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ABSTRACT

Munger ZW, Carey CC, Gerling AB, Doubek JP, Hamre KD, McClure RP, Schreiber ME. 2018.
Oxygenation and hydrologic controls on iron and manganese mass budgets in a drinking-water
reservoir. Lake Reserv Manage. 35:277-291.

In seasonally stratified lakes and reservoirs, fluctuating hypolimnetic oxygen and hydrologic con-
ditions in the watershed can influence the retention of metals and their exchange between the
sediments and water column. In particular, iron (Fe) and manganese (Mn) cycling at the sedi-
ment-water interface can be dynamic in response to variability in the watershed and within the
waterbody, which has substantial implications for drinking water quality. We calculated a mass
budget for Fe and Mn in a shallow drinking-water reservoir over a 2-year period in which we
manipulated the tributary inflow rate and dissolved oxygen (DO) concentrations in the hypolim-
nion at the reservoir scale. We found that the net Fe and Mn release from the sediments into
the water column was suppressed during oxygenation; however, both metals continued to be
released from the sediments, even during well-oxygenated conditions. Oxygenation in the hypo-
limnion had no effect on the net export of metals from the reservoir to downstream. Instead,
the overall net export of Fe and Mn during the stratified period was influenced by hydrologic
inflows. In summary, we found that manipulating hypolimnetic oxygenation had an important
effect on the cycling of Fe and Mn within the hypolimnion, but that the net retention of metals

KEYWORDS
Anoxia; metals; water
quality management

in the reservoir was driven primarily by hydrology.

The biogeochemical cycles of iron (Fe) and man-
ganese (Mn) can have substantial effects on water
quality in freshwater lakes and reservoirs. Elevated
concentrations of Fe and Mn in the water column
cause staining, odor, and undesirable taste, which
require treatment prior to potable use (USEPA
2017; WHO 2008). Furthermore, the reductive
dissolution of oxidized, insoluble Fe- and Mn-oxy-
hydroxides in lake and reservoir sediments can
release adsorbed trace metals, some of which are
toxic at low concentrations (e.g., arsenic and cad-
mium), into the water column (Balistrieri et al.
1994; Olivie-Lauquet et al. 2001). Consequently,
determining the controls of Fe and Mn cycling in
lakes and reservoirs is paramount for communities
that rely on these freshwater ecosystems for drink-
ing-water supply.

Metal cycling within lakes and reservoirs is influ-
enced by redox conditions, which affect the trans-
formation of metals from oxidized, insoluble to
reduced, soluble forms (Davison and Woof 1984;
Aguilar and Nealson 1998; Zaw and Chiswell 1999;
Beutel et al. 2008; Giles et al. 2016). Under oxic
(dissolved oxygen [DO] concentrations >2mg/L)
conditions, Fe and Mn generally occur as stable
oxyhydroxides in sediments. However, the estab-
lishment of anoxic conditions (DO concentrations
<0.5mg/L) in sediments during thermal stratifica-
tion favors soluble forms of Fe and Mn, which
accumulate in the sediment pore waters and diffuse
into the overlying water column (Davison 1993).

As DO depletion is an important factor con-
trolling the release of Fe and Mn from sediments
into the overlying water column, oxygenation is
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increasingly used to manage Fe and Mn in drink-
ing water reservoirs (Beutel and Horne 1999;
Engstrom 2005). Some oxygenation systems are
able to successfully reduce the rate of Fe and Mn
release from the sediments into the water column
(Gantzer et al. 2009; Bryant et al. 2011; Munger
et al. 2016), but Fe and Mn release can still occur
in oxygenated conditions, necessitating additional
examination of the hydrological and biogeochem-
ical processes that interact to influence Fe and
Mn budgets in lakes and reservoirs.

Loading from hydrologic inputs also has
important effects on water column metal concen-
trations. Fe and Mn loads from hydrologic inputs
to lakes and reservoirs have been estimated to
contribute between 10 and 50% of the total water
column metal mass annually (Davison 1981;
Hongve 1997; Graham et al. 2002). There is
inherent seasonal variability in the metal loading
from hydrologic inputs to lake and reservoir eco-
systems. For example, Hongve (1997) reported
hydrologic loading of Fe and Mn into a reservoir
that varied by more than a factor of 10 during a
year in response to changing streamflow condi-
tions. Metals are also exported from waterbodies;
for example, Davison (1993) found that ~10% of
the soluble Fe released from sediments into the
water column of a meromictic lake was lost via
surface water outflows, while the remaining 90%
was eventually oxidized and returned to the sedi-
ments. Understanding the effects of changing
hydrologic loads to lakes and reservoirs is needed
for predicting how changes in watershed hydrol-
ogy (e.g., resulting from storms, channelization,
or flow regulation) can alter Fe and Mn cycles.

While both redox-mediated release from the
sediments and hydrologic loading contribute
substantial quantities of Fe and Mn to the
water column of lakes and reservoirs, which
processes dominate metal budgets under different
environmental conditions remains unknown.
Determining the relative importance of loads for
Fe and Mn budgets is critical because the magni-
tude and timing of these loads may become more
variable for many waterbodies as a result of glo-
bal change. Many lakes and reservoirs are experi-
encing increased anoxia due to land use and
climate (Jenny et al. 2016), which can affect load-
ing of metals from sediment into the water

column. In addition, some lakes and reservoirs
are also experiencing increased storm frequency
and intensity (Prein et al. 2017), which can
mobilize sediments from the catchment, thus
increasing hydrologic loads of metals. Untangling
the relative contributions of these sources of met-
als to waterbodies is challenging, as these loads
are not easily manipulated simultaneously.
Accurately characterizing the processes control-
ling metal cycling requires manipulations at the
waterbody scale to quantify how these processes
interact to control Fe and Mn budgets. Results
from these experiments can be used to optimize
management strategies for controlling Fe and Mn
in drinking-water supply waterbodies.

We conducted a reservoir-scale experiment in
which we manipulated both hydrologic and
redox-mediated loads to examine their relative
importance for reservoir Fe and Mn budgets. Our
experiments were centered on testing 2 predic-
tions: (1) Increased oxygenation would increase
metal retention; and (2) increased hydrological
inputs would increase the export of metals from
the reservoir downstream. By manipulating a
hypolimnetic oxygenation system in the reservoir,
we established either alternating oxic and anoxic
hypolimnetic conditions (2014) or continuous
oxygenation (2015) during the summer stratified
period. Simultaneously, by manipulating the
tributary inflow entering the reservoir, we also
created periods of elevated and lower flow condi-
tions. In addition to our manipulations, seasonal
precipitation created periods of elevated loads of
other hydrologic inputs (groundwater/runoff) to
the reservoir. Our overarching goal was to evalu-
ate how changing selected hydrologic inputs and
hypolimnetic oxygen conditions impacted the
ability of the reservoir to serve as a sink or
source of Fe and Mn to downstream
environments.

Study site

Falling Creek Reservoir (FCR) is a shallow (max-
imum depth 9.3m), small (119,900 m? ~12ha),
and old (constructed in 1898) dimictic drinking-
water reservoir located in a forested watershed in
southwestern Virginia (Fig. 1). FCR is primarily
fed by a tributary that receives water from



upgradient Beaverdam Reservoir (BVR; Fig. 1)
Both reservoirs develop hypolimnetic anoxia in
response to thermal stratification between April
and October and have similar catchment land use
history and water chemistry (Gerling et al. 2016).
During the summer stratified period, phytoplank-
ton blooms and elevated concentrations of Fe,
Mn, and P associated with hypolimnetic anoxia
have been documented in FCR (Gerling et al.
2014, 2016). Hypolimnetic concentrations of
nitrate 4 nitrite and sulfate in FCR are less than
100 pg/L  and 200 pg/L, respectively (Gerling
et al., 2016; Munger, 2016).

Materials and methods
Oxygen manipulation

A side stream supersaturation oxygenation system
was deployed at FCR in 2012 to mitigate the
effects of hypolimnetic anoxia. The hypolimnetic
oxygenation (HOx) system withdraws water from
the reservoir at 8.5m depth and pipes it to an
onshore oxygen contact chamber. Oxygen gas is
injected into the water in the contact chamber,
resulting in DO concentrations that are supersa-
turated with respect to hypolimnetic conditions.
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Figure 1. A map of the Falling Creek Reservoir (FCR), located
in Vinton, VA. Beaverdam Reservoir (BVR) drains into the pri-
mary inflow feeding FCR. Water samples were collected at the
deepest site in the reservoir; tributary inflow samples were col-
lected at the weir. Inset shows the approximate orientation of
the hypolimnetic oxygenation (HOx) diffuser line.
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The oxygenated water is transferred back to the
hypolimnion and released through a distribution
header positioned at 8.5m depth. Evenly spaced
eductor nozzles on the distribution header pro-
mote mixing of oxygenated water throughout the
hypolimnion without disturbing the bottom sedi-
ments. See Gerling et al. (2014) for a more
detailed description of the oxygenation system.
We created alternating intervals of anoxic and
well-oxygenated conditions in the hypolimnion of
FCR by manipulating HOx system operation
(Table 1). The HOx system was not operated
prior to the onset of thermal stratification each
year. We activated the HOx system after DO
concentrations near the bottom sediments
reached approximately 50% saturation after the
onset of stratification in both May 2014 and May
2015. In 2014, we deactivated the HOx system
during 2 summer intervals each lasting ~4 weeks;
during each period of deactivation, the bottom of
the hypolimnion became anoxic. In 2015, we
continuously operated the HOx system through-
out the summer stratified period, except for a
1-week interval beginning 1 June, and several
hours on 27 July for HOx system maintenance.

Tributary inflow manipulations

The tributary inflow that enters FCR from the
epilimnion of BVR can be manipulated by open-
ing or closing an intake valve in BVR. Flow from
BVR is channeled through an underground pipe
for ~750 m before discharging into the tributary
(Fig. 1). After entering the tributary, the water
flows an additional ~950m in a shallow (<1m
depth) stream before entering FCR. Discharge in
the tributary inflow is measured with a con-
tracted rectangular weir located ~150m upgra-
dient from FCR. Over 90% of the surface inflow

Table 1. Dates of HOx system activation.

Year Dates of activation

2014 5 May-3 June
2014 29 June-22 July
2014 18 August-15 November
2015 5 May-1 June
2015 8 June-23 June
2015 23 June-27 July
2015 28 July-8 August
2015 8 August-20 November
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volume to FCR comes through the weir (Gerling
et al. 2016).

We manipulated discharge in the tributary
inflow by opening the epilimnetic intake valve
within BVR. On 28 April 2014, we opened the
intake valve to match the elevated flow condi-
tions measured at the weir after large storms in
the watershed in 2013. The intake remained open
throughout the summer of 2014, resulting in con-
tinuously elevated flow rates of water entering
FCR that were approximately 4 times higher than
when the valve was closed (Gerling et al. 2016).
By early September 2014, the water level in BVR
had decreased to a depth below the intake open-
ing and discharge in the tributary inflow returned
to normal (closed valve) levels. The flow rate in
the inflow tributary remained at these low levels
for the duration of our monitoring period.

Data collection

We monitored temperature and DO at least weekly
in FCR and in the tributary inflow between April
and October in 2014 and 2015. Depth profiles of
temperature and DO were collected at the deepest
site in FCR (Sampling Location, Fig. 1) 1-3 times
per week using a Seabird Electronics SBE 19plus
high-resolution profiler (CTD) (Gerling et al
2014). Temperature and water level in the tributary
inflow were measured every 15min at the weir
(Fig. 1) using an INW Aquistar PT2X pressure
sensor. We also measured the water level in the
reservoir and the stage over the spillway each day
using a staft gage. The flow velocity over the dam
spillway was measured using a current meter and
the discharge was calculated using the veloci-
ty-area method (Fetter 2001). Measurements of
flow velocity over the spillway were collected to
construct a rating curve. Daily measurements of
precipitation were collected using a rain gauge at
the water sample collection site.

We measured Fe and Mn concentrations
weekly in FCR and its tributary inflow between
April and October in 2014 and 2015. Water sam-
ples were collected from 9 depths in the water
column of FCR in 2014 (0.1, 0.8, 1.6, 2.8, 3.8, 5.0,
6.2, 8.0, and 9.0m) and 7 depths in 2015 (0.1,
1.6, 3.8, 5.0, 6.2, 8.0, and 9.0m) using a 4-L Van
Dorn sampler (Wildlife Supply Company). These

sampling depths matched the depths of the out-
flow valves of the reservoir to the water treatment
plant. We also collected water samples in the
inflow stream at the weir (~150m upgradient
from FCR). We collected both total and soluble
(filtered through 0.45pm pore size filters) water
samples from the reservoir and the tributary.
Samples were preserved by lowering the pH to
<2 with trace metal grade nitric acid after collec-
tion. We analyzed the samples for total and sol-
uble Fe and Mn using an ICP-MS (Thermo
Electron X-Series) following APHA Standard
Method 3125-B (APHA 1992).

Data analysis

We calculated a metals budget in FCR using dis-
charge measurements of the inflows and outflows
to FCR and their concentrations of Fe and Mn.
We used the metals budget to quantify the net
release of Fe and Mn from the sediments into the
hypolimnion and the net retention of these met-
als in the reservoir under different tributary
inflow and hypolimnion oxygen scenarios.

Water budget

The water budget was calculated using

av

E = Qi + PA — Qspw - thp —EAx ngr (1)

where dV/dt (m®/d) is the daily change in reservoir
volume, Q,,, (m>/d) is the daily tributary inflow dis-
charge, P (m/d) is the daily precipitation, A (m?) is
the reservoir surface area at full pond (119,900 m?),
Qupw (m’/d) is the daily spillway discharge, Q.
(m’/d) is the daily water treatment withdrawal rate,
E (m/d) is the daily direct evaporation rate, and
Qgur (m>/d) is the inflow unaccounted for by the
other terms, which includes other unmeasured
flows such as groundwater and direct surface run-
off. We measured all inflows and outflows with the
exception of E, which we estimated using the
Priestley-Taylor method (see further discussion
below) and Qy,,,, the net groundwater/runoff term,
which we solved for using Equation 1 on a daily
time step to balance the water budget.

We calculated the daily change in reservoir
volume using the water-level measurements in
FCR from



V = 51.88z" — 1662.832° + 21341.782% — 131246.01z + 324105.13
(2)

where z (m) is the depth of the water level in
FCR below full pond (508 m above mean sea
level). The coefficients in equation 2 were deter-
mined from a polynomial regression of the
cumulative reservoir volume as a function of
depth. We calculated the mean daily discharge in
the tributary inflow using the water-level meas-
urements at the weir (Gerling et al. 2014). We
calculated the discharge over the spillway using
an empirical equation derived from the measured
discharge and water-level measurements:

Qupw = 3.58327 + 0.122z; (3)

where z; (m) is the water level above the spillway
crest, and the coefficients in equation 3 were
determined from a polynomial regression of dis-
charge as a function of stage at the spillway crest
(Fig. S1), following Holmes et al. (2001). Direct
evaporation from the reservoir was calculated
using the Priestley-Taylor method modified from
Rosenberry et al. (2007):

Myap % Ryt

E=u
mvap + Y lvapp

(4)
where o (1.26) is the Priestley-Taylor constant,
m,q, (kPa/C) is the slope of the saturated vapor
pressure-temperature curve at the mean daily
temperature, v (kPa/C) is the psychometric con-
stant, R,,; (MJ/m?d) is the net radiation, Liap (2.
26 MJ/kg) is the latent heat of vaporization, and
p (998kg/m’) is the density of water. Daily air
temperature data were obtained from the
Roanoke-Blacksburg Regional Airport via the
National Oceanic and Atmospheric
Administration (NOAA) National Centers for
Environmental Information (Menne et al. 2016).
Radiation fluxes were obtained from the NASA
CERES SYNldeg-Day Ed3A dataset (Wielicki
et al. 1996). Although the Priestley-Taylor
method produces an estimate of evaporation, the
method yields estimates with high accuracy
(within measurement error of direct measure-
ments), as shown by Rosenberry et al. (2007).
The tributary inflow water was consistently >2
C colder than the water column of FCR; thus, we
assumed that the tributary water entered the
hypolimnion after reaching FCR (Gerling et al.
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2016). To balance the addition of the tributary
inflow into the constant hypolimnion volume, we
assumed that water was being entrained from the
hypolimnion across the thermocline at a rate
equivalent to the tributary inflow discharge into
the hypolimnion (Gerling et al. 2016). We deter-
mined the thermocline depth for each CTD tem-
perature profile by analyzing those data with
Lake Analyzer, a Matlab program (Read
et al. 2011).

Metals budget

We calculated the metals budget in the hypolim-
nion at weekly intervals using

dMyy,
dt

where dMy,,/dt (kg/d) is the rate of change in
metal (Fe or Mn) volume-weighted mass in the
hypolimnion between weekly measurements, L;,s
(kg/d) is the metal loading in the tributary, Ly,
(kg/d) is the metal loading across the thermo-
cline, and L, (kg/d) is the net metal loading
from the sediments into the hypolimnion
water column.

Although we solved for groundwater/runoff
inflow using the water balance (equation 1), and
installed 4 shallow wells around the reservoir to
measure metals concentrations in shallow
groundwater (Munger 2016), we did not use Qg
to calculate groundwater metals loading for sev-
eral reasons: (1) Our estimate of groundwater
inflow is combined with surface runoff and other
unmeasured flows, so it is not specific to ground-
water; (2) previous studies have documented that
shallow groundwater chemistry is not indicative
of chemistry that actually enters lakes/reservoirs
due to spatial heterogeneity of concentrations
(Brock et al. 1982); (3) three-dimensional flow-
paths of groundwater to surface-water bodies are
complex and difficult to map without extensive
field monitoring and modeling (Lewandowski
et al. 2015, Rosenberry et al. 2015); (4) redox
conditions can change rapidly across the sedi-
ment-water interface (i.e., the hyporheic zone),
and strongly control the transport of redox-sensi-
tive metals (Harvey and Fuller 1998, Brown et al.
2007); and (5) the sediment-water interface is

= Linf — Ly + Lexen (5)
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highly reactive, affecting transport of metals and
other elements that can react with surfaces of
minerals and organic matter (Lewandowski et al.
2015). Thus, to calculate the metals budget, we
assumed that groundwater that entered the reser-
voir subsequently mixed and became integrated
with sediment pore water.

The net metal loading term, L., represents
the balance between the rate of metal release
from the sediments into the water column and
the return of metals from the water column back
to the sediments, where positive L., values indi-
cate that the rate of metal release from the sedi-
ments into the water column was greater than
the rate at which metals returned to the sedi-
ments. We used metal concentrations measured
at 5m depth, which was always just below the
thermocline in both years, to calculate the metal
loading across the thermocline. The vertical
transfer of water across the thermocline into the
epilimnion was the only outflow from the hypo-
limnion; the spillway and intakes for the water
treatment plant removed water from the epilim-
nion throughout the monitoring period.

The metal mass in the hypolimnion was calcu-
lated for each sampling date by linearly interpo-
lating the measured weekly metal concentrations
in the hypolimnion at the sampling depths using
bathymetry data from Gerling et al. (2014) and
multiplying the interpolated metal concentration
data by the volume of water in each layer corre-
sponding to those depths. The hypolimnion mass
was the sum of the masses in each water layer
below the thermocline. We calculated dMj,,,/dt as
the difference between the hypolimnion metal
mass over the preceding week divided by 7 days.

We calculated weekly inflow and outflow metal
loadings as the sum of the daily loads divided by
7days. To calculate daily loadings, we first lin-
early interpolated the metal concentrations in the
tributary, spillway, and water treatment at each
day. The loadings were then calculated using the
daily flow measurements with

L =Gq (6)
where L; (kg/d) is the metal (Fe or Mn) loading

at location j (e.g., tributary inflow, spillway out-
flow, water treatment intakes), C; (kg/m3) is the

metal concentration at j, and Q; (m®/d) is the
flow rate at j.

Finally, we calculated the net export of Fe and
Mn from the reservoir following the approach
used in Cook et al. (2010):

Lyer = Lspw + Lwtp - Linf (7)

where L., (kg/d) is the net export metal (Fe or
Mn) loading from the reservoir, L;, (kg/d) is the
metal input from the tributary, Ly, (kg/d) is the
metal export in the spillway, and L,,, (kg/d) is
the metal export through the water treatment
plant (WTP) intakes. The net retention rate, L,
represents the balance between metal export and
import in the reservoir, where positive L,,, indi-
cates that more metal mass is being exported
from the reservoir via the spillway and water
treatment intakes than is being imported via the
inflows—that is, the reservoir acts as a source of
metals to downstream. Over time, consistently
negative L,,, indicates that metal mass is retained
in the reservoir and its sediments.

Results
Water balance and tributary flow

Inflow from the upstream tributary was the larg-
est water source to the reservoir during our
study, comprising an average of 56+23% and
66+31% of the total water input in 2014 and
2015, respectively (+1 standard deviation [SD];
Fig. 2). During the 4-month period after opening
the intake in BVR in April 2014, the mean tribu-
tary inflow (8.1+0.3ML/d) was ~144% higher
than the mean tributary inflow observed during
the rest of the study (3.3+1.8ML/d; Fig. 2).
Inflows from groundwater/runoff (unmeasured
inflows), which were estimated from equation 1,
were also a substantial water source to FCR,
comprising 42+21% and 29+30% of the total
water input on average in 2014 and 2015,
respectively. Direct inputs from precipitation
were generally a minor component of the total
input, comprising 3+7% and 5+13% of the
input on average in 2014 and 2015, respectively.
The outflows were dominated by the spillway
at the surface of the reservoir, which contributed
56 +27% of the total outflow on average in both
years (Fig. 2). The water treatment intakes
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Figure 2. Daily change in reservoir volume (top); inflows (tributary, groundwater (GW)/runoff, and precipitation entering FCR; mid-
dle); and outflows (spillway discharge, water treatment plant [WTP] withdrawals, and direct evaporation from FCR; bottom) in 2014
(left) and 2015 (right). Horizontal bars above plot indicate periods of elevated tributary and groundwater/runoff inflow.

removed ~3.3ML/d (27 +14% of the total out-
flow on average in both years) when the treat-
ment plant was operational; however, no water
was removed from FCR via the water treatment
intakes after 19 September 2014 or after 9 July
2015 throughout autumn. Direct evaporation
from the surface of FCR contributed 13 +18% of
the total outflow on average.

Dissolved oxygen conditions

The water column in FCR began to stratify in
April of 2014 and 2015 and remained stratified
until October in both years (Fig. S2). Prior to
April in each year, DO concentrations and tem-
perature were relatively uniform with depth
through the water column in FCR. By mid-April
in each year, a thermocline developed between
the warmer, top ~4m in the water column and
deeper, cooler water. The temperature gradient
persisted between April and October in both

years, during which time we observed greater DO
consumption in the hypolimnion in the absence
of oxygenation.

By manipulating the HOx system, we substan-
tially altered DO concentrations in the hypolim-
nion of FCR during the summer stratified
periods in 2014 and 2015 (Fig. 3). When the
HOx system was deactivated in 2014 and 2015,
the volume-weighted mean hypolimnion (VWH)
DO concentration rapidly decreased at a mean
rate of 0.16+0.04mg/L/d in both years (1 SD;
Fig. 3). When the HOx system was activated, the
VWH DO concentration increased at a mean rate
of 0.04+0.03mg/L/d in both years. DO concen-
trations rapidly homogenized throughout the
hypolimnion due to mixing induced by the
HOx system.

Operation of the HOx system prevented the
development of anoxic conditions above the sedi-
ment-water interface (Fig. 3). DO rapidly
depleted above the sediments when the HOx
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Figure 3. Mean volume-weighted hypolimnion (VWH) DO concentrations and DO concentrations just above the sediments
(“Bottom”; 9.3 m depth) in 2014 (left) and 2015 (right). Vertical dashed and solid lines indicate when the HOx system was acti-
vated and deactivated, respectively. Periods of activation (“Oxygenated”) or deactivation (“Non-oxygenated”) are shown in horizon-
tal bars above plot. Note short period of deactivation in late July 2015 that is not visible in the horizontal bar. HOx system turned

off in mid-November of both years (not shown on figure).

system was deactivated, which resulted in anoxic
conditions at the bottom waters during 2 periods
in the summer of 2014 and one period in the
summer of 2015. During the 2 deactivation peri-
ods in summer 2014, anoxic conditions devel-
oped above the sediments within a week after
deactivation. We continuously operated the HOx
system for most of the summer stratified period
in 2015 and anoxic conditions above the sedi-
ments were only observed (Fig. 3) during a
1-week period of deactivation in early June 2015.
Oxic conditions persisted above the sediments
whenever the HOx system was activated.

Hypolimnetic Fe and Mn mass

Total Fe and Mn mass increased in the hypolim-
nion during the summer stratified period regard-
less of HOx system operation (Fig. 4). Overall,
the total Fe fraction was dominated by particulate
(total — soluble) forms, while the total Mn frac-
tion was dominated by soluble forms. During the
early stratified period (between April and May),
total Fe and Mn mass in the hypolimnion was
low, but later in the summer stratified period
(between June and September), the total Fe mass
in the hypolimnion increased by a factor of >8
and total Mn mass increased by a factor of >60
(Fig. 4). When the HOx system was activated in
June and August 2015, the mean soluble Fe and
Mn masses in the hypolimnion were 43% and
39% lower, respectively, compared to the same

time periods in 2014 when the HOx system was
deactivated and we observed anoxic conditions
above the sediments (Fig. 4; Fig. S3). In both
years, Fe mass and, to a lesser extent, Mn mass
sharply decreased concomitant with the activation
of the HOx system; this pattern is observed in
mid-August in 2014, after a 3-week period of
inactivation, and in late July (27-28 July) in 2015
after a very short period (<1 day) of inactivation.

Fe and Mn exchange between sediments and the
hypolimnion

We observed net release (positive L,.; equation 5)
of total and soluble Fe and Mn from the sediments
into the hypolimnion during most of the summer
stratified period in 2014 and 2015 (Fig. 5). Early in
the summer stratified period (between April and
May), the release of total and soluble Fe and Mn
from sediments to the water column was negli-
gible; however, between May and June 2014 when
the tributary inflow discharge was elevated, we cal-
culated negative L, values for total Fe and, to a
lesser degree, soluble Fe and total Mn, indicating
that these metal fractions accumulated in the reser-
voir sediments faster than they were released into
the water column (Fig. 5). Between June and
September in both years, when the water column
was stratified, we observed net release of total and
soluble Fe (maximum 20kg/d; mean 4.2 +5.9kg/d)
and Mn (maximum 14kg/d; mean 3.4 +3.8kg/d)
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Figure 4. Mass of total Fe (top) and Mn (bottom) in the hypolimnion in 2014 (left) and 2015 (right). Horizontal bars above plot
indicate periods when the HOx system was activated (“Oxygenated”) or deactivated (“Non-oxygenated”) and periods of elevated
tributary and groundwater/runoff inflow (see Fig. 2). Note short period of deactivation in late July 2015 that is not visible in the

horizontal bar.

into the water column, including when the hypo-
limnion was well oxygenated in 2015 (Fig. 5).

The net release of both total and soluble met-
als was higher in 2014, which experienced 53 days
of HOx system deactivation, compared to 2015,
which had only 8days of HOx system deactiva-
tion (Fig. 5). Over the monitoring period in
2014, the mean loading of total Fe and Mn from
sediments was 137% and 200% higher, respect-
ively, than the mean loading of total Fe and Mn
in 2015 (Fig. 5). We observed the largest positive
L..., values for both fractions of Fe and Mn in
July and August in both years, indicating that the
largest net release of metal mass from the sedi-
ments into the water column occurred during
these 2 months of the summer stratified period,
regardless of oxygenation.

Retention and export of Fe and Mn

After opening the inflow intake in BVR in late
April 2014, the loading of total and soluble Fe
and Mn into the reservoir from the tributary

inflow (L;,0) increased by a factor of 3 and
remained elevated until September 2014 (Fig. 6).
Between late April and late August 2014, the
loading of total Fe and Mn in the tributary
inflow was more than twice as high as the tribu-
tary loading measured during the rest of the
study, on average. Although the loading of sol-
uble Fe and Mn in the tributary inflow was gen-
erally low in comparison to the total fractions,
the soluble fraction loadings were also much
higher (by a factor of 5 or more) during the
period of elevated tributary flow (between late
April and late August 2014) compared to the rest
of the study (Fig. 6).

We observed net export of total and soluble Fe
and Mn in April and May in 2014 and 2015 (Fig.
6). In 2014, the output loading of Fe and Mn did
not vary substantially between April and
September. However, input loading from the
tributary inflow between April and early May
2014 was 42% and 62% lower, respectively, com-
pared to the rest of the monitoring period in
2014. This resulted in a shift from net export
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when the tributary inflow inputs were smaller to
net retention when the tributary inflow discharge
increased later in the monitoring period. In 2015,
the output loading of Fe and Mn was 127% and
115% higher, respectively, between April and
May 2015 compared to the rest of the monitoring
period, which we attribute to the much higher
precipitation and elevated groundwater/surface
runoff in April and May 2015 (Fig. 2).

As the summer progressed in both years, we
observed a shift from net export to net retention
of the total fraction of Fe and Mn into the reser-
voir (negative L,.; Fig. 6), and the reservoir
served as a net sink of total metals for most of
the stratified period. The transition to net reten-
tion of total metals occurred concurrent with
opening the intake valve in BVR in late April
2014. The net retention of the total metal frac-
tions into FCR persisted while the tributary
inflow loading remained elevated between May
and September 2014 (Fig. 6). In 2015, we also
observed a transition from net export to net
retention of total metals in response to a pattern

of decreasing outflow discharge in May 2015.
Between May and August, a large decrease in
outflow resulted in net retention. In contrast to
the total metal fractions, soluble Fe and Mn frac-
tions were exported from FCR downstream dur-
ing spring and throughout the summer stratified
period in both years.

Examining the combination of oxygen and
hydrologic conditions on the net export of metals
from FCR, we observe that the reservoir behaves
predominantly as a sink for total metals in the
watershed (Fig. 7). The only condition under
which the reservoir consistently behaved as a
source of total metals downstream was
April-May when groundwater/surface runoff
inflow was elevated. Comparing the high tribu-
tary inflow coupled with oxygenation in 2014 to
the high tributary inflow coupled with non-oxy-
genation in 2014 shows that the net export of
both total Fe and Mn was similar even under
these 2 different oxygenation conditions, suggest-
ing that oxygenation has only a minor influence
on the net export of metals from the reservoir

in
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Figure 6. Loading of Fe and Mn in the tributary inflow and outflows (top 4 panels) and net export of total and soluble Fe and
Mn (Lne bottom 4 panels) from FCR to downstream in 2014 (left) and 2015 (right); left y-axes show Fe data and right y-axes
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that is not visible in the horizontal bar.

(Fig. 7). In 2014, only 0.1% and 2% of the total
Fe and Mn mass, respectively, entering the reser-
voir from hydrologic inputs retained during the
monitoring period; in 2015, the retained total Fe
and Mn mass was —0.02% and 5%, respectively.

Discussion

The Fe and Mn budget in FCR was affected by
both oxygenation and hydrologic conditions dur-
ing the 2-year study period. In the following dis-
cussion, we discuss the effects of hypolimnetic
oxygenation and hydrologic inflows on the
exchange of Fe and Mn between the sediments
and water column and on the retention of metals

in the reservoir, and the implications of manipu-

lating reservoir conditions for water qual-

ity management.

Release from sediments control Fe and Mn
hypolimnetic mass

Our results show that release of metals from the
sediments into the water column had a substan-
tial effect on the Fe and Mn mass in the hypo-
limnion. Later in the summer stratified period of
both years, we observed large increases in the
masses of both total and soluble Fe and Mn in
the hypolimnion (Fig. 4). The hypolimnion total
and soluble Fe and Mn masses reached their
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highest levels between July and August (Fig. 4),
when FCR was stratified and anoxic conditions at
depth in the water column (Fig. 3) were well
established, similar to results of other work in
seasonally stratified lakes and reservoirs (Davison
1993; Gantzer et al. 2009; Bryant et al. 2011;
Wildman and Forde 2016).

As expected, the release of total and soluble Fe
and Mn from the sediments into the water col-
umn was sensitive to DO concentrations in the
hypolimnion. The net release of Fe and Mn from
the sediments to the water column was higher
(positive L) for most of the summer stratified
period when the HOx system was intermittently
deactivated in 2014, in comparison to extended
periods of oxygenation in 2015 (Fig. 5). When
the HOx system was deactivated for the two 4-
week intervals in 2014, the mean net release rate
of Fe and Mn into the hypolimnion was 1.4 and
4.5 times higher, respectively, than during the
same times in 2015 under continuous HOx sys-
tem operation. These results suggest that tempor-
ary, short periods of anoxic conditions above the
sediment-water interface greatly increased the
internal loading of metals into the water column.

The continued release of Fe and Mn after oxy-
genated conditions were reestablished in 2014

suggests that conditions in the sediments, where
the reduced Fe and Mn largely originate, are
decoupled from the well-oxygenated conditions
in the water column (Fig. 3). Fe and Mn release
was still evident in continuously oxygenated con-
ditions in both years, although the release rates
were lower in comparison to anoxic conditions
above the sediment-water interface in 2014 (Fig. 3).
Bryant et al. (2011) found that although Mn con-
centrations in the water column decreased by up to
97% under oxygenated conditions in a nearby res-
ervoir, that Mn concentrations in the sediment
pore water continued to increase in the summer
stratified period, despite HOx operation. Although
we did not measure sediment pore water, our water
column data support the findings of Bryant
et al. (2011).

The tributary loading of Fe and Mn into FCR
had a negligible short-term effect on metal mass
in the water column. Early in the stratified period
in both years (between April and May), we
observed relatively minor changes to the masses
of Fe and Mn in the hypolimnion (Fig. 4).
Between April and May in 2014, the tributary
loading of total Fe and Mn increased by a factor
of 6 or more, up to 4.4kg/d and 0.32kg/d,
respectively (Fig. 6); however, the metal masses
in the hypolimnion did not substantially increase
until early June (Fig. 5). The lack of an increase
in hypolimnion metal masses in response to
increasing tributary loading suggests that while
the tributary inflow imported a large amount of
metal mass daily compared to the total amount
in the hypolimnion, the metals entering the reser-
voir from the tributary likely accumulated
in sediments.

Falling Creek Reservoir is largely a metal sink

Over the 2-year study period, our results show
that overall, FCR behaved as a sink for total Fe
and Mn. Our results are generally consistent with
a nutrient retention study in the same reservoir,
which found that under most conditions, FCR is
also a sink for total forms of nutrients (nitrogen,
phosphorus: TN, TP; Gerling et al., 2016). Older
reservoirs such as FCR, which was constructed
>100years ago, are important sites for nutrient
and metal retention in the landscape (Harrison



et al. 2009; Powers et al. 2013), but they can also
be sources of these important water quality
parameters under certain biogeochemical and
hydrologic conditions, such as in the early strati-
fied period (April-May) in the 2-year monitoring
period of our study.

In general, total Fe and Mn concentrations
exhibited negligible changes in the inflows or
outflows during thermal stratification in FCR,
suggesting that although oxygenation influenced
the net exchange of metals between the sediment
and the water column, it had little effect on the
amount of total Fe and Mn mass being retained
in the reservoir (e.g., compare high tributary
inflow-oxygenation “on” to high tributary inflow-
oxygenation “off” in Fig. 7). These results con-
trast with the findings from Gerling et al. (2016),
who observed in 2013 and 2014 that NH, " that
accumulates in the hypolimnion under hypoxic
conditions in FCR can be entrained into the epi-
limnion and exported downstream via the reser-
voir outflows. Although we also observed an
increase in metal accumulation in the hypolim-
nion during the summer stratified period,
entrainment of hypolimnetic water with high
metal concentrations into the epilimnion did not
have a substantial effect on the net export of met-
als from the reservoir. This difference may be
because NH," accumulation occurred throughout
the water column of the hypolimnion, enhancing
entrainment rates at the thermocline; in contrast,
the Fe and Mn accumulation was primarily at the
bottom of the hypolimnion, just above the sedi-
ments, so metal entrainment rates were lower.

We note multiple limitations to this work.
Although we were able to manipulate the tribu-
tary inflow to FCR, we were not able to control
the discharge rate and loading of other hydro-
logic inputs, such as groundwater and surface
runoff. While it is unlikely that all hydrologic
inputs could be fully controlled in a whole-reser-
voir experiment such as ours, further work meas-
uring groundwater discharge and surface runoff
during precipitation events and the associated
metal fluxes from these two hydrologic inputs is
needed to improve the metal mass budget calcu-
lations for this reservoir. In addition, we were
unable to conduct a statistical comparison of the
manipulation periods because of autocorrelation

LAKE AND RESERVOIR MANAGEMENT . 289

between sequential treatments and interannual
variability. Regardless, the standardization of
hypolimnetic metal masses as loading per day
(Fig. 6) allows us to segregate the effects of
hydrologic versus redox-mediated loads of Fe and
Mn to the water column. We did not have data
from a reference ecosystem for comparison to the
FCR manipulations, which limits the extrapola-
tion of our findings to other reservoirs.

Implications for reservoir management

Our study supports previous work (e.g.,
Engstrom 2005; Gantzer et al. 2009) showing that
oxygenation can be successfully used as a man-
agement strategy for controlling Fe and Mn in
drinking water reservoirs, but the design and
implementation of oxygenation may need to be
modified to account for longer term buildup of
particulate metals in the reservoir sediments. In
our study reservoir, we found that oxygenation
hinders release of metals from sediment during
thermal stratification and allows for oxidation of
metals in the water column. However, because
the reservoir’s 2 primary withdrawals (water
treatment plant and spillway) are from the epi-
limnion, there was no net loss of metals from the
hypolimnion. If the withdrawals were from the
hypolimnion, FCR’s ability to serve as a metal
sink would likely be decreased. Because land use
and climate are simultaneously increasing hypo-
limnetic anoxia in many lakes and reservoirs
(Marce et al. 2010; Jenny et al. 2016) and storm
intensity and frequency are increasing in many
regions (Prein et al. 2017), thereby increasing
tributary inflows, evaluating the effects of these
forcings on metal budgets is critical for protec-
tion of drinking-water supplies.
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