for the high moisture-low input 409 
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treatment, but not for ambient THg and A254/A365.  No significant correlations were observed 410 

between either of the tracer or ambient Hg concentrations and SUVA at 254 nm. 411 

 412 

3.5 Soil Depth Profiles 413 

 The majority of the added tracer Hg was sorbed within the surface 0-3 cm sections of soil 414 

across all experimental combinations.  A similar trend in tracer Hg concentrations was observed 415 

across all treatments (Figure 4). There were no significant differences in tracer Hg concentrations 416 

when comparing the same soil depths (0-3, 3-6, 6-9, 9-12 and 12-15 cm) across all treatments 417 

including controls.  The soil tracer Hg concentrations were significantly positively correlated (p 418 

< 0.0001; R2 = 0.53) with the percentage of organic matter in the soil, as determined by loss on 419 

ignition.    420 

 421 

4 Discussion 422 

4.1 Hydrological Controls on Soil Mercury Mobility 423 

 Antecedent soil moisture and precipitation input depth were both instrumental in 424 

controlling tracer Hg mobility within the soil columns.  As there was no observed interaction 425 

between these factors, it can be concluded that these hydrological variables act independently of 426 

one another.  Ambient Hg was not significantly influenced by precipitation input.  However, soil 427 

moisture did play a marginally statistically significant role; one that we expect may be 428 

strengthened with further experimental replication.  The mobility of tracer Hg through soil and 429 

its presence in outflow was greatly enhanced by the depth of precipitation applied to the soil due 430 

to greater flushing.  Field studies investigating hydrological transport of Hg at the watershed and 431 

hillslope scales have similarly observed increased Hg fluxes as a result of high-flow rain events 432 
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and spring snowmelt but differences in Hg concentrations have often been small (e.g. Bishop et 433 

al., 1995; Haynes and Mitchell, 2012; Lee et al., 2000; Scherbatskoy et al., 1998).  Given the 434 

observation of flow-controlled Hg export from terrestrial environments, we investigated only the 435 

influence of the amount of precipitation a soil is subjected to rather than the intensity with which 436 

precipitation is delivered.  The effect of precipitation intensity on both tracer and ambient Hg 437 

mobility would be an important avenue for further study.  438 

 Although the use of intact soil cores allowed for the investigation of only vertical 439 

translocation of Hg through the soil profile, the results may also be used to infer hydrological 440 

controls on lateral transport of Hg for the study region.  The upland environment in the area is 441 

underlain by a low permeability B horizon which acts as a confining layer by directing 442 

subsurface runoff as shallow interflow, effectively creating a perched water table (Mitchell et al. 443 

2009).  During precipitation events, vertical infiltration to the perched water table is the first step 444 

in the process of runoff generation before subsurface flow is directed downslope by the confining 445 

layer.  Therefore, vertical translocation of Hg upon wetting up of the soil profile is important 446 

when considering Hg fluxes from upland environments to downstream systems.   447 

 The observed timing of tracer and ambient Hg release from these sandy loam soils is 448 

likely the result of simple piston flow (Rawlins et al. 1997).  The chemistry at the onset of 449 

outflow from the higher moisture soils would most likely be proportionally dominated by the 450 

movement of stored moisture and then replaced proportionally by the tracer added above it over 451 

time as the wetting front progressed downward through the core.  The fact that outflow ambient 452 

THg concentrations were highest initially and subsequently decreased upon further input and that 453 

outflow tracer THg concentrations were initially suppressed (Figure 2) support this.  Since soil 454 

moisture was already low in the low-moisture treatments, the movement of the wetting front 455 
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through the core length and the chemistry of its outflow were dominated by the tracer.  456 

Additionally, lag times between inputs and outflow were approximately twice as long for low 457 

moisture treatments but much more variable than for the higher moisture treatments.  Due to this 458 

higher variability in lag time and early timing in the tracer Hg outflow peak it is possible that 459 

preferential flowpaths directed the applied tracer through the soil core in some of our replicates.  460 

When sampling the soil of the low moisture treatments, preferential flow pathways (e.g., cracks) 461 

were observed based on the wetting patterns through the low moisture soil cores.  The observed 462 

piston flow mechanism responsible for the mobility of Hg through these sandy loam soil 463 

columns may not be the governing mechanism of Hg mobility in other soil types such as 464 

predominantly clay soil.  This may influence the manner and rate by which Hg is flushed through 465 

different soil types as preferential transport may be the more dominant mechanism in fine 466 

textured soils (Weiler and Naef 2003), for example, particularly under low moisture conditions 467 

when they are more prone to cracking.     468 

 The influence of antecedent soil moisture on the amount of 199Hg tracer present in 469 

outflow does not appear to be the result of dilution.  Of the low input treatments, the low 470 

moisture-low precipitation experiments yielded approximately four times as much 199Hg tracer in 471 

outflow than the high moisture-low precipitation experiments while for the high input treatments 472 

approximately six times as much tracer Hg was flushed from the low moisture-high precipitation 473 

than the high moisture-high precipitation experimental soils (Table 2).  Considering that the 474 

volume of water in the high moisture soils was approximately 1.8 times greater than that of the 475 

low moisture soils, there is no evidence that the tracer was diluted by soil water. 476 

Given the caveat that the one-time 199Hg application in this experiment was much greater 477 

than natural rates of atmospheric deposition, the applied tracer in this experiment may broadly 478 
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represent contemporary Hg stocks deposited in soil or potentially a point source spill or leak 479 

from a concentrated source.  The measured ambient soil and outflow water Hg may comparably 480 

be indicative of legacy Hg stocks.  If the applied tracer is representative of contemporary Hg, our 481 

results may suggest that together antecedent soil moisture and precipitation, whether it is rain or 482 

snowmelt, may be instrumental in controlling the provision of newly-deposited Hg to 483 

downstream wetlands and water bodies; known to be sites of Hg methylation (Mitchell et al., 484 

2008b).  Research under the METAALICUS project suggested that newly-deposited Hg was 485 

more readily volatilized and methylated than old, legacy Hg as well as initially more mobile 486 

following deposition (Hintelmann et al., 2002).  In the present study the proportion of tracer Hg 487 

as compared to ambient THg present in outflow runoff was significantly affected by soil 488 

moisture with more tracer Hg being flushed from low moisture soils.  However, precipitation 489 

input depth had no significant effect on the proportion of tracer vs. ambient Hg in runoff.  490 

Hydrological conditions such as antecedent soil moisture content are key to controlling the 491 

magnitude of tracer Hg in runoff, which if representative of contemporary Hg, may be more 492 

bioavailable for uptake by aquatic organisms.  Therefore, alterations to these hydrological factors 493 

may have deleterious downstream consequences on MeHg production and biotic uptake under 494 

potential climatic and other environmental changes.   495 

Increased frequency of water table fluctuations may affect Hg mobility and transport by 496 

both hydrological and biogeochemical processes.  Our results suggest that greater flushing of soil 497 

pores by high-flow events, particularly following periods of water table drawdown, may liberate 498 

more Hg to downstream environments.  The antecedent moisture condition of the soil may affect 499 

the partitioning of the Hg between the colloidal and dissolved fractions (although not explicitly 500 

investigated in this study) and therefore impact the phase of Hg mobilized following dry periods 501 
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as opposed to predominantly wet periods (Babiarz et al. 2003; Zhu et al. 2014).  We recognize 502 

that the amount of tracer Hg liberated may be minute in the field as compared to the amount of 503 

ambient Hg mobilized given our results following the addition of a high concentration of 199Hg 504 

stable isotope to the soil cores.  However, given the result of significant precipitation and 505 

particularly soil moisture controls on the mobility of tracer Hg, as well as marginally for ambient 506 

Hg, changes in hydrological conditions causing drier soils may have implications for the 507 

enhanced mobilization and transport of Hg to downstream aquatic ecosystems.  One potential 508 

limitation of the high level of tracer addition in this study may involve the exceedance of typical 509 

binding sites in the soil organic matter.  Reduced sulphur binding sites are the dominant sites of 510 

Hg sorption in organic matter and typically far exceed the amount of Hg available in natural 511 

systems (Ravichandran 2004).  These sites may have been exceeded, although the concentration 512 

of high quality binding sites in these soils is not known, due to the high concentration of tracer 513 

Hg applied to each core and therefore may have affected the phase partitioning of the mobilized 514 

Hg. 515 

 516 

4.2 Total Organic Carbon and Mercury Transport 517 

 Numerous field studies have observed Hg transport associated with that of dissolved 518 

organic carbon (e.g. Bishop et al., 1995; Dittman et al., 2010; Schuster et al., 2008).  The 519 

tendency of Hg to form complexes with organic matter (Driscoll et al., 1995; Schuster, 1991) 520 

may act in facilitating the preferential mobilization of Hg during high-flow events as a result of 521 

phase partitioning of the Hg into a more-readily mobilized phase.  The outflow concentrations of 522 

ambient THg were significantly correlated to those of TOC for all four experimental 523 

combinations; both individually and collectively.  Ambient Hg which has been in the soil for a 524 
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longer duration than the applied 199Hg tracer may have equilibrated with the dissolved organic 525 

matter over this period.  Through the formation of complexes with TOC, the mobility of ambient 526 

Hg may be enhanced regardless of the hydrological conditions of the soil.  The formation of 527 

TOC-Hg complexes may account for the similarity in the ambient THg-TOC relationships as 528 

well as the overall ambient Hg outflow loads across the four experimental combinations.   529 

 Complexation with TOC in soil may also be important when considering the mobility of 530 

newly-applied, tracer Hg.  Hintelmann et al. (2002) proposed that the initial mobile fraction of 531 

newly-deposited Hg flushed from the system during rain events was bound to DOC.  Similar 532 

laboratory studies have also found that the mobility of added Hg is facilitated by the 533 

complexation of Hg with dissolved organic matter (Schlüter, 1996).  In the present study we 534 

observed the outflow concentrations of tracer Hg to be significantly, albeit weakly, correlated to 535 

those of TOC and ambient THg only under low moisture conditions (Figure 3).  These 536 

observations suggest that tracer Hg is being mobilized from drier soils in a similar manner to that 537 

of ambient Hg.  Therefore tracer Hg may be mobilized as a result of complex formation with 538 

TOC.  The drier conditions of the low moisture soils may allow for more of the tracer to interact 539 

with the surface area of the organic matter, thereby facilitating greater TOC-tracer Hg complex 540 

formation.  The relationship between tracer Hg and TOC in outflow runoff may also account for 541 

the greater proportion of tracer Hg being mobilized under low moisture conditions as more tracer 542 

199Hg may be partitioned into the mobile, TOC-bound phase.  However, there was no significant 543 

relationship between tracer Hg and either of ambient THg or TOC for the soils under high 544 

moisture conditions.  Both high soil moisture experiments (high moisture-low precipitation and 545 

high moisture-high precipitation) exhibited significant positive correlations between the tracer 546 

Hg concentrations and the absorbance ratios (A254/A365), from which it can be inferred that the 547 
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tracer Hg was potentially associated with TOC of lower molecular weight.  It is therefore 548 

possible that the tracer Hg being flushed from wet soils may be in a different form than that from 549 

dry soils. The tracer Hg mobilized from low moisture soil may be found in the colloidal phase 550 

bound to TOC while that from high moisture soils may instead be in the true dissolved fraction.  551 

A study by Babiarz et al. (2003) provides evidence to suggest that the phase in which newly 552 

deposited Hg as compared to ambient Hg is transported may differ due to the quality of the 553 

carbon and its associated ligands.  This differential phase partitioning according to carbon quality 554 

in the colloidal and dissolved fractions may account for the observed differences in tracer and 555 

ambient Hg mobility.  Further study is required for a more detailed assessment of the molecular 556 

makeup of the carbon present in the dissolved and colloidal fractions of outflow (as no 557 

distinction between phases was made in this study) and its potential influences on the phase 558 

partitioning of mobilized Hg.  Future research could also focus upon the role of organic matter 559 

decomposition on the mobility of tracer and ambient Hg as this may also influence the 560 

partitioning of Hg into the mobile phase and the mobility of Hg through the soil profile as well as 561 

laterally to downstream ecosystems.    562 

 563 

4.3 Distribution of 
199
Hg Tracer in Soil Column 564 

 Overall, across all treatments, less than 0.5% of the added Hg tracer was observed in 565 

runoff with the majority being retained in the surface 3 cm section of soil.  This result is similar 566 

to that of the field study by Hintelmann et al. (2002), in which less than 1% of the added tracer 567 

appeared in runoff over the course of one season.  A significant portion of the newly-deposited 568 

Hg was rapidly immobilized by equilibrating with the native pool in both soil and vegetation 569 

(Hintelmann et al., 2002).  Following six years of tracer application at the same site as 570 
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Hintelmann et al. (2002) and one year after loading was ended, Oswald et al. (2014) were still 571 

able to observe approximately 22% of the mass of applied tracer in the top 15 cm of mineral soil, 572 

where concentrations decreased with increasing soil depth.  Similarly, in the present study, the 573 

vast majority of the 199Hg tracer was immobilized in the surface, organic horizons of the soil 574 

regardless of both the soil moisture and precipitation conditions.  The tracer Hg concentrations 575 

decreased rapidly downward with only negligible 199Hg tracer reaching the lower 9 cm of soil 576 

across all treatments.  The pattern of tracer Hg distribution throughout the soil profiles may be 577 

attributed to sorption to soil organic matter as these variables were significantly correlated.  578 

Similar soil column studies using an applied Hg tracer concluded that the majority of the added 579 

Hg was sorbed near the soil surface with no considerable vertical translocation through the soil 580 

(Schlüter, 1996; Semu et al., 1985).  It has been proposed that a large proportion of newly-581 

deposited Hg is not immediately mobile rather being initially bound to soil and vegetation 582 

(Hintelmann et al., 2002).  However, upon repeated flushing with multiple precipitation events 583 

following deposition, it is possible that the mobility of this new Hg pool may be altered as the 584 

hydrological conditions of the soil change.  A similar field investigation by Munthe et al. (2001) 585 

using an applied 199Hg tracer at the plot scale observed the isotope ratio of 202Hg/199Hg stabilized 586 

after a period of approximately three months.  During an initial rainstorm following the 587 

application of the tracer, Hintelmann et al. (2002) observed a significant decrease in runoff tracer 588 

concentrations which was not observed for native Hg and was sustained throughout the rest of 589 

the season.  Future research could focus on the potential effects of repeated precipitation events 590 

of varying magnitudes over soils of different antecedent moisture in a controlled manner in order 591 

to assess the mobility of an applied Hg tracer to such changes in soil hydrological conditions 592 
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over time.  The role of temperature in influencing the mobility and cycling of Hg is also an 593 

important factor to consider in future study.   594 

 595 

4.4 Conclusions and Implications 596 

 Both the antecedent moisture condition of the soil and the precipitation input depth are 597 

important controls on tracer Hg mobility in upland ecosystems.  Soil moisture exerts significant 598 

influence on the proportion of tracer Hg mobilized.  Overall, mercury mobility is enhanced as a 599 

result of high-flow events and from soils with low initial moisture content.  Piston flow appears 600 

to be the dominant process governing the mobilization of both tracer and ambient Hg through 601 

these upland sandy loam soil cores.  Preferential transport flowpaths and complex formation with 602 

solutes such as TOC may also be important in controlling Hg fluxes, particularly when these 603 

soils are dry.  Despite significant differences in Hg mobility according to hydrological 604 

treatments, the majority of added Hg was sorbed in the surface 3 cm of this sandy loam soil with 605 

less than 0.5% of 199Hg tracer appearing in runoff.  Given that this result was observed following 606 

the addition of a large amount of 199Hg tracer, we acknowledge that the potential magnitude of 607 

contemporary Hg mobilized in the field may be minimal given natural rates of atmospheric 608 

deposition.  However, this study does broaden our understanding of the influence of hydrological 609 

conditions; particularly soil moisture on Hg mobility.  610 

 The dependence of Hg transport on hydrological factors may be important when 611 

considering natural variability in hydrological processes (particularly during high-flow 612 

precipitation and spring snowmelt events) as well as the potential impacts of climate change on 613 

these processes.  Further research on Hg mobility and transport in upland ecosystems is 614 

warranted given the potential manifestation of changes in upland Hg export on downstream 615 
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processes such as Hg methylation in wetlands (Mitchell et al., 2009) and subsequent biotic 616 

uptake of MeHg; particularly during times of greatest Hg export such as spring snowmelt 617 

(Bishop et al., 1995; Lee et al., 2000; Mitchell et al., 2008a). 618 

 Performing studies of this nature at the scale of a soil column is an invaluable tool given 619 

the level of control and manipulation of key hydrological variables afforded by such a technique.  620 

The use of expandable spray foam insulation to encase intact soil cores allows for the 621 

preservation of soil structure without introducing wall effects or blockage of soil pores for 622 

hydrological purposes while also acting as a suitable material for use with an applied Hg tracer.  623 

Studies involving the use of undisturbed, intact soil cores also provide a more realistic and 624 

natural medium for investigation as opposed to an artificial or repacked soil.  Scaling results 625 

from the level of a soil core to that of a hillslope or watershed presents limitations and may 626 

provide an oversimplification of the processes that could potentially influence Hg mobility in 627 

natural systems.  However, studies at small scales such as this study provide valuable 628 

information and an important first step to a greater understanding of the processes involved at the 629 

hillslope or watershed scale.  Given the level of heterogeneity at the landscape scale, 630 

investigations such as this study at smaller scales facilitate the determination of the relative 631 

controls of hydrological processes on contaminant transport in the environment, and broaden our 632 

understanding of the level of small-scale spatial variability therein.    633 

 634 

5 Acknowledgements 635 

Funding was provided through a Natural Sciences and Engineering Research Council of Canada 636 

(NSERC) Discovery Grant and Great Lakes Air Deposition (GLAD) program grant to C.P.J.M. 637 

and a NSERC Canada Graduate Scholarship to K.M.H.  We would like to acknowledge the 638 

Page 28 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 29 of 38 
 

laboratory assistance of P. Huang and S. Dhal.  We also thank two anonymous reviewers for 639 

their constructive comments.   640 

 641 

6 Supporting Information 642 

An overview of a separate study that was conducted in order to test the feasibility of using foam-643 

encased soil cores for the study of hydrological and mercury (Hg) biogeochemical processes is 644 

described in the Supplementary Information. 645 

 646 

7 References 647 

Babiarz CL, Hurley JP, Krabbenhoft DP, Gilmour C, Branfireun BA. 2003. Application of 648 

ultrafiltration and stable isotopic amendments to field studies of mercury partitioning to 649 

filterable carbon in lake water and overland runoff. The Science of the Total Environment 650 

304 : 295-303. 651 

Bagarello V, Elrick DE, Iovino M, Sgroi A. 2006. A laboratory analysis of falling head 652 

infiltration procedures for estimating the hydraulic conductivity of soils. Geoderma. 135 : 653 

322-334. 654 

Bagarello V, Sgroi A. 2008. Testing Soil Encasing Materials for Measuring Hydraulic 655 

Conductivity of a Sandy-Loam Soil by the Cube Methods. Soil Sci. Soc. Am. J. 72 : 1048-656 

1057. DOI: 10.2136/sssaj2007.0022. 657 

Berggren M, Laudon H, Jansson M. 2007. Landscape Regulation of Bacterial Growth Efficiency 658 

in Boreal Freshwaters. Global Biogeochem. Cycles 21 : GB4002. DOI: 659 

10.1029/2006GB002844. 660 

Page 29 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 30 of 38 
 

Bishop K, Lee Y-H, Pettersson C, Allard B. 1995. Methylmercury Output from the Svartberget 661 

Catchment in Northern Sweden during Spring Flood. Water Air Soil Pollut. 80 : 445-454. 662 

Björn E, Larsson T, Lambertsson L, Skyllberg U, Frech W. 2007. Recent Advances in Mercury 663 

Speciation Analysis with Focus on Spectrometric Methods and Enriched Stable Isotope 664 

Applications. Ambio 36 : 443-451. 665 

Branfireun BA, Heyes A, Roulet NT. 1996. The Hydrology and Methylmercury Dynamics of a 666 

Precambrian Shield Headwater Peatland. Water Resour. Res. 32 : 1785-1794. 667 

Bushey JT, Driscoll CT, Mitchell MJ, Selvendiran P, Montesdeoca MR. 2008. Mercury transport 668 

in response to storm events from a northern forest landscape, Hydrol. Processes 22 : 4813–669 

4826. 670 

Cameron KC, Harrison DF, Smith NP, McLay CDA. 1990. A method to prevent edge-flow in 671 

undisturbed soil cores and lysimeters. Australian Journal of Soil Research. 28 : 879-886. 672 

DOI: 10.1071/SR9900879. 673 

Czuba CR, Fallon JD, Kessler EW. 2012. Floods of June 2012 in northeastern Minnesota: U.S. 674 

Geological Survey Scientific Investigations Report 2012-5283, 42 p. with 3 app. 675 

Demers JD, Driscoll CT, Shanley JB. 2010. Mercury Mobilization and Episodic Stream 676 

Acidification during Snowmelt: Role of Hydrologic Flow Paths, Source Areas, and Supply 677 

of Dissolved Organic Carbon. Water Resour. Res. 46 : W01511. DOI: 678 

10.1029/2008WR007021. 679 

Dittman JA, Shanley JB, Driscoll CT, Aiken GR, Chalmers AT, Towse JE, Selvendiran P. 2010. 680 

Mercury Dynamics in Relation to Dissolved Organic Carbon Concentration and Quality 681 

During High Flow Events in Three Northeastern U.S. Streams. Water Resour. Res. 46 : 682 

W07522. DOI: 10.1029/2009WR008351. 683 

Page 30 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 31 of 38 
 

Driscoll CT, Blette V, Yan C, Schofield CL, Munson R, Holsapple J. 1995. The Role of 684 

Dissolved Organic Carbon in the Chemistry and Bioavailability of Mercury in Remote 685 

Adirondack Lakes. Water Air Soil Pollut. 80 : 499-508. 686 

Driscoll CT, Han Y-J, Chen CY, Evers DC, Lambert KF, Holsen TM, Kamman NC, Munson 687 

RK. 2007. Mercury Contamination in Forest and Freshwater Ecosystems in the 688 

Northeastern United States. BioScience 57 : 17-28.  689 

Fitzgerald WF, Engstrom DR, Mason RP, Nater EA. 1998. The Case for Atmospheric Mercury 690 

Contamination in Remote Areas. Environ. Sci. Technol. 32 : 1-7. 691 

Gabriel MC, Williamson DG. 2004. Principal Biogeochemical Factors Affecting the Speciation 692 

and Transport of Mercury through the Terrestrial Environment. Environ. Geochem. Health 693 

26 : 421-434. 694 

Grigal DF. 2003. Mercury Sequestration in Forests and Peatlands: A Review. J. Environ. Qual. 695 

32 : 393-405. 696 

Harris RC, Rudd JWM, Amyot M, Babiarz CL, Beaty KG, Blanchfield PJ, et al. 2007. Whole-697 

ecosystem Study Shows Rapid Fish-mercury Response to Changes in Mercury Deposition. 698 

PNAS 104 : 16586-16591. 699 

Haynes KM, Mitchell CPJ. 2012. Inter-annual and Spatial Variability in Hillslope Runoff and 700 

Mercury Flux during Spring Snowmelt. J. Environ. Monit. 14 : 2083-2091. DOI: 701 

10.1039/C2EM30267E. 702 

Hintelmann H, Harris R, Heyes A, Hurley JP, Kelly CA, Krabbenhoft DP, Lindberg S, Rudd 703 

JWM, Scott KJ, St. Louis VL. 2002. Reactivity and Mobility of New and Old Mercury 704 

Deposition in a Boreal Forest Ecosystem during the First Year of the METAALICUS 705 

Study. Environ. Sci. Technol. 36 : 5034-5040. 706 

Page 31 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 32 of 38 
 

Hintelmann H, Ogrinc N. 2003. Determination of Stable Mercury Isotopes by ICP/MS and Their 707 

Application in Environmental Studies. In: Cai Y, Braids CO. (eds) Biogeochemistry of 708 

environmentally important trace elements. ACS Symp. Ser. Vol. 835, Washington, DC, p. 709 

321-338. 710 

Hoag RS, Price JS. 1997. The effects of matrix diffusion on solute transport and retardation in 711 

undisturbed peat in laboratory columns. Journal of Contaminant Hydrology. 28 : 193-205. 712 

Kim Y-J, Steenhuis TS, Nam K. 2008. Movement of Heavy Metals in Soil through Preferential 713 

Flow Paths under Differential Rainfall Intensities. Clean 36 : 984-989. 714 

Kolka RK, Sebestyen SD, Verry ES, Brooks KN. (eds.) 2011. Peatland Biogeochemistry and 715 

Watershed Hydrology at the Marcell Experimental Forest. CRC Press Taylor & Francis 716 

Group: Boca Raton. 717 

Lee YH, Bishop KH, Munthe J. 2000. Do Concepts About Catchment Cycling of Methylmercury 718 

and Mercury in Boreal Catchments Stand the Test of Time?  Six Years of Atmospheric 719 

Inputs and Runoff Export at Svartberget, Northern Sweden. Sci. Total Environ. 260 : 11-720 

20. 721 

Mergler D, Anderson HA, Chan LHM, Mahaffey KR, Murray M, Sakamoto M, Stern AH. 2007. 722 

Methylmercury Exposure and Health Effects in Humans: A Worldwide Concern. Ambio 36 723 

: 3-11. 724 

Miretszky P, Bisinoti MC, Jardim WF. 2005. Sorption of mercury (II) in Amazon soils from 725 

column studies. Chemosphere 60 : 1583-1589. 726 

Mitchell CPJ, Branfireun BA, Kolka RK. 2008a. Total Mercury and Methylmercury Dynamics 727 

in Upland-Peatland Watersheds during Snowmelt. Biogeochemistry 90 : 225-241. DOI: 728 

10.1007/s10533-008-9246-z. 729 

Page 32 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 33 of 38 
 

Mitchell CPJ, Branfireun BA, Kolka RK. 2008b. Spatial Characteristics of Net Methylmercury 730 

Production Hot Spots in Peatlands. Environ. Sci. Technol. 42 : 1010-1016.  731 

Mitchell CPJ, Branfireun BA, Kolka RK. 2009. Methylmercury Dynamics at the Upland-732 

Peatland Interface: Topographic and Hydrogeochemical Controls. Water Resour. Res. 45 : 733 

W02406. DOI: 10.1029/2008WR006832. 734 

Munthe J, Lyvén B, Parkman H, Lee Y-H, Iverfeldt Å, Haraldsson C, Verta M, Porvari P. 2001. 735 

Mobility and Methylation of Mercury in Forest Soils: Development of an In-Situ Stable 736 

Isotope Tracer Technique and Initial Results. Water Air Soil Pollut.: Focus 1 : 385-393. 737 

National Atmospheric Deposition Program Mercury Deposition Network, 2014, 738 

http://nadp.sws.uiuc.edu/data/MDN/annual.aspx, accessed 18 December 2014. 739 

Oswald CJ, Branfireun BA. 2014. Antecedent moisture conditions control mercury and dissolved 740 

organic carbon concentration dynamics in a boreal headwater catchment. Water Resour. 741 

Res. 50 : 6610-6627. DOI:10.1002/2013WR014736. 742 

Oswald CJ, Heyes A, Branfireun BA. 2014. Fate and transport of ambient mercury and applied 743 

mercury isotope in terrestrial upland soils: Insights from the METAALICUS watershed.  744 

Environ. Sci. Technol. 48 : 1023–1031, DOI:10.1021/es404260f. 745 

Phillips IR. 2001. Nitrogen and Phosphorus Transport in Soil Using Simulated Waterlogged 746 

Conditions.  Commun. Soil Sci. Plant Anal. 32 : 821-842. 747 

Phillips I, Burton E. 2005. Nutrient Leaching in Undisturbed Cores of an Acidic Sandy Podosol 748 

Following Simultaneous Potassium Chloride and Di-ammonium Phosphate Application. 749 

Nutrient Cycling in Agroecosystems 73 : 1-14. DOI: 10.1007/s10705-005-6080-8. 750 

Ravichandran M. 2004. Interactions between mercury and dissolved organic matter – a review. 751 

 Chemosphere 55 : 319-331. 752 

Page 33 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 34 of 38 
 

Rawlins BG, Baird AJ, Trudgill ST, Hornung M. 1997. Absence of preferential flow in the 753 

percolating waters of a coniferous forest soil. Hydrological Processes 11 : 575-585. 754 

Reinmann AB, Templer PH, Campbell JL. 2012. Severe Soil Frost Reduce Losses of Carbon and 755 

Nitrogen from the Forest Floor during Simulated Snowmelt: A Laboratory Experiment. 756 

Soil Biol. Biochem. 44 : 65-74. 757 

Scherbatskoy T, Shanley JB, Keeler GJ. 1998. Factors Controlling Mercury Transport in an 758 

Upland Forested Catchment. Water Air Soil Pollut. 105 : 427-438. 759 

Scheuhammer AM, Meyer MW, Sandheinrich MB, Murray MW. 2007. Effects of 760 

Environmental Methylmercury on the Health of Wild Birds, Mammals and Fish. Ambio 36 761 

: 12-18. 762 

Schlüter K. 1996. Translocation of 203Hg Labelled HgCl2 and CH3HgCl in an Iron-Humus Podzol 763 

Studied by Radio-analytical Techniques. Z. Pflanzenernähr. Bodenk. 159 : 215-226. 764 

Schlüter, K., Alstad, J., Seip, H.M. 1995. Mercury Translocation in and Evaporation from Soil. I. 765 

Soil Lysimeter Experiments with 203Hg-Radiolabeled Compounds. Journal of Soil 766 

Contamination, 4, 327-353. 767 

Schuster E. 1991. The Behaviour of Mercury in the Soil with Special Emphasis on Complexation 768 

and Adsorption Processes – A Review of the Literature. Water Air Soil Pollut. 56 : 667-769 

680. 770 

Schuster PF, Shanley JB, Marvin-Dipasquale M, Reddy MM, Aiken GR, Roth DA, Taylor HE, 771 

Krabbenhoft DP, DeWild JF. 2008. Mercury and Organic Carbon Dynamics during Runoff 772 

Episodes from a Northeastern USA Watershed. Water Air Soil Pollut. 187 : 89-108. DOI: 773 

10.1007/s11270-007-9500-3. 774 

Page 34 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 35 of 38 
 

Semu E, Singh BR, Steenberg K, Selmer-Olsen AR. 1985. Mobility of 203Hg-Labelled Mercuric 775 

Chloride in Soil Columns. Acta. Agric. Scand. 35 : 129-135. 776 

Sigua GC, Isensee AR, Sadeghi AM. 1993. Influence of rainfall intensity and crop residue on 777 

leaching of atrazine through intact no-till soil cores. Soil Sci. 156 : 225-232. 778 

Sunderland EM, Mason RP. 2007. Human impacts on open ocean mercury concentrations. 779 

Global Biogeochemical Cycles. 21 : GB4022. DOI: 10.1029/2006GB002876. 780 

Timmons DR, Verry ES, Burwell RE, Holt RF. 1977. Nutrient transport in surface runoff and 781 

interflow from an aspen-birch forest.  J. Environ. Qual. 6 : 188–192. 782 

Vanderborght J, Ghäwiler P, Flühler H. 2002. Identification of Transport Processes in 783 

 Soil Cores using Fluorescent Tracers. Soil Science Society of America Journal 66 : 774- 784 

 787. 785 

Vendelboe AL, Moldrup P, Heckrath G, Jin Y, Wollesen de Jonge L. 2011. Colloid and 786 

Phosphorus Leaching from Undisturbed Soil Cores Sampled Along a Natural Clay 787 

Gradient. Soil Sci. 176 : 399-406. DOI: 10.1097/SS.0b013e31822391bc. 788 

Weed DAJ, Kanwar RS, Cambardella C, Moorman TB. 1998. Alachlor Dissipation in Shallow 789 

Cropland Soil. Journal of Environmental Quality 27 : 767-776. 790 

Weiler M, Naef F. 2003. An experimental tracer study of the role of macropores in infiltration in 791 

grassland soils. Hydrological Processes 17 : 477-493. 792 

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R, Mopper K. 2003. Evaluation of 793 

Specific Ultraviolet Absorbance as an Indicator of the Chemical Composition and 794 

Reactivity of Dissolved Organic Carbon. Environ. Sci. Technol. 37 : 4702-4708. 795 

Yin Y, Allen HE, Huang CP, Sanders PF. 1997. Adsorption/Desorption Isotherms of Hg(II) by 796 

Soil. Soil Science 162 : 35-45. 797 

Page 35 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 36 of 38 
 

Zhu Y, Ma LQ, Dong X, Harris WG, Bonzongo JC, Han F. 2014. Ionic strength reduction and 798 

flow interruption enhanced colloid-facilitated Hg transport in contaminated soils. Journal 799 

of Hazardous Materials 264 : 286-292. 800 

  801 

Page 36 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

Page 37 of 38 
 

Table 1  Full factorial design with snowmelt input and antecedent soil moisture as the 802 

experimental variables; 3 replicate soil cores per treatment combination.  Low and high treatment 803 

levels are summarized below. 804 

 805 

  SNOWMELT INPUT 

  LOW HIGH NO INPUT/CONTROL 

ANTECEDENT 
SOIL 

MOISTURE 

LOW 

HIGH 

n = 3 

n = 3 

n = 3 

n = 3 

n = 3 

n = 3 

Antecedent Soil Moisture: 

Low: similar to 65 mm available soil water in surface 
45 cm soil, observed prior to winter 2010 

High: field capacity 

Snowmelt Input: 

Low: 50 mm (spring 2010 snowpack 
SWE) 

High: 100 mm (spring 2011 snowpack 
SWE) 

 806 

  807 
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Table 2 Tracer total 199Hg and ambient THg outflow loads (ng) for all hydrological treatment 808 

combinations.  Lower-case letter superscripts represent significant differences for tracer (total 809 

199Hg). 810 

 811 

Treatment Tracer THg Load (ng) Ambient THg Load (ng) * 

Low Moisture – Low Input 

High Moisture – Low Input 

High Moisture – High Input 

Low Moisture – High Input 

127 ± 12 a 

31 ± 0.8 b 

55 ± 14 b 

341 ± 100 c 

17 ± 11 

7.9 ± 0.5 

14 ± 1 

22 ± 4 

a,b,c denote significant differences in tracer THg outflow loads among treatments 812 
* No significant differences in ambient THg outflow loads among treatments 813 

Page 38 of 42

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

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



For Peer Review

  

 

 

Figure 1 Depiction of procedure for experiments: a.) Following alteration of soil moisture, 199Hg isotope (as 
199HgCl) applied to soil surface with Teflon sieve.  b.) Immediately after isotope addition, foam-encased core 

secured to ring stand above acid-washed glass funnel.  Precipitation input delivered to soil surface via 

peristaltic pump and rainfall simulator.  
343x258mm (72 x 72 DPI)  
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Figure 2 Time course plots of tracer Hg and ambient THg concentrations as well as outflow rates for each of 
the four treatment combinations.  One replicate, representative core was selected from each treatment.  

167x103mm (300 x 300 DPI)  
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Figure 3 Scatterplots of correlations between outflow variables: a) tracer (total 199Hg) concentrations vs. 
ambient THg concentrations including all treatments, b) tracer Hg vs. ambient with treatments designated, 

c) tracer Hg concentrations vs. DOC concentrations including all treatments, d) tracer Hg vs. DOC with 
treatments designated, e) ambient THg concentrations vs. DOC concentrations including all treatments, and 

f) ambient THg vs. DOC with treatments designated. *denote significant correlations.  
144x74mm (300 x 300 DPI)  
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Figure 4 Soil depth profiles of tracer (total 199Hg) concentrations (ng g-1) for all treatment combinations 
including moisture controls: a) Low Moisture Control, b) High Moisture Control, c) Low Moisture Low Input, 
d) High Moisture Low Input, e) Low Moisture High Input, and f) High Moisture High Input.  Error bars 

represent standard deviation of the three replicates per treatment.  
133x84mm (300 x 300 DPI)  
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