MODELING SULFATE RETENTION IN A LAKE RECEIVING ACID MINE DRAINAGE!

dlan T. Herlihy, BAaron L. Mills, and Winston Lung2

Abstract. -- Bacterial sulfate reduction in the
sediments of Lake Anna, VA combined with
geochemical ppocesses in the water column remove
half the 504 entering the lake in acid mine
drajnage (AMD) from Contrary Creek. In addition to
S0 removal, the pH of the water is increased
from about 3.5 to 6.0 within the boundaries of the
contaminated arm. A simple water quality model was
constructed to pr%Fict the spatial and temporal
distribution of S0,“” in the lake water and to help
identify the important processes controlling the
distribution of the pollution in the lake. The
model successfully predicted distribution of 50, -
in most locations, except for those closest to the
mouth of the AMD stream. The model demonstrated
that chemical stratification of the lake water was
more important than thermal stratification near the
mouth of the acid mine stream and that a strong
chemical gradient there inhibits vertical mixing.
Maintenance of the AMD plume near the sediment
surface wherg the biological activity occurs likeax
enhances S50, removal. The proportiop of 50,
retaigqﬂ in the Contrary Creek arm (S0, retained
/ 80,4 influx) was 0.48, consistent with other
lakes which actively retain sulfur in the
sediments. The comparatively short residence time
of Egis arm of Lake Anna {(ca. 100 days) yields an
80 -removal coefficient of 12 to 14, which is
over an order of magnitude higher than reported for
lakes acidified experimentally or by precipitation.
In those lakes djffusion is assumed to be the major
mechanism of SO, transport to the sediments where
most SR occurs. In Lake Anna, the model results
demonstrated that some other mechanism plays an
important role in transporting the AMD constituents
from the lake water to the sediments. The amount
of AMD neutralized by the biogeochemical processes
in this lake suggests that some impoundments might
be appropriate for the renovation of AMD-
contaminated waters.
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INTRODUCTION

In Lake Anna, VA, successful
neutralization of AMD from a series of
abandoned pyrite mines occurs within one

arm of the lake within 2 km of the point
where Contrary Creek enters the lake.
Contrary Creek has an anual average pH

about equal to 3.2, 504 about egual to 1
to 20 pmol/L, and total iron about equal
to ig to 50 mg/L. On average, 48 % of the
50, that enters the lake from Contrary
Creek is removed in the first two
kilometers of the lake (Herlihy et al.,
1987). Concomitantly, the pH rises to
approximately 6 and the iron levels drop
to levels similar to uncontaminated arms
of the lake., This homeostatic renovation
of the water has been attributed to
anaerobic bacterial activities,
specifically sulfate reduction (SR) in the
sediments underlying the contaminated arm
of the lake (Mills 1985, Mills and Herlihy
1985, Herlihy and Mills 1985, Herlihy et
al. 1987; Mills et al. in press).

of
the resultant
precipitation of metal sulfides are
significant in increasing the pH agg
reducing the AMD-derived iron and S04
concentrations in the lake water.
Alkalinity generation from SR occurs
according to the eguation:

establishment
SR, and

The
conditions,

2CH,0 + 50,7 HyS + 2HCOg% ™. (1)

Evaluation of the relative amount of
neutralization that SR can EEovide is
related to the amount of SO removed
from the water. Although SR plus dilution
provides a thorough cleansing of water in
the Contrary Creek Arm of Lake Anna,
prediction of the efficiency of this
homeostatic process in other systems must
rely on an adeguate guantitative model to
test other systems priecr to construction
of new impoundments or contamination of
pre-existing waters. The present study
applied a modified version of the WASP
model (Water Quality Analysis Simulation
Program) t¢ simulate the conditions in
Lake Anna, with the intent of applying the
model to other acidified impoundments in
the future.
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METHODS
Model Description

WASP is a general model
handling one, two, or three
time-variable calculations (DiToro et
1983}, The water body to be modeled is
divided into segments and mass balance
equations for each segment are constructed

capable of
dimensional
al.

for the constituent of interest. The mass
balance eqguations are solved using a
finite difference technigue with a

backwards-difference approximation in the
spatial plane and a forward-difference
approximation in the temporal plane. The
finite difference equations are integrated

using a second-order Runge—-Kutta method.
WASP has been used successfully in
modeling lake acidification in Bickford
Reservoir, and Woods and Panther Lakes
{Lung, 19%87)
Application of WASP to Lake Anna
Only the area of the lake between the

mouths of Freshwater and Contrary Creeks
and the Route 652 bridge near station A2
was included in the model (fig. 1). To
implement WASP in the Contrary Creek arm
of Lake Anna, this part of the lake was
divided into eight segments (fig. 1).
Epilimnion and hypolimnion segments were
included for areas of the 1lake around
stations (€2, C5, and A2, The Freshwater
Creek section of the lake was treated as
one segment as was the small segment of
lake near the mouth of Contrary Creek
around station Cl. Sulfate concentratign
was the only constituent modeled, as S0,
retention approximates the neutralization
process for the lake.

The flows into each segment of the
model are shown diagrammatically in figure
1, and the mass balance and discharge and
loading eguations are given in table 1.
Sulfate from Contrary Creek enters into
segment 1, and 90% flows into segment 5
(hypolimnion eof station C2)} with the
remainder flowing into segment 2
{(epilimnion of station C2). Water from

Segment 2 flows into segment 3, and then
segment 4 along the surface of the lake
(epilimnion segments of stations C5 and
A2} before exiting out the outflow. Water

in segment 5 flows into segment 6 and then
segment 7 along the bottom of the lake
segments of stations C5 and
A2) before exiting out the cutflow.
Sulfate is mixed between the epilimnion
and hypolimnion of each station (segments
2 and 5, 3 and 6, and 4 and 7) by vertical
eddy diffusion. Flow percentages were
calculated from lake cross sectional areas
and curEent velocity observations. Water
and 50,“” from Freshwater Creek enter into
segment 8, and then 38% flows into segment
4 and the remaining 62% into segment 7.
Each surface fegment (1,2.3,4 and 8)
received 50,7 and water from




Figure 1, -- A. Map of the
arm of Lake Anna. Water
easterly direction. The
represents about 13% of the

Contrary Creek
flows in an
area shown
total surface

area of the impoundment which lies to the
northeast and southeast of the arm shown.
B. Schematic diagram of flow routing and

segment location for the model applied to
the Contrary Creek arm of Lake Anna.
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precipitation and direct input (overland
flow and ephemeral streams) and lost water
due to evaporation. Sulfate is removed
from the segments overlying sediments
{1,5,6,7 and 8) by SR minus sulfide
oxidation (Herlihy et al. 1987).

The data needed by WASP to run
model {described lafer) included the
volume and initial S04°” concentration of
each segment, the waterflows between each
segment, the eddy diffusign between
segments, and the external 504 load into
each segment of the model. The kinetic
term for SR and the associated
coefficients were also input. Finally
boundary conditions indicated the sulfate
concentration of the outflow from segments
4 and 7.

the
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Flow, Load and Concentration Data

The model was calibrated using data
collected during the 1984 water year
(October 1, 1983 to September 30, 1984)

and verified using data collected during
the 1983 water year. Discharges and loads
were input into the model at 5—-day
intervals using the mean value of the five
daily discharges and lcads. Discharge and
load data were taken from the measured
sulfate budget for the lake (Herlihy et
al. 1987), recalculated for each segment.
Initial conditions and boundary conditions
were taken from the observed lake water
sulfate concentrations. Segment volumes
and surface areas were obtained from
Bruckner (1986).




Table 1. -- Mass balance and loading and discharge equations
used in the application of the modified WASP model to Lake Anna.

MODEL MASS BALANCE EQUATIONS

C. A

V,dC,/at =Wy - Q50 - QyeCy - kgf©ihy

V4dC,fdt = Wy + Q),C) - Qa0 + K Agg/Lyg(Cg-C)
VgdCyfdt = Wy + QuqC, - Qg,Cy + KyAgg/Tigg(C4-C)
VA€, /db =W, + Qg g + Qg Cq - Q4 + KA yy/Lyy(C7-Cy)
V5dCgfat = Q 0, - QgeCp + K Aje/Ly6(Cy-Cg) - by 1Crhgg
VgdCofdt = QgyCy - QgrCq + K Agg /gl Cy-Co) - k1 Cehyg
V9C, /4t = Qg Ce + Qg Cg = QpoCp + KA /L 7(C,-Cp)-

sulf TA47
VgdCqfdt = Wy = Qg,Cy - QgrCp - by iChy

V, = Yolume of segment i (ms).

C, = Concentration of sulfate in segment i {mol{m).
Q.. = discharge from segment i to aegment j (m”/day).
= external sulfate loading into segment i (mel/day).
K_ = vertical eddy diffusion coefficlent (m”/day).

A = surface ares between segments i and j (m").

A,J =z surface area of segment i (m”).

Ly == sum of the depths of segments iandj (m).

k, 1= sulfate removal coefficient (m/day).

oL

DISCHARGE EQUATIONS
Qp = Qe+ 519+ Alme - Alqe\mp " A Qo

Q2 =30+ AZQprec - A‘zqnap “AQore

Qs = 549+ A.‘lqprec - Aaqevap ~A9Qore

Q04 = sdqfc + A‘lqprvtzc - Adqevap - A‘letm‘e

Q,=002"Qq

Qg = Qs

Qa7 = Qg

Qpg = R * 59, + Aquuc - Aquvap “Ag%iore
Qg =038" Qg

Qgp =062 Qg

Q0 =g, + Q34 +p4

Qg0 = Qg7 + Qg7

Note that segment 0 represents external boundary condition.
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= discharge from segment i to segment j.

= discharge from Contrary Creek.

= discharge from Freshwater Creek.

= water input from precipitation.

= water loss due to evaparation.

= dizcharge due to change in lake storage volume,
ratio of direct input watershed area in segment i

to the Freshwater Creek waterahed area.
= ratio of lake surface area in segment i to total
lake surface area,

LOADING EQUATIONS

= wr.c + Al.w]:u-ec * Slwi'c

= Azwprec + szwfc

='A3wprec + sﬂwfc

= A'd.wprec + S4wfc

WB = wfc + ABv'rpl'et: +8gW

8 fc

st = le + QOZ Wi = external sulfate loading into aegment i,
W: = nulfate loading from Contrary Creek.
QM = st + Qos ng = pulfate loading from Freshwater Creek.
.mec =aulfate loading from precipitation,
Qs =098"Q,
Vertical Eddy Diffusion Coefficients where C; is the 5 2=  concentration in
segment "i (mols/m°), A; is the surtace
Sulfate transport via vertical eddy area of segmens i (m®), V; is the volume
diffusion was calculated as the product of of segment i (m”) and kg,;¢ is the sulfate
the vertical diffusion coefficient (K;) removal coefficient meyr). Sulfate
and the interfacial area between tﬁe removal only takes place in segments
epilimnion and hypolimnion divided by the overlying - sediments. aAs modeled here,
average depth of the two layers. There Ksulf describes the net reaction of
are no data about the magnitude of the suf%ate reduction minus sulfide oxidation.
vertical eddy diffusion .coeff%cient in The coefficient can be thought of as a
Lake Anna, so a value of 0.05 cm“/sec was piston wvelocity relating how many meters
chosen as a first approximation of K,, of water per year must be processed by the
based on a range of literature values for sediments to account £for the observed
a number of similar and dissimilar lakes. sulfate removal.
Sulfate Removal Kinetics Baker et al. (1986) presented an
- equation for calculating kg,;f based on
Sulfate removal was modeled by the the mean depth, water residence time, and
equation : sulfate retention of a lake:
Vi * dCiIdt= ksulf . Ci . Ai (2) ksulf R * z/ (tw * (100-R))}. (3)
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In  this equation, R is the retention of
S04 as percentage of input, t,; is the
water residence time (yr.), and z is the
mean depth (m}. Values of k., in the
present study were then calcufaged using
the budget data from Herlihy et al.
(1987). The average depth was calculated
by  dividing the Contrary Creek arm lgke
volume bg i%s surface area (4.4 x 10% m® /
1.1 x 10" m“ = 4 m). Calculated values of
kguig Wwere 12,7 m/year in the 1983 water
year  and 14,1 m/year for the 1984 water
year. These coefficients were used in the
model in the kinetic expression for
sulfate removal as shown in equation 2.

RESULTS

Model Calibration

Average epilimnetic and hypolimnetic
sulfate concentrations predicted by the
model for the 1984 water year were in good
agreement with observed data. However,
the model predicted little chemical
stratification between epilimnion and
hypolimnion using akK,6 of 0.05 cm®/sec.
The observed S0;° dafa showed a strong
stratification at station C2 during most
of the year and at station A2 in the
winter. Therefore the model was rerun
after changing the spatial and temporal
values of K, so that a reasonable fit to
the data set was obtained. The K, values
for stations C5 and A2 were lowered to
0.01 c¢m“/sec. In order to obtain a good
fit to the observed station C2 data, the
K,. had to be lowered even more to 0.002
cm“/sec. It was also necessary to change
the flow routing so that 98% of the water
from Contrary Creek coming from segment 1
went into segment 5 (C2 hgpolimnion). In
order to fit the observed winter sulfate
distribution at station A2, it was
neggssa y to decrease all three K,s to 1 x
10 cm”/sec from December 25 to February
15 to reflect the reduction in vertical
diffusion due to ice cover on the lake.
The ice cover would lower K, by stopping
any wind mixing.

To make the model more realistic,
Kgulf was set to 0 during the months of
January and, February to reflect the
cesgation of sulfate removal as observed
previously {Herlihy, 1987). During
October, November, and December, kg, ¢ was
decreased 1linearly with time from the
maximum summer value to zero. Similarly
during March, April, and May. kguig Wwas
increased linearly with time from zero to
the maximum summer value. The maximum
summer kg,1¢ (in effect from June through
September? was calculated so that the
value calculated 1in equation 3 was the
annual average Kg g

After tggse calculations, the
predicted S04 concentrations in both
epilimnion and hypolimnion at station C2

were in fairly good agreement with the
observed data (fig. 2). The model failgd
to predict the 1low  hypolimnetic 80,4
concentrations in June End July. The moéel
also underestimated S0,°” concentration in
the epilimnion from OcCtober to April and
overestimated it from July to September.
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Figure 2. -- Observed and model-predicted
sulfate concentrations (pmol/L) in
the epilimnion and hypolimnion at
station C2 (segments 2 and 5) during
the 1984 water year.

The model predicted 50,2
concentrations at station CC5 (fig. 3)
better than it did_at station C2. Most of
the observed 8S0,°” concentrations were

within 10-20% of the predicted
concentrations. At station A2 the modg}
predicted the observed 504

stratification in January and February
(fig. 4). From ,June through September,
the predicted 804" concentrations in the
hypolimnion were about 50% lower than the
observed concentrations.
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Figure 3. -— Observed and model-predicted

sulfate concentrations (pmol/L) in
the epilimnion and hypolimnion at
station C5 (segments 3 and 6) during
the 1984 water yeat.

Sensitivity Analysis
To understand the sensitivity of the

model to kg and K, a sensitivity
analysis o? these parameters was
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Figure 4. -- Observed and model-predicted
sulfate concentrations (pmecl/L} in
the epilimnion and hypolimnion at
station A2 (segments 4 and 7) during
the 1984 water year.

The predicted sulfate
concentration in the hypolimnion at
station A2 was very sensitive to small
changes in kg,;¢ (f£ig. 5). The solid line
in the midgfe of figure 5 was the 1984
value of Kk calculated from eguation 3
(1421 ny The line predicting higher
50,4 ~ concentrations represents an annugl
keulf of 1.85 m/yr and the lower SO
concentration line had a value of 70.0
miyr. All of the kg,j¢ values in this
exercise were set to b guring the winter
months and varied with time as described
above. The sensitivity analysis shows
that the range of acceptable values of
kgyrg is small, about 5-20 m/yr.

performed.
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Figure 5., —— Model-predicted sulfate
concentrations in the hypolimnion of
station A2 (segment 7} at varying
values (m/ yr) of the sulfate removal
coefficient (kg,j¢)-
The sensitivity analysis for K, showed
that large {order of magnitude) changes

made small, but significaBE changes in the
predicted epilimnetic SO, concentration
at_itat'on c2 (fig. 6). With a K, of 1 x
10 cm*/sec there was little or ho mixing
between epilimgion and hypolimnion. Thus,
predicted 504 concentrations were low
and remained fairly constant with time
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Figqure 6. Model-predicted sulfate
concentrations (pmol/L) in the epi-
limnion of station C2 {(segment 2} at
varying values (cm“/ sec) of the
vertical eddy diffusion coefficient
(K;).

waterflow through the epilimnion

(only 2% of Contrarg Creek
and there was little S0, influx
from direct input _and precipitation.

There was more 8042  transfer between

hygglim ion and epilimnion when K, was 1 x

i¢ cm”/sec. The effects of different §z

values on the predicted hypolimnetic S50,
concentrations at station C2 were less

because
was low
inflow),

than 10% {data not shown).
Model Verification
The model was verified using data
collected during the 1983 water year and
the gsame values of K, used in the
calibration. The value of kg, used 1in

the verification was 12.7 m/yr, and it was
varied temporally as described above. The
predicted SO concentrations in the
hypolimnion a% station C2 were higher than
the observed concentrations but the trends

were similar (fiq. 7). Observed
epilimnetic 50, concentrations were
scattered around the predicted

concentration line.
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Figure 7. =-- Observed and model-predicted
sulfate concentrations (pmol/L) in
the epilimnion and hypolimnion at
station C2 (segments 2 and 5) during

the 1983 water year.




Except for the late winter and early
spr}ng months, the observed and predicted
concentrations at station C5 were %n

good agreement (fig. 8). The hlgh 80,
concentrations predicted in the
bypolimnion in the winter were not seen in

the observed February and ..arch data. ng
predicted and observed S0

concentrations at station A2 were also
similar except for the predicted

hypolimnetic sulfate peak in February and
March that was not present in the observed

data (fig. 9). Model efficiency was
calculated using the verification data
{(predicted and observed)} from March

through September 1983, F values (sum of
the squares of the observed data about the

mean divided by the sum of the sguares of
the predicted data-observed data) were
very low ({ranging from 0.19 in the A2

bypolimnion to 2.03 in the A2 epilimnion);
there was as much variance in the model
prediction about the observed data as in
the observed data about the mean.
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Figure 8. -- Observed and model-predicted
sulfate concentrations (gmol/L} in
the epilimnion and hypolimnion at
station C5 (segments 3 and 6) during
the 1983 water year.
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Figure 9. -- Observed and model-predicted
sulfate concentrations (pmol/L) in
the epilimnion and hypolimnicn at
station A2 (segments 4 and 7) during
the 1983 water year.
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DISCUSSION
In order to f£it the model to the
observed data., it was necessary to assume
that 98% of the AMD inflow went into the
hypelimnion of €2 and that K, at station
C2 was lower than the other sgatlons. At
C2 the more AMD impacted water in the

hypolimnion has a higher density than the
epilimnetic water so there is a barrier to
mixing that would cause a lower K. At
stations €5 and A2 the chegical gradient
has been reduced by 80, and metal
removal, dilution, and mlxlng so that the
chemical barrier to mixing is reduced and
a higher K, would be expected. At
certain times in the year, especially at
stafion C2, the observed and predicted
50y ~ concentrations were not very close.
It is 1likely that the actual X, varies
more temporally than the XK, nsed” in the
model. Factors such as storm events, and
large changes in air temperature, and wind

direction could cause large changes in K
for short periods of time. A storm even
would carry in a large amount ot dilute

water destroying a chemical stratification
and perhaps caus%ng turbulent mixing.
Similarly. the 504 maximum predicted by
the model in January and February 1983 was
not seen in the observed data. The ice
cover in 1983 was much less than it was in
1984, If ice cover was the factor
reducing K, in the winter of 1984, it is
likely tha% the K, in the winter of 1983
should not have geen as low as it was
modeled. Actual measurements of K, with
time and the percent of AMD inflow
entering the hypolimnion would enhance the
predictive ability of the model.

Baker et al. (1986) reported a mean

syl ©f 0.46 (x 0.30) m/yr for 14
sog%water lakes. They found that kg was
inversely related to the lake's re51 ence
time. Lakes with a long residence tiTe
allow more time for SR to remove S0,%
yielding a higher S04 retention. Lakes
with a short re51d nce time, like Lake
Anna, had a low S04,  retention (<10% of

input) since the SO is rapidly f£flushed

out of the lake. The values of kg,1¢ in
Lake Anna (12-14 m/yr) were almos two
orders of magnitude greater than the
values reported by Baker et al. (1%86).
The implications of this drastic
difference cgul be attributed to
different SO removal mechanisms. The
lakes sampleé by Baker et al. were all

affected by acid precipitation, not AMD,

and diffusion was sald to be the major
mechanism for 8504 transpert into the
sediments. In Lake anna, diffusion could
account for _no more than 5% of the
observed B50,°” removal from the lake
(Herlihy et al. %987 A mechanism with a
more rapid S0, transport rate could
account for the higher kg,;¢ observed in

Laks Anna. It has been hypo hesized that

50, is transported to the sediment via
adsorptlon onto settling solid particles
or iron flo¢ (Mills et al. in press).




/S

Therefore the higher iron concentrations
in Lake Anna could account for the higher
Ksulf- The value of k in Lake Anna
neeéed to make the model results match the
observed results supports the hypothesis
that some mechanism operating much more
rapidly than, diffusion is working to

transport 50,“” to the sediments.

Another possible improvement to the
model would be to adjust the S50, removal
coefficient to account for the iron

concentration._  If iron flocculation is
the major 50, transport mechanism then
it is important to account for this

progess in the model. It is likely that
s0 removal is most rapid near the mouth
of Contrary Creek where the majority of
the iron precipitates.

CONCLUSIONS

In order to accurately model the
observed sulfate distribution in Lake Anna
it was necessary to reduce both the
vertical diffusion coefficient and the
amount of Contrary Creek water flowing
into the epilimnion. The steep chemical
gradient near the mouth of Contrary Creek
effectively inhibits vertical mixing. The
observed data showed a great deal of
fluctuation at station C2 indicating that
the actual pattern of creek inflow and
vertical diffusion has a great deal of
temporal variability.

The predicted 5042~ concentration in
Lake Anna was very sensitive to the SO

removal coefficienE; The model results
showed that the S04 removal coefficient
could be calculated successfully using
eguation 3. The removal coefficient in
Lake Anna was more than an order of
magnitude higher than observed in lakes

where diffusion is the major mechanism of

504 transport to the sediments. Thus
some other transport mechanisg_ plays an
important role in removing S04 from Lake
Anna.,
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