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Abstract

Wildman RA. 2016. Mercury and methylmercury in a reservoir during seasonal variation in hydrology and circulation.
Lake Reserv Manage. 32:89–100.

This study explored the effect of seasonally varying inflow hydrology and circulation on total mercury (Hg)
and methylmercury (MeHg) in the water column of a warm, temperate reservoir. The study site in Grand Lake,
Oklahoma, is >80 km long and usually 36 m deep at its dam. During this study, aside from 2 large, storm-driven
springtime events, drought caused low inflows. During maximal summer stratification, the surface mixed layer
was 8–11 m thick, water below was anoxic, and inflows entered as an interflow. Total Hg in filtered samples was
<4 ng/L with an interquartile range of 0.27–0.96 ng/L. Highest concentrations occurred in spring and summer, and
lowest concentrations followed overturn. In filtered samples, MeHg was ≤0.62 ng/L with an interquartile range of
0.01–0.08 ng/L. Highest concentrations of MeHg occurred in some large inflows and in anoxic summertime bottom
water in specific locations where total suspended sediment was also elevated. During this study, Hg concentrations
in Grand Lake were driven by inflow hydrology when inflows were high. During low inflows, biogeochemistry
controlled the enrichment of MeHg in specific locations of the anoxic bottom water and sequestered both Hg species
in autumn. This sequestration suggests that Grand Lake decreases watershed-derived Hg pollution downstream.
Occurrence of elevated Hg and MeHg concentrations primarily in large inflows and anoxic bottom water suggests
that exposure of biota to Hg species is greatest when floods enter the reservoir because Hg enrichment in deep,
anoxic water does not coincide with the habitat of most fauna.

Key words: Grand Lake, Oklahoma, hydrology, methylmercury, mercury, reservoir circulation

Mercury (Hg) contamination is widespread in terrestrial and
aquatic ecosystems due to atmospheric deposition (Morel
et al. 1998). The methylation of inorganic, oxidized, dis-
solved mercury, Hg(II)(aq), promotes bioaccumulation of
this potent neurotoxin (e.g., Mason et al. 1995) and subse-
quent contamination of food supplies (e.g., Chevalier et al.
1997). Consequently, accumulation of aqueous methylmer-
cury, MeHg(aq), in pelagic waters and biota has been studied
thoroughly. In lakes without point-source inputs of Hg(II),
methylation in anoxic sediment and subsequent diffusion
to the water column can enhance water-column MeHg(aq)
concentrations (Sellers et al. 2001). Inundation of shore-
line regions in lakes (Selch et al. 2007) and reservoirs
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(Patterson et al. 1998, Sorensen et al. 2005, Mast and
Krabbenhoft 2010) also promotes methylation due to com-
paratively low oxygen conditions in flooded shoreline soils.
Additionally, methylation has been observed in anoxic hy-
polimnia of stratified lakes (Watras et al. 1995, 2005, Eckley
and Hintelman 2006).

These previous studies occurred in waterbodies where bio-
geochemical processes, not horizontal advection, influence
anoxia or Hg transport. However, moderately sized or large
reservoirs tend to be constructed on sizeable rivers that
can influence advection in these reservoirs through vari-
able inflow hydrology and resulting effects on circulation.
For example, rivers draining extensively cultivated land ex-
hibit rapid departures from and returns to base flow when
storms occur and thus will alter residence time (RT) of wa-
ter in their reservoirs significantly over a year, especially if
they are minimally regulated (Kalff 2002). Rivers also sup-
ply reservoirs with sediment loads that vary in volume and
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depositional location as flow rate varies (Thornton 1990).
Moreover, inflows from major tributaries in sizeable reser-
voirs often plunge to depths that vary seasonally depending
on inflow density, limnetic density profiles, and stratifica-
tion (Johnson and Merritt 1979). In temperate latitudes,
rivers with temperatures not influenced by snow can cre-
ate overflow and underflow currents in spring and autumn,
respectively (Johnson and Merritt 1979). Such longitudinal
circulation affects RT at specific depths and can combine
with vertical circulation to drive dissolved oxygen (DO) dy-
namics (LaBounty and Burns 2007, Marcé et al. 2008) or nu-
trient transport (Matzinger et al. 2007, Baldwin et al. 2008).
Although variations in RT and DO can affect Hg chemistry
(e.g., Eckley and Hintelman 2006), previous work has not
studied whether reservoirs with notable inflow hydrology
or circulation patterns show the same Hg transformation
and transport as do natural lakes affected mainly by vertical
circulation.

This research examined the seasonal variation of water-
column Hg and MeHg concentrations across Grand Lake,
Oklahoma. In addition to characterizing the spatiotemporal
variation of these chemicals, this study sought to explore the
influences of 2 independent variables: river inflows, which
could be expected to increase in winter and spring following
storms and decrease to base flow in summer and autumn;
and reservoir circulation, which was expected to typify that
of a warm temperate lake while also including a spring and
summer overflow current from large tributaries. This study
assessed 2 main hypotheses. First, summertime isolation of
bottom water from the atmosphere due to low flows, strat-
ification, and overflow currents leads to the highest yearly
concentrations of Hg and MeHg because these hydrologic
and limnologic conditions favor anoxia in bottom waters
and because anoxia promotes enrichment of Hg species
and conversion of water-column Hg to MeHg. Second, ele-
vated inflows and vertically mixed conditions during winter
and spring lead to decreased concentrations of Hg species
because of decreased RT and flushing of accumulated Hg
species out of the reservoir.

This study focused on Grand Lake because this moderate-
sized, eutrophic reservoir receives nutrient pollution that
makes summertime hypolimnetic anoxia probable (OWRB
2007). Furthermore, non-negligible Hg concentrations could
be expected because 4 coal-fired power plants, which are
known to emit Hg, are located ≤100 km away (US EIA
2013, US EPA 2013), and a substantial fraction of local at-
mospheric emissions are deposited near point sources due
to the short atmospheric residence time of Hg(II)(g) (Selin
2009). Finally, this reservoir is a major recreational fishery
where fish consumption by local anglers accounts for the
majority of their dietary Hg exposure (Dong et al. 2015), so
understanding Hg dynamics in Grand Lake aids understand-
ing risks of human exposure.

Figure 1. Grand Lake and its general location in Oklahoma and the
United States. Arrows indicate direction of water flow from major
tributaries Neosho River (NR), Spring River (SR), and Elk River
(ER) and minor tributaries Buffalo Creek (BC) and Honey Creek
(HC) through the reservoir and into Grand River (GR). Circles
indicate locations where vertical profiles of temperature, specific
conductance, and dissolved oxygen were collected. Red circles
indicate where water samples were collected in addition to vertical
profiles.

Study area
Grand Lake is formed by Pensacola Dam (Fig. 1). It is
fed primarily by the Neosho River and the Spring River in
northeast Oklahoma, which enter from the northwest and
north, respectively, and the Elk River, which enters from the
east ∼25 km downstream of the confluence of the Neosho
River and the Spring River. Together, these and the minor
tributaries of the reservoir drain a 26,700 km2 watershed (US
ACE 2015a). Before it was submerged, the confluence of the
Neosho River and the Spring River formed the Grand River,
which is now considered to originate from the dam. Grand
Lake is >80 km long, usually 36 m deep at the dam (depth at
the dam ranges from 35 m during management drawdowns
to 39 m during floods) and 12 m deep where the Elk River
arm meets the thalweg. Water level varies <1 m throughout
the year except when the reservoir detains floodwater, which
induces increased releases via dam spillways during and
following flood events until the water level is back to pre-
flood levels. Except when detaining floodwater, the volume
of the reservoir is 1900–2000 gigaliters (GL). Upstream,
only the Neosho River is regulated. On this river, the flood
control pool of John Redmond Lake in Kansas stores up

90



Circulation and mercury in a reservoir

to 9% of the annual flow of the Grand River by regulating
flow in 29% of the Grand Lake watershed (US ACE 2015b).
This minimal regulation of Grand Lake tributaries leads to
large variations in inflows to Grand Lake. Penstocks of the
dam, which are used for all releases except during floods, are
4 m tall screened openings centered 16 m below the water
surface and located at the southwestern end of the dam.

Methods
Water measurements and sample collection

Volumetric flow data for the Grand River and 5 gauged tribu-
taries of Grand Lake, the Neosho River, the Spring River, the
Elk River, Honey Creek, and Buffalo Creek, were retrieved
from the US Geological Survey (2013) for 1 December 2000
until 30 November 2011. Water levels of Grand Lake were
downloaded from the US ACE (2015a) for 1 December 2010
until 30 November 2011.

Vertical profiles of temperature (T), specific conductance
(SC), and DO were measured with a Hydrolab MS5 multipa-
rameter sonde (Hach, Loveland, CO) at 1 m depth intervals
during sampling excursions on 8–11 December in 2010 and
25 February–3 March, 4–11 May, 11–19 August, and 16–17
November in 2011. Single-cast profiles were collected at 13
locations in the thalweg of Grand Lake, the Neosho River,
the Spring River, and the Grand River <500 m below the
dam (Fig. 1, Supplementary Table S1). During each excur-
sion, T and SC were measured at the Elk River, Buffalo
Creek, and Honey Creek (Fig. 1); these shallow, turbulently
flowing creeks were assumed to be oxic at all times. To-
tal suspended sediment (TSS) was measured in water sam-
ples during excursions from February to November. Water
samples for TSS and other analytes (discussed later) were
collected at 4–5 thalweg locations and each inflow/outflow
location during each excursion. At each location, samples
were collected at 1–4 depths that always included the sur-
face mixed layer (SML) and, if ≥2 samples were collected,
a deep sample <1 m from the sediment–water interface
(SWI). Samples were pumped through silicone tubing and
collected in Teflon bottles cleaned with 5% trace-metal grade
hydrochloric acid in a class-100 clean bench and stored with
dilute acid solution until the start of the sampling excursion.
Bottles were always kept in 2 resealable plastic bags in
a dark cooler; they were handled using clean-hands-dirty-
hands techniques. Water samples were filtered either within
24 h in a class-100 clean bench (Dec–May) or immediately
inline (Aug–Nov) through acid-washed 0.45 µm polyether-
sulfone membranes. They were then acidified with trace-
metal-grade hydrochloric acid within 24 h. Field blanks and
occasional field duplicates verified the low background con-
centrations of analytes and reproducibility of field protocols.

Sample analysis

Two analytical methods of Hg species were used. First, for
samples collected in December 2010, samples were ana-
lyzed by the author for total mercury and monomethylmer-
cury in filtered water (HgTf and MeHgf, respectively) by
methods described elsewhere (Balcom et al. 2008, Ham-
merschmidt and Fitzgerald 2010). Sample collection did not
permit measurement of particulate Hg species. For HgTf,
water samples were digested with bromine monochloride
and reduced with stannous chloride before quantification by
gold-amalgamation cold-vapor atomic fluorescence spec-
troscopy (CVAFS). The detection limit for this method was
20 pg HgT/L (calculated as 3 times the standard deviation
of matrix spike replicates; Balcom et al. 2008), and the ex-
panded analytical uncertainty was 20 pg HgT/L (calculated
by multiplying the standard deviation of matrix spike repli-
cates by 3.2, after Ellison and Williams 2012). MeHgf sam-
ples were measured using a similar purge-and-trap method
after direct ethylation with sodium tetraethylborate (Ham-
merschmidt and Fitzgerald 2010). This method detection
limit was 20 pg MeHg/L and the expanded analytical un-
certainty was 20 pg MeHg/L. In both of these analyses,
method blanks and matrix spikes (of Hg2+ and MeHg,
respectively) assured analytical quality. Matrix spikes in-
volved adding a solution diluted from a certified stock so-
lution to both distilled water and previously digested, re-
duced, and purged Grand Lake water. In each case, analyses
of samples did not occur until method blanks were repeat-
edly below detection limits and matrix spikes returned con-
centrations within 5% of stated concentrations. Measure-
ments were calibrated with a calibration curve created with
Hg0(g) that had volatilized from ACS-grade Hg(l) in a closed
vessel.

The second analytical method, used for samples from 2011,
involved sending samples away to The Trace Element Anal-
ysis Laboratory of the Dartmouth College Toxic Metals Su-
perfund Research Program. There, samples were analyzed
for Hg(II)f and MeHgf by a purge-and-trap procedure and in-
ductively coupled plasma mass spectrometry (ICP-MS) fol-
lowing Taylor et al. (2011). The reported detection limit for
this method was 3 pg/L, which is also taken as the expanded
analytical uncertainty. This method used an internal stan-
dard that ensured matrix effects did not bias reported con-
centrations. Although this method is optimized for MeHgf,
its usefulness for Hg(II)f was verified by demonstrating a
linear relationship between the sum of MeHgf and Hg(II)f

measured by ICP-MS and HgTf measured by CVAFS in
56 samples collected across 3 sampling excursions. Thus,
for samples collected in 2011, HgTf is reported here as the
sum of the 2 ICP-MS measurements because the internal
standard used in this method increased reliability of these
data.
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Data summarization and analysis

Elemental fluxes were calculated for each sampling excur-
sion by multiplying the average flow of days when sampling
occurred by the concentrations of HgTf and MeHgf mea-
sured in samples collected from tributaries and the Grand
River below the dam. When concentrations were below de-
tection limit (BDL), half the detection limit was used for the
summation of tributary inputs that enabled this calculation.
The analytical uncertainties for the Hg species measure-
ments were carried through this calculation to determine an
uncertainty for calculated fluxes. These uncertainties varied
due to varying river flow rates.

Contour plots for circulation parameters (i.e., T and SC)
and trace-metal analytes were created from measurements
at discrete depths and distances from the dam using Tec-
plot 360, which interpolates using a triangulation algorithm
(Tecplot, Inc., Bellevue, WA). For Hg species, it was nec-
essary to interpolate vertically using linear modeling based
on circulation parameters before allowing Tecplot to inter-
polate longitudinally between sampling locations. Vertical
interpolation was not necessary for T, SC, or DO because
these were measured at regular depth intervals (usually 1 m).
Creation of contour plots used all available data.

Differences in concentrations of Hg species between differ-
ent groups of samples (e.g., those from separate sampling
excursions, which occur during different inflow rates, those
at different depths, those from different parts of the reservoir,
or those with different DO concentrations) were evaluated
through a series of ANOVA analyses and Student’s t-tests.
Linear regression was used to assess the suitability of TSS
as a predictor variable for concentrations of Hg species and
the suitability of HgTf as a predictor for MeHgf. The ratio of
MeHgf to HgTf, which has been used to examine methyla-
tion activities in other studies (e.g., Suchanek et al. 2008a),
was calculated, expressed as a percentage, and analyzed by
ANOVA to determine its relationship to sampling excursion
and depth.

Results
Temperature, specific conductance, and
dissolved oxygen

In December 2010, the reservoir was vertically mixed,
oxygenated, and warmer near the dam (SC in Fig. 2; T
ranged longitudinally from 5–12 C, Supplementary Fig.
S1; DO >8 mg/L, Supplementary Fig. S2). During the
February–March excursion, longitudinal variation in SC
(Fig. 2), which is generally decreased in floodwater (Pel-
lerin et al. 2007, Schemel and Cox 2007), indicated that
floodwater (described later) reached to a point 45 km up-

Figure 2. Contour plots of specific conductance (SC, expressed in
µS/cm) measured in Grand Lake during this study. Vertical dashed
lines indicate the locations where profiles were measured. Values
in boxes connected to the reservoir by arrows indicate (from left to
right) specific conductance in the Grand River leaving the dam, the
Elk River 10 km upstream of the reservoir and 25 km upstream of
the reservoir main channel, and the flow-weighted average of the
Neosho and Spring rivers (measured 35 and 30 km upstream of
the region depicted on the contour plot, respectively) to the main
channel of the reservoir. The color bar at bottom applies to all
panels.

stream of the dam (stream locations henceforth referred to
as “km-x”) during that sampling excursion. The water col-
umn was well-mixed and oxygenated (Supplementary Fig.
S1 and S2).

Stratification was observed in May; near the dam, T de-
creased <1 C from a surface water T of 15.4 C in a surface
mixed layer that extended to 28 m, and then it decreased
rapidly and nearly linearly to a minimum of 11.6 C at the
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Table 1. Average daily inflow and outflow statistics (in m3/s) during this study.

Neosho R. Spring R. Elk R. all inflows Grand R.a

This study
maximum 860 1450 1490 3780 2560
75th percentile 48 61 20 135 170
median 5 18 7 35 46
25th percentile 2 10 4 18 13
minimum 0.3 6 2 9 0
contribution to outflowb 24% 33% 18% 120%c 100%

Previous 9 years
75th percentile 160 63 21 260 370
median 36 29 11 94 142
25th percentile 5 11 5 26 21

aGrand River flows below Pensacola Dam are identical to dam releases.
bCalculated as the volume that flowed over the duration of this study divided by the volume of dam releases during the same period.
cThis number exceeds 100% because of evaporation losses.

sediment surface (37 m depth; Supplementary Fig. S1). Near
the dam, DO was 3–6 mg/L below 30 m depth and near satu-
ration otherwise (Supplementary Fig. S2). The combination
of stratification, shallow currents through the reservoir, and
releases via spillways and the 14–18 m-deep penstock open-
ings implied that large, springtime, storm-induced inflows
(described later) did not interact with deep water, which
would remain in place from the onset of stratification in
mid-spring until autumn overturn in late October (described
later). Low SC values between km-15 and km-35 in May
indicate the position of floodwater during that sampling ex-
cursion (Fig. 2).

Summertime inflows entered as an overflow current until
∼1 July (S. Ziara, Grand River Dam Authority, unpubl.
data) and then as an interflow current at 13–15 m depth
(Fig. 2), which likely isolated both bottom waters and the
SML from longitudinal flow. During summer, consistent
and intense surface heating led to stratification and an SML
8–11 m thick (Supplementary Fig. S1). Water below the
SML was anoxic (Supplementary Fig. S2), including the
interflow current, which became anoxic almost immediately
after it plunged beneath the SML in the upper region of the
reservoir. Autumn overturn led to complete vertical mixing
and oxygenation by mid-November (Fig. 2; Supplementary
Fig. S1 and S2).

Reservoir hydrology

From December 2010 to November 2011, the Neosho River,
the Spring River, and the Elk River contributed 75% of
the water that was released from the dam (Table 1). Other
gauged tributaries were <5% each, and a qualitative assess-
ment indicated that all ungauged tributaries are compara-
ble to or smaller than Honey Creek, which is gauged and

contributed ∼1% of dam releases during this study (data
not shown). This study occurred during low-flow conditions
relative to the preceding 9 years, which were each evaluated
from 1 December to 30 November to match the study pe-
riod. Median flows during the study period were 35 m3/s,
and the interquartile range (IQR) was 18–135 m3/s. The
range of medians in the preceding 9 years was 10–250 m3/s
(mean = 118 m3/s); the median flow of the study period was
the third-lowest median flow of this 10-year period, equiva-
lent to the 31st percentile of the preceding 9 years, and the
IQR of the study period was equivalent to the range defined
by the 17th and 61st percentiles of the preceding 9 years.
Although large storm-driven flows did occur, total inflows
were lower than in the previous 9 years and, consequently, so
were dam releases. Drinking water withdrawals from Grand
Lake are small, and no information is available regarding
groundwater exchange.

At the beginning of this study, inflows to Grand Lake dur-
ing winter were <30 m3/s and thus below the average base
inflow of the previous 9 years. Between the December and
February–March sampling excursions, 260 GL entered the
reservoir. These low inflows were interrupted by higher
flows brought by small storms between mid-February and
mid-April (most total inflows ranged from 85 to 490 m3/s),
the first of which coincided with the sampling excursion
at that time and brought 290 GL to Grand Lake (Fig. 3).
The volume of water brought to the reservoir by low win-
ter inflows and the late-February storm was 29% of the
volume of water in the reservoir during the December sam-
pling excursion. The series of small storms that began in
late February increased flows and brought a volume of wa-
ter equal to 60% of the volume of the reservoir between the
onset of these storms and the first large storm of the spring,
which occurred in April. Circulation between the thalweg
of the reservoir and its coves has not been described, but,
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Figure 3. Total inflow (gray line) and outflow (dashed black line) hydrographs of Grand Lake during this study. Horizontal black lines
indicate dates of sampling excursions and bear no relationship to the vertical axis.

if incomplete, then >29% and >60% of the thalweg wa-
ter would have been replaced during early winter and late
winter, respectively.

This April storm and another in late May (between which
the May excursion occurred) raised total daily average in-
flows to >550 m3/s for 5 and 7 days, respectively, with
1-day peaks >3700 m3/s. These storms each brought 1300
GL to the reservoir via its gauged tributaries. These large in-
flows entered a stratified reservoir, and the volumes of water
brought by the 2 large spring storms were each 76% of the
volume of Grand Lake at or above the depth of the penstocks.
Dam releases tracked inflows closely, remaining elevated in
late winter and spring (i.e., Feb–May) and peaking to re-
lease the large inflows in April and May, although elevated
dam releases persisted for multiple weeks to discharge flood
water.

Following these storms, inflows and dam releases in summer
and autumn 2011 (i.e., late May through the end of the study
in Nov) were generally <30 m3/s during an unusually hot
and dry summer. Only 210 GL entered Grand Lake between
the late May storm and the August sampling excursion,
implying a ∼10% replacement of water during the summer.
Dam releases were elevated above inflows in late summer to
decrease water level by 1 m to meet management objectives.
Inflows were 200 GL between the August and November
excursions, <11% of the reservoir volume.

Suspended sediment

The IQR of the recorded TSS concentrations was 7–34 mg/L.
Concentrations were highest near the main inflow in Febru-
ary (240 mg/L) and 20–30 m at ∼km-15 in May (160 mg/L;
Fig. 4), values probably driven by river inflow events. When
flows were low in August and November, TSS was highest
in the bottom water at km-48.5 (65 mg/L and 27 mg/L, re-
spectively, as compared to an IQR of 5–18 mg/L across the
entire reservoir during these excursions), suggesting that this
region, in which depth first exceeds 14 m, is the main area
of sedimentation at base flow. In addition to sedimentation
at km-48.5, large inflows (i.e., from major storms like those

in Apr and May) frequently carry suspended sediment to the
face of the dam, where sedimentation occurs when these cur-
rents are arrested (S. Hembree, Grand River Dam Authority,
pers. comm.). Thus, episodic sedimentation probably also
occurred near the dam during the study period, although no
such events were captured by the sampling of this study.

Figure 4. Contour plots of total suspended sediment (TSS, in
mg/L) measured in Grand Lake during this study. Numbers indicate
the measured concentrations on which the contours are based and
the locations and depths at which those samples were collected.
Other details are as in Figure 2.
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Table 2. Fluxa of water (megaliters/day) and Hg species (mg/d)
during sampling excursions.

Excursion Water Hgf MeHgf Uncertaintyb

December 120 210 27 0.19
Feb–Mar 40,000 64,000 10,000 10.00
May −16,200 −21,000 −960 4.20
Aug −8,360 — — 2.20
Nov −6,060 −2,400 37 2.1

aLoading via tributaries minus export out dam.
bAnalytical uncertainty for fluxes of Hg species, in mg/d.

Concentrations and fluxes of mercury species

In Grand Lake and its major tributaries, the maximum
concentration of HgTf ([HgTf]) was 3.93 ng/L, 78 of 81
observations were <2 ng/L, and the IQR was
0.29–1.04 ng/L. Below the dam, concentrations ranged from
0.09 to 1.73 ng/L. In Grand Lake, maximum concentra-
tion of MeHgf [MeHgf] was ≤0.62 ng/L, and the IQR was
0.01–0.08 ng/L.

Flux of Hg species (i.e., export via the Grand River sub-
tracted from loadings via gauged tributaries) varied sea-
sonally (Table 2). As storm water arrived at the reservoir
in February–March, fluxes were 64,000 mg/d of HgTf and
10,000 mg/d of MeHgf. In May, sustained high outflows
that passed floodwater downstream were accompanied by
export of 21,000 mg/d of HgTf and 960 mg/d of MeHgf. In
August, calculation of flux of Hg species was not possible
due to dam operations (see Discussion). When flows were
low in December and November, fluxes of Hg species were
1–2 orders of magnitude lower than in February–March and
May.

Spatiotemporal variation of Hg species

In December, [HgTf] ranged from 0.28 to 0.85 ng/L with
deep-water samples higher than surface-water samples (t-
test, P < 0.05) and bottom-water maxima at km-0.2 and
km-48.5 (Fig. 5). No meaningful spatial trends existed for
[MeHgf], which was mostly BDL and otherwise ≤0.06 ng/L
(Fig. 6).

When inflows increased, concentrations of both Hg species
also increased. In February–March, the inflow from the
Neosho River and the Spring River contained 1.14 ng/L
of HgTf and 0.18 ng/L of MeHgf; these concentrations were
1.39 ng/L and 0.29 ng/L, respectively, at km-67.5, 1.3 and
3.2 times the maximum [HgTf] and [MeHgf] observed in
December, respectively. Near the dam, concentrations were
not significantly different from those in December (t-test,
P > 0.1). For both species, bottom-water concentrations
significantly exceeded those of surface waters at each lo-

Figure 5. Contour plots of total mercury [HgT] in filtered water
samples (in ng/L) collected in Grand Lake during this study. Other
details are as in Figure 4.

cation across the reservoir (Fig. 5 and 6; t-test, P < 0.05).
In May, minimal [HgTf] was measured in old, deep water
near the dam and in the inflow region and was significantly
lower than in the rest of the reservoir (t-test, P < 0.05).
Between km-0 and km-35 in May, [HgTf] had a maximum
>1.5 ng/L that coincided with the TSS maximum (Fig. 5).
Unlike [HgTf], [MeHgf] showed little spatial variation in
May, ranging from 0.06 to 0.12 ng/L, with a maximum at
the km-10 TSS maximum (Fig. 6).

In August, [HgTf] in the inflow region was highest in Grand
Lake at 1.80 ng/L (Fig. 5). Fed by HgTf-rich water from the
Neosho–Spring tributary, which reached 1.91 ng/L in the
Neosho River, 2.05 ng/L in the Spring River, and 3.93 ng/L
at the bottom of the riverine zone at km-75 (Table S2), the
interflow current appeared as a tongue of high-HgTf and
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Figure 6. Contour plots of methylmercury [MeHg] in filtered water
samples (in ng/L) collected in Grand Lake during this study. BDL =
below detection limit. Other details are as in Figure 4.

low-MeHgf water extending to km-35. This inflow water
was significantly higher in HgTf (t-test, P < 0.01) and in-
significantly lower in MeHgf (t-test, P > 0.1) than the rest
of the reservoir. Maximal [MeHgf] was observed in bottom
waters at km-0.2 (0.62 ng/L) and km-48.5 (0.32 ng/L), val-
ues 4.6 and 2.3 times higher than the maximum [MeHgf] in
the rest of the reservoir. Deep water between these sites and
other depths in the water column ranged in [MeHgf] from
BDL to 0.1 ng/L (Fig. 6). Below the dam in August, [HgTf]
and [MeHgf] were 1.73 and 0.55 ng/L, respectively, notably
higher than at 16 m deep at km-0.2 (i.e., immediately in
front of the penstocks that release water downstream; values
there were 0.93 ng/L and BDL, respectively).

In November, [HgTf] and [MeHgf] were low and minimally
variant across Grand Lake. Maximum [HgTf] was 0.40 ng/L
near the dam; values of [MeHgf] were ≤0.03 ng/L with

insignificant spatial variation (Fig. 5 and 6). Along with the
preceding December, the samples collected in November
contained the lowest [HgTf] and [MeHgf] in this study.

Significant differences were observed in both [HgTf]
(ANOVA, P < 0.0001) and [MeHgf] (ANOVA, P < 0.005)
when comparing all locations in the reservoir across sam-
pling excursions. These analyses indicated that [HgTf] mea-
sured in August was significantly higher than that measured
in all other sampling excursions. Across Grand Lake, [HgTf]
was similar in February–March and May, and, due to the sig-
nificant longitudinal variation in these months (see earlier),
it was not statistically distinguishable from December. May
and December [HgTf] were significantly higher than those of
November (t-test, P < 0.005). Concentrations of MeHgf in
samples collected across the reservoir in February–March,
May, and August were significantly higher than the simi-
lar sets from December and November (t-test, P < 0.05)
and statistically indistinguishable from each other. No sig-
nificant differences occurred in either [HgTf] or [MeHgf]
(ANOVA, P > 0.1) when samples were grouped according
to depth, inflows, and outflows.

Samples from water with DO concentration <4 mg/L were
significantly higher in [HgTf] (t-test, P < 0.0005) but not
[MeHgf] (t-test, P > 0.1), consistent with observation of
elevated [MeHgf] in only some anoxic bottom water sam-
ples collected from the August excursion. Concentration of
TSS in water samples explained only 11% of the variance
of either [HgTf] or [MeHgf] (i.e., the R2 value from linear
regression was 0.11). In December and February–March,
[HgTf] explained >40% of the variance in [MeHgf], and in
May, [HgTf] explained >55% of the varience in [MeHgf],
but no predictive relationship existed between these vari-
ables in August and November.

The IQR of the percentage of HgTf that was MeHgf

(“%MeHgf”) was 4–16%; of all samples, 13 had a %MeHgf

>20%. Most of these high-%MeHgf samples occurred in
the MeHgf-rich inflows of February–March; the others oc-
curred in bottom water at km-0.2 and km-48.5 in August.
In February–March, %MeHgf was significantly higher than
in all other months, and in December, %MeHgf was signif-
icantly lower than in all other months (ANOVA, P < 0.01).
There were no significant differences when samples were
sorted based on depth in the water column or inflows and
outflows (ANOVA, P > 0.5).

Discussion
Hydrology and circulation

Grand Lake exhibited the vertical circulation of a eutrophic,
warm, temperate lake. This led to abundant DO between au-
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tumn overturn and the onset of stratification in spring. Over-
laid on this pattern were seasonally varying river inflows.
Notably, the large water exchanges that occurred following
the large storms in April and May imply that, aside from
deep water near the dam, thalweg water was completely
replaced both between the February–March and May sam-
pling excursions and again between the May and August
sampling excursions. Because these large inflows entered a
stratified water column, however, circulation data indicate
that deep water near the dam remained in place from winter
through the spring and summer until autumn overturn be-
cause it had been trapped at depth by stratification and thus
was unaffected by spring inflows. The small inflows between
the August and November sampling excursions imply that
these excursions largely measured the same water.

Circulation data from this study show that a mid-continent
reservoir that does not receive an appreciable amount of
its inflows from snowmelt can undergo large variation in
RT throughout the year based on varying river inflow rates.
This finding implies that if a water quality impairment oc-
curs during drought, dilution, dispersion by water currents,
or passage downstream are unlikely to help lake managers
resolve the issue. Although dispersion by wind may be pos-
sible, this research was beyond the scope of this study. Due
to a high flushing rate during times of high inflows, this
hydrological picture also suggests that the effects of in-lake
water quality impairments or in-lake water-quality manage-
ment activities may be short-lived during a stormy season.
Additionally, the rapid consumption of DO in the river in-
flow augments existing evidence of habitat limitation for
fish during summer stratification.

Mercury and methylmercury

In autumn in Grand Lake, concentrations of Hgf species
were low overall and spatial variation was minimal in a ver-
tically mixed and calm reservoir, presenting a convenient
starting point for conceptualizing seasonal Hgf variation.
Large river inflows during late winter and spring were a
major influence on raising concentrations of Hg species and
%MeHg in filtered samples across the reservoir. In summer,
enrichment of MeHgf and increase of %MeHgf within 1 m
of the SWI at km-0.2 and km-48.5 between May (0.07 and
0.06 ng/L, respectively) and August (0.62 and 0.32 ng/L, re-
spectively) led to the highest [MeHgf] in this study. Not only
was MeHgf flux into or out of Grand Lake negligible dur-
ing August, but deep water was also isolated during spring
and summer by overflow and interflow currents. Thus, un-
like in spring, this enrichment cannot be due to advection
and therefore must be biogeochemical. These data suggest
that enrichment of MeHgf can vary spatially at the SWI of
a reservoir, representing a departure from previous studies
in natural lakes where only single locations were investi-

gated. The locations of elevated [MeHgf] in anoxic August
bottom water coincide with the 2 locations of maximum sed-
imentation in Grand Lake, suggesting that higher levels of
[MeHgf] may be due to reservoir circulation and its effect on
sedimentation patterns. These observations resemble those
in another mid-continent reservoir where MeHg concentra-
tions were elevated in reservoir arms with higher dissolved
organic carbon in porewater, creating spatially distinct re-
gions of elevated MeHg that led to similar spatial patterns
in fish (Becker et al. 2011). These observations indicate to
reservoir managers that the processes leading to MeHg en-
richment in reservoirs may be more complex than those that
enrich MeHg in simple lakes (e.g., pothole lakes with small
inflows) and that notable spatial variability is possible.

After the water column had turned over in autumn, con-
centrations of both Hgf species were vertically invariant
and significantly lower than in summer. The general simi-
larity between low concentrations observed in Grand Lake
in November 2011 and December 2010 suggests that this
reservoir-wide decrease in dissolved Hgf concentrations
may be a yearly event tied to autumn overturn. Mass balance
calculations indicate that the masses of HgTf and MeHgf

in the entire water column were 77% and 87% lower, re-
spectively, in November than in August. Water exchange
between these sampling excursions was much too low to
explain these reductions. Transport out the dam can be elim-
inated as a possible explanation for this loss of Hgf species
from the reservoir water column, suggesting that autumn
overturn coincides with an in-lake loss mechanism for Hgf

species, and that Grand Lake sequesters or loses to the atmo-
sphere a notable fraction of the Hgf that enters it each year.
This finding strongly suggests that Grand Lake provides
some protection from watershed-derived Hg contamination
of downstream reservoirs (i.e., Lake Hudson, Fort Gibson
Lake, and others).

Observations in this study show that, overall throughout the
year, elevated river flows brought significant loads of HgTf

and MeHgf to Grand Lake. When river flows were lower,
biogeochemical processes related to summertime stratifica-
tion and autumn overturn influenced HgTf and MeHgf. Thus,
Hg enrichment and sequestration of Hg species in this reser-
voir was subject to both allochthonous and autochthonous
influences throughout the year. Although all plausible hy-
drologic scenarios were not observed and sampling 5 times
over 12 months might not cover all yearly changes in Hg
species in this reservoir, the major features of this seasonal
cycle may well occur yearly in Grand Lake because they
depend on predictable independent variables such as spring
rainstorms, summer stratification, and autumn overturn.

At Grand Lake, increased river inflows in spring seem to el-
evate [Hgf] in the upper 30 m of the thalweg (i.e., the water
affected by large spring inflows), but other studies attribute
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increases in concentrations of aqueous Hg species in lakes
and reservoirs to increased water level (Sorensen et al. 2005,
Mast and Krabbenhoft 2010). The large storm that preceded
by 12 days the May sampling of the middle of Grand Lake
led to a peak water level 2.67 m above normal. Thus, ele-
vated concentrations could be due to HgTf mobilized from
temporarily inundated shoreline regions, which then and
moved to the thalweg as the floodwater was released out the
dam. Although shoreline inundation also increases [MeHgf]
in water columns (Sorensen et al. 2005, Mast and Krabben-
hoft 2010), no MeHgf enrichment was observed in May,
and therefore changing water level is a poor explanation for
HgTf enrichment in this study. Possible scenarios exist that
involve release of HgTf and release or production of MeHgf

along inundated shorelines and subsequent removal of only
MeHgf. However, MeHgf production followed by demethy-
lation should result in varying [MeHgf] with depth due to
demethylation by sunlight (Hammerschmidt and Fitzgerald
2010), and this trend was not observed. Production of MeHgf

followed by biotic uptake would require biomass that was
not observed in May. Additionally, shoreline-based enrich-
ment HgTf and MeHgf followed by dilution by flows from
minor tributaries would affect both Hg species and is thus an
implausible explanation for elevated [HgTf] alone. Thus, el-
evated [HgTf] observed in May most likely originated from
the river inflows, not from shoreline inundation.

In August, elevated [HgTf] and [MeHgf] below Pensacola
Dam relative to that of water immediately upstream of the
penstocks was likely not representative of transport and
transformation of Hg species derived from the watershed
and Grand Lake. In the 10 days before the August excur-
sion, releases from the dam ranged from 12 to 65 m3/s (me-
dian = 30 m3/s), yet in the 19 days preceding that period,
flows were significantly lower (t-test, P < 0.0005), ranging
from 0 to 18 m3/s (median = 6.8 m3/s). During this 19-day
period, minimal dam releases maintained DO between 6.4
and 8.4 mg/L in the river, but, when release volumes occa-
sionally decreased substantially, DO immediately decreased
to <4.6 mg/L (Phillips 2014). Biogeochemical MeHg pro-
duction requires anoxia (Gilmour et al. 1992, Kerin et al.
2006), and therefore a decrease to nonzero DO does not
necessarily imply changes in MeHg methylation. However,
these manipulations of DO imply that the biogeochemical
environment of the Grand River was different than that of the
water on the upstream end of the penstocks and that it could
have been changing rapidly, perhaps affecting Hg cycling
and solubility immediately below the dam. This event might
relate to the difference in our measurements above and be-
low the dam in August, and it also precludes use of these
Grand River data to calculate a flux for Hg species through
the reservoir during this time because the riverine measure-
ment does not allow discrimination between Hg species
derived from dam releases and those mobilized from bio-

geochemical processes in riparian areas near this sampling
site.

Many-lake surveys that report Hg species in filtered samples
are uncommon. One survey of 23 northern Wisconsin lakes
that receive Hg primarily from atmospheric deposition re-
ported a range of 0.23–4.50 ng/L and a median of 0.71 ng/L
for dissolved HgT. Dissolved MeHg ranged from 0.012 to
0.83 ng/L with a median of 0.05 ng/L (Watras et al. 1995).
These ranges are similar to those of Hg species measured in
this study, implying that, despite its proximity to potential
sources (i.e., power plants), Grand Lake was not enriched
in Hgf species relative to remote lakes that receive Hg from
atmospheric deposition. Previous work suggests Hgf is a mi-
nority fraction of Hg in whole water samples and that spa-
tiotemporal variation of particulate Hg is distinct from that
of Hg in filtered samples and governed by processes that con-
trol particle transport and settling (Suchanek et al. 2008b).
Thus, whole-water Hg concentrations are likely higher than
those reported here, and trends in that variable may conform
to the movement of particles in Grand Lake.

Other work indicates that Hg levels in the tissue of Grand
Lake fish are also relatively low (Dong et al. 2015). Although
a rigorous model of Hg uptake across the lacustrine food web
is necessary to conclusively link water column Hg species
to fish tissue Hg burden, data from the present study indicate
that MeHg enrichment occurs in anoxic deep water, which is
likely poor habitat for phytoplankton and fish. This finding
implies that the bioaccessibilty of MeHg may be elevated
primarily following flood inputs to the reservoir, when Hg
species, especially MeHg, are in an oxic portion of the water
column.

In addition to food web modeling, future work might fo-
cus on a mechanistic explanation of the observed associa-
tion between sedimentation and elevated concentrations of
MeHgf in Grand Lake. Water-column methylation has been
observed in bottom waters of other lakes (Watras et al. 1995,
2005, Eckley and Hintelman 2006). Methylation of Hg(II)
requires sulfate (Gilmour et al. 1992) or Fe(III) reduction
(Kerin et al. 2006), but methylation by sulfate reduction
is more commonly observed in natural environments (e.g.,
Pizarro-Barraza et al. 2014). Data from the present study in-
dicate that Hg(II) is in sufficient supply to allow Hg methy-
lation, and Grand Lake is known to be high in DOC (an
electron donor) and sulfate (OWRB 2007). However, ni-
trate, which is also significantly elevated in Grand Lake
(OWRB 2007, 2009), has been observed to limit methyla-
tion activity by preventing sulfate reduction (Todorova et al.
2009). Thus, one possible mechanism for elevated [MeHgf]
in association with settling particles is that settling sedi-
ment provides sufficient reducing power to initiate sulfate
reduction and, consequently, Hgf methylation in specific re-
gions of the reservoir. Another possibility is that elevated
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nitrate prevents sulfate reduction in all parts of the reservoir
and MeHgf enrichment results from desorption from settling
particles. A third potential mechanism is the production of
MeHgf in sediment pore water and subsequent diffusion to
overlying water. Obviously, any of these mechanisms are
speculative given present understanding of Grand Lake, but
one or more could be used by reservoir managers to form the
bases of useful hypotheses that focus investment of future
research resources.
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