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Preliminary Analysis of the Hydrologic and Geochemical Controls 
on Acid-Neutralizing Capacity in Two Acidic Seepage Lakes 

in Florida 

CURTIS D. POLLMAN, • T. M. LEE, 2 W. J. ANDREWS, 3 L. A. SACKS, 2 S. A. GHERINI, 4 AND R. K. MUNSON 4 

In late 1988, parallel studies of Lake Five-O (pH 5.14) in the Florida panhandle and Lake Barco (pH 
4.50) in north central Florida were initiated to develop hydrologic and major ion budgets of these lakes 
as part of an overall effort to improve understanding of the hydrologic, depositional, and biogeochem- 
ical factors that control acid-neutralizing capacity (ANC) in seepage lakes. Preliminary findings from 
these studies indicate that earlier perceptions of lake hydrology and mechanisms of ANC regulation in 
Florida seepage lakes may have to be revised. The traditional perspective of seepage lakes in the 
Florida panhandle views these systems as dominated by precipitation inputs and that ANC regulation 
is due largely to in-lake processes. Our results for Lake Five-O show modest to steep hydraulic 
gradients almost entirely around the lake. In addition, the horizontal hydraulic conductivity of the 
surficial aquifer is high (8-74 m day-l), indicating that large quantities of groundwater flow into Lake 
Five-O. Calculations of net groundwater flow from hydrologic budgets also indicate that groundwater 
may comprise at least 38 to 46% of the total inflow. For Lake Barco, net flow estimates of the minimum 
groundwater inflow range from 5 to 14% of total inflow. Enrichment factor and ion flux calculations for 
Lake Five-O and Lake Barco indicate that terrestrial as well as in-lake processes contribute 
significantly to ANC regulation. The extent that terrestrial processes contribute to ANC generation is 
directly related to the magnitude of groundwater inflow as well as the degree of ion enrichment or 
depletion that occurs in the surficial aquifer. Net ANC generation in both study lakes was dominated 
by artion retention (NO•- and SO•-). Where previous studies concluded that in-lake reduction was the 
primary sink for SO,•-, our preliminary calculations show that adsorption of SO•- within the 
watershed is perhaps twice as important as in-lake reduction as a source of ANC. Net base cation 
enrichment in both lakes was negligible. 

INTRODUCTION 

•epage lakes, by virtue of having no surface inlets or 
outlets, receive essentially all their hydrologic income from 
7ecipitation falling directly on the lake surface or from 
groundwater inflow (inseepage). Because precipitation is 
such an important component of their hydrologic budgets, 
seepage lakes are gaining increasing attention regarding their 
sensitivity to acidic deposition (Eilers et al., 1983; Baker et 
d., 1988a; Henriksen and Brakke, 1988; Pollman and Can- 
field, 1991]. Results from the U.S. Environmental Protection 
Agency's (EPA) Eastern Lakes Survey (ELS) indicate that 
•early 60% of the acidic lakes in the eastern United States 
ldefined as lakes with acid-neutralizing capacity or ANC -<0 
./aeq I. -l) are seepage lakes [Brakke et al., 1987]. In Florida, 
•here more acidic lakes are found than in any other region in 
the country [Linthurst et al., 1986], 84% of the acidic lakes 
are seepage lakes [Pollman and Canfield, 1991]. Nealy half 
of these acidic lakes are clearwater lakes where the acidity is 
'attributable to strong acids, notably H2SO 4 [Pollman and 
Canfield, 1991]. Paleolimnological evidence indicates that 
•me seepage lakes in Florida have become more acidic 
sime about 1950, although the mechanisms accounting for 
s•:h change (hydrologic and/or atmospheric) are unclear 
[Sweets eta!., 1990]. Moreover, although the factors that 
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regulate ANC are fairly well known, the quantitative impor- 
tance of individual factors is uncertain, and the impact of 
perturbations of any of these components on the chemistry 
of clearwater seepage lakes cannot be assessed [Goldstein et 
aI., 1985]. 

In late 1988, two parallel, 4-year studies were begun of the 
hydrologic and chemical dynamics of two clearwater seep- 
age lakes: Lake Five-O (pH = 5.14, ANC = -4.0/zeq L -•) 
in the Florida panhandle; and Lake Barco (pH = 4.50, 
ANC = -31.3 tzeq L -l) in north central Florida (Figure 1). 
These studies focus on the relative importance of two 
geochemical processes that currently are poorly understood: 
(1) the terrestrial contribution of ANC via groundwater 
inflow to acidic seepage lakes and (2) the contribution of 
in-lake processes to ANC, particularly through anion (NOj' 
and SO42-) assimilation and reduction. Results from both 
lake studies are being integrated as part of the Hydrology 
and Acidity of Seepage Lakes (HASL) study to improve our 
understanding at the regional level of the hydrologic and 
depositional factors that control ANC in seepage lakes. 
Although lake and precipitation chemistry data exist for 
numerous lake basins in Florida, the Lake Five-O and Lake 
Barco studies are the first in Florida to define groundwater 
flow patterns and geochemistry in the aquifers surrounding 
acidic seepage lakes. 

The purpose of this paper is to present findings from the 
first year of study on the chemistry and hydrology of each 
basin and to present the results of a preliminary analysis of 
the relative importance of terrestrial and in-lake processes in 
regulating AN C. Because a more accurate quantification of 
groundwater fluxes is several years from completion, this 
preliminary analysis relies upon initial estimates of the 
relative magnitude of groundwater flow to each lake, i.e., the 
fraction of the total inflow to the lake contributed by 
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Fig. 1. Site map showing location of Lake Five-O (panhandle) and Lake Barco (north central Florida) in relation to 

major physiographic regions of Florida. 

groundwater. These estimates are based upon the hydroge- 
ology and groundwater flow patterns in the aquifers sur- 
rounding each lake and on net groundwater flow calculated 
from preliminary hydrologic budgets for each lake. Potential 
errors in the net groundwater flow estimates are discussed. 
Estimates of steady state groundwater inflow and leakage for 
each lake also are derived using a geochemical tracer ap- 
proach [cf. Stauffer, 1985]. Because (!) the chemistry of 
seepage lakes at any point in time integrates the effects of 
atmospheric deposition received over the previous several 
years and (2) the intent of this paper is to focus on long-term 
mechanisms contributing to ANC production, we have 
adopted a steady state approach using averaged lakewater 
chemistry, long-term depositional data, and long-term hy- 
drologic data to calculate enrichment factors. 

STUDY AREA 

Lake Five-O 

Lake Five-O is in the Florida panhandle approximately 30 
km north of Panama City in the Greenhead Slope physio- 
graphic region (Figure 1). This area is underlain by mantled 
karst and is characterized by irregular sandhills and numer- 
ous doline-type seepage lakes [Schmidt and Clark, 1980]. 
The Lake Five-O watershed is part of a relict marine terrace 
lying between 21 and 52 m above mean sea level (MSL). 
Surficial soils in the region are deeply weathered, acidic 
typic quartzipsamments. Primary weatherable minerals in 
the Pliocene to Holocene aged sands are largely absent, 
although iron staining of subsurface sands is common. 

The unconfined surficial aquifer occurs in unconsolidated 
and very permeable quartz sands that average about 18 m 
thick on the plateau surrounding Lake Five-O [Andrews et 
al., !990]. It is undefiain by the Jackson Bluff Formation, an 
intermediate confining unit separating the surficial aquifer 
from the upper Floridan aquifer. The Jackson Bluff Forma- 
tion consists of calcareous, sandy clay to clayey sand with 
biogenic deposits of phosphate [Andrews et al., 1990]. The 

Floridan aquifer system is a massive series of limestones ard 
dolomites that underlie virtually all of Florida [Heath 
Conover, 1981]. 

Lake Five-O is a deep depression surrounded by other- 
wise flat terrain that currently is used to grow timber. The 
watershed was logged to the periphery of the lake barn 
(approximately 50 m from the shoreline) in spring 1988 
before the start of the study and was replanted with sa• 
pine in fall 1988. The climate is subtropical and hum/d. 
Annual precipitation at Panama City averaged 168 cm from 
!968 through !987 [Andrews et al., 1990]. 

The surface area of Lake Five-O is 11.2 ha, and the lake 
has an average depth of 9.8 m (at stage 14.61 m MSL•. 
Maximum depth is nearly 15 m. Unlike many Florida l•es 
(yet typical of other lakes in the New Hope Ridge/Greenhe'•l 
Slope area; cf. Canfield et al. [1983]), Lake Five-0 is 
sufficiently deep to undergo stable thermal stratificatm 
during the summer. 

Lake Barco 

Lake Barco is within the Katherine Ordway Preserve ne•r 
the southern toe of the Trail Ridge physiographic reg'mn 
north central Florida (Figure 1). Lake Barco lies in sandhill 
karst. Lakes in the region largely originate from dissolut'• 
of the underlying limestone, followed by piping of mantle 
sediments into extended networks of solution channet.s 
within the bedrock. Collapse and sinkhole formation 
mately ensue such that karst features (depressions and lakes• 
are formed entirely within the surficial deposits and 
none of the calcareous bedrock is exposed [Arrington 
Lindquist, 1987]. 

Surficial deposits in the Lake Barco watershed are pos 
Miocene in age and consist primarily of undifferentiate• 
sands with variable amounts of silt and clay. Soils are ac• 
typic quartzipsamments, with extremely low cati•v 
exchange capacities (CEC) [Volk and Byers, 1983]. 'The 
surficial deposits range in thickness from about 30 rn 
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• crests of the sandhills to about 15 m near Lake Barco. 
II•ey are underlain by the Hawthorn Formation, which 
coafines or partially confines the underlying upper Floridan 
•'ffer. The Hawthorn Formation is extremely variable, 
:oasisting of differing quantities of clay and clayey sands, 
•;•.•z sands, carbonate and dolomite deposits, and phos- 
pat.k: granules [Scott and McGill, 1981; Scott, 1983]. Both 
Lake Five-O and Lake Barco lie in regions of recharge to the 
F•an aquifer system [Aucott, 1988]. 
Satiate area of Lake Barco is 11.7 ha, and the average 

•gh i's 4.8 m. Maximum depth is approximately 6.7 m. 
Late Barco does not stratify stably and remains isothermal 
• ,oaghout the year. 

METHODS 

Data collection and analysis for both lakes are structured 
•:•ard developing independent estimates of all components 

the hydrologic and major ion budgets for each lake. For 
•.•e lakes that receive negligible amounts of overland 
•'•,w the water budget is simply 

A V --. •:a v = P --- •:jo - E -.+ •:E + Qi +-- •:Qi- Qo +-- •:Qo 

(1) 

•ere AV is the change in lake storage or volume (m 3) for 
t• period of interest, P is the total volume of precipitation 
received by the lake (m3), E is evaporation from the lake 
•ace (m3), Qi is groundwater inflow to the lake (m3), Qo 
is grouMwater outflow from the lake (leakage, m3), and •i 
represents the error (m 3) inherent in measuring term i. 
Mechanisms of ANC generation or production can be 

evaluated by developing budgets for all the major ions 
c•tributing to ANC [e.g., Baker et al., 1986; Lin et al. 
!:•t87]. In acidic, clearwater lakes (e.g., dissolved organic 
carbon <2 mgL- l), organic acid anion contributions to ANC 

are minor and ANC may be defined as 

[ANC] = [HCO•-] - [H +] (2) 

E•troneutm!ity requires that the sum of cations is equiva- 
•nt to the sum of artions: 

[•Ca:+l + [Mg 2+] + [Na +] + [K +] + [NH•'] + [A13+] 

+ [Mn2+l + [H +1 = [C1-] + [SO•-] + [NO•-] + [HCO•-] 
(3) 

'From {2)and (3), changes in [ANC] can be expressed as 

"24ANCl = A[CB] + A[NH•-] + A[A13+] + A[Mn 2+] 

- A[C1-]- A[SO•-]- A[NO•-] (4) 

':•re [CB] is the sum of base cations ([Ca 2+] + [Mg 2+ ] + 
+] + [m +]). 

•e •adarnental objective of the hydrologic budget anal- 
is to evaluate the effects of residual measurement error, 
•. 'the chemical budgets [cf. LaBaugh, 1985]. For lakes 
receive small quantities of groundwater inflow the 

'•• error may exceed estimated inputs [cf. Tacconi, 
1 . 

Hydrologic Budget 

Groundwater interactions with Lake Five-O and Lake 

Barco were interpreted from the distribution hydraulic head 
in the aquifers surrounding each lake. A total of 53 observa- 
tion wells, including four groups of nested wells, have been 
installed around Lake Five-O to measure the horizontal and 

vertical head gradients around the lake (Figure 2). Forty-two 
of the Lake Five-O wells were completed in the surficial 
aquifer to map the elevation of the water table, and two wells 
were completed in the upper Floridan aquifer [Andrews et 
al., 1990]. The observation well network around Lake Barco 
includes a total of 43 wells: 20 wells finished within the 

surficial aquifer and three groups of nested wells finished at 
various depths within the surficial aquifer, the intermediate 
confining unit, and the upper Floridan aquifer. Six midlake 
wells also were jetted into the surficial aquifer below the lake 
bottom in Lake Barco following methods described by Lee 
et al. [1991]. At both sites, wells generally were constructed 
with 5.1-cm (2-inch) diameter polyvinyl chloride (PVC) 
casing with 1.7 m or less of PVC well screen. Well elevations 
at both lakes were surveyed from benchmark elevations to 
the nearest 0.01 foot MSL. Biweekly (Barco) and monthly 
(Five-O) synoptic measurements of groundwater elevations 
began in October and November 1988 for Lake Barco and 
Lake Five-O, respectively. 

Rainfall was measured continuously onsite at each lake 
with recording tipping bucket and Belfort weighing bucket 
rain gages. (The use of brand, firm, or trade names in this 
article is for identification purposes only and does not 
constitute endorsement by the U.S. Geological Survey.) 
Measurements began at Lake Barco on April 29, 1989. Prior 
to this date, daily precipitation measured at the Florida Acid 
Deposition Monitoring Program (FADMP) site in Gainesville 
was used to estimate precipitation at the site. For Lake 
Five-O the onsite precipitation record began March 1, 1989, 
and daily precipitation measured at the FADMP site in 
Caryville was used to extend the record prior to this date. 
Lake stage also was measured continuously at both lakes 
with recording stage gages; lake volumes were determined 
from bathymetric data recorded to the nearest 0.3-m (1-foot) 
contour interval. 

Lake evaporation losses for this paper were estimated 
from monthly average pan evaporation measured in Milton 
(130 km from Lake Five-O) for the period !962 to 1987 and 
Gainesville (33 km from Lake Barco) for the period 1953 to 
1987 [National Oceanic and Atmospheric Administration, 
1953-1987]. Monthly pan-to-lake coefficients were used to 
adjust monthly pan evaporation to lake evaporation. These 
coefficients were derived from energy budget evaporation 
estimates for Lake Lucerne, Florida, and measured pan 
evaporation from a National Weather Service-type climate 
station also operated on-site (T. M. Lee, and A. Swancar, 
unpublished manuscript, !990). Lake Lucerne, which is a 
seepage lake on the Central Ridge about 185 km south of 
Lake Barco, is very similar in size and physical setting to 
Lake Barco [Lee eta!., 199!]. It currently is the only lake in 
Florida for which energy budget evaporation data are avail- 
able. 

For this analysis the monthly net groundwater flux to each 
lake was calculated for a 14-month period. Net groundwater 
flux (Qnet; Qnet = Q• - Qo) was solved as a residual term 
from the hydrologic budget equation and thus includes the 
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Fig. 2. Water table elevation contours (feet above mean sea 
level) in the vicinities of (a) Lake Five-O (October 4, !989) and (b) 
Lake Barco (September 20, 1989). Also shown on figure are transect 
lines (A-A', Lake Five-O; B-B', Lake Barco) used to show vertical 
head gradients in Figure 3. Head measurements from selected wells 
are included in Figure 2b to illustrate the slight hydrologic depres- 
sion along the northwestern and northern margins of Lake Barco as 
well as the inflow gradient along the northeastern margin. 

cumulative errors of measurement of the other budget terms 
[equation (!)]. The error in measured budget terms equals 
the confidence limits or standard deviation around the mea- 

sured value. The cumulative error in Qnet then is calculated 
from the variance of the total error in the measured compo- 
nents IRametre, 1981; LaBaugh, I985]: 

(5) 

Confidence limits for the hydrologic budget were estimated 
by multiplying the individual measured terms for the budget 
by percentage errors derived from the literature for the 
appropriate measurement technique. This approach assumes 
that the measurement of each term is independent of the 

other terms and that no intercorrelations (or covariances• 
exist between measurement errors [Winter, 1981; LaBa•½ 
and Winter, 1984]. 

Chemical Budget 

Evaluation of sources and sinks of major ions consisted 
monitoring several different pathways: atmospheric inputs, 
groundwater inflow, and in-lake processing. Wet-only arm 
spheric deposition was measured onsite at each lake with 
Aerochemetrics 301 wet/dry collector. Weekly samples were 
analyzed for specific conductance, pH, Ca 2+, Mg 2+, Na 
K +, NH•-, CI-, SO•-, and NO•- by Environmental Scie.me 
and Engineering, Inc., in Gainesville, Florida. Rainfall mass, 
pH, and specific conductance also were measured ohsitc. 
Dry deposition was estimated based on wet/dry depositk• 
ratios derived by Baker [1991] for Florida from dry bucket 
(base cations and C1-) and ambient aerosol (S and 
species) measurements conducted as part of FADMP. 

Groundwater and lakewater samples were collected every' 
6 weeks from each lake basin and analyzed for Si0:, 
dissolved organic carbon (DOC), dissolved inorganic carbo• 
(DIC), F-, and total dissolved Fe, A1, and Mn in addition t0 
the suite of physical and chemical characteristics measured 
for precipitation. Five or six surficial aquifer wells were 
sampled routinely and synoptic surveys of about 20 wells at 
each lake were conducted semiannually. Lake samples were 
collected 1.5 m below the lake surface with a pedstat't• 
pump. During periods when Lake Five-O was 
stratified a second sample was collected below the thermo- 
cline, approximately 2 m from the lake bottom. Groundwater 
was sampled using a peristaltic pump where the depth to 
water table permitted. At Lake Five-O this depth was toe 
great for some wells, and they were sampled using 
lined bailers dedicated to the study. Groundwater samp• 
were collected after withdrawing at least 3 times the standing 
water volume in the well, and after the specific conductance 
of the collected groundwater had stabilized to within 1 
cm -l . Groundwater samples collected at Lake Five-O wee 
filtered in the laboratory (0.2-tam Nuclepore membrare 
filter) to minimize contamination caused by handling the 
samples in the field. Almost all Lake Barco groundwater 
samples were sampled by peristaltic pump, and filt•tio• 
(0.2-/am Nuclepore membrane filter) was performed in the 
field using in-line filters. 

Analytical 

Analytical protocols (samplin. g, preservation, and an• • 
sis) followed analytical and quality assurance/quality control 
guidelines for dilute surface waters [U.S. Environment½t 
Protection Agency (EPA), 1987; Drouse et al., 1986]. AN'C 
was measured by Gran titration [U.S. EPA, 1987]. 
were measured by micromembrane suppressed ion chro n•.•' 
tography (IC) and major cations were measured by ind•c• 
tive!y coupled argon plasma emission spectroscopy 
species' Ca 2+, Mg 2+ , and Na +) and atomic absorpti• 
spectrophotometry (AAS; species' K +). NHf was trey 
sured colorimetrically using an automated phenate metro& 
and pH was measured using an Orion Ross elect• 
Carbon species were measured by infrared detection 
conversion to the inorganic form. A1 was measured by AAS 
with graphite furnace, and Fe and Mn were measured 
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ICP. SiO, was measured colorimetrically by the automated 
molybdat• blue method, and F- was measured by ion 
selective electrode. 

RESULTS 

ttydrology 

The distribution of hydraulic head in the surrounding 
aquifers can be used to develop a preliminary interpretation 
tit he groundwater flow patterns around Lakes Five-O and 
•Barco. The areal head distribution around each lake is 
.•med by the elevation of the water table in the surrounding 

•:•cial aquifer. The vertical head distribution in each basin 
is defined by the head in wells completed at different depths 
between the water table and the upper Floridan aquifer. 
At Lake Five-O the groundwater flow pattern and high 

hy•ulic conductivities in the surficial aquifer (8-74 m d -1) 
imply large quantities of groundwater inflow [Andrews et al., 
1990]. Elevational gradients in the water table for October 4, 
1'989, were toward the lake around its entire perimeter, 
•!icating a centripetal pattern of groundwater flow toward 
t•e lake (Figure 2a). Gradients were steepest around the 
.•mthern half of the lake and relatively flat to the northwest. 
Ihs flow pattern was consistent during the first year of the 
study. Cross-sectional flow patterns indicate further that 
take Five-O receives large quantities of groundwater inflow. 

At southern edge of the lake, Lake Five-O intercepts 
g0nadwater inflow from most of the entire thickness of the 
:'sarf•ial aquifer (Figure 3a). To the north of the lake, 
however, the lower head gradients toward the lake reduce 
:..t• •%w intercepted by the lakebed. Whether inflow or 
&r•nward leakage occurs along the gradual ledge in the lake 
boftom on the north side of Lake Five-O cannot be deter- 

The vertical head distribution around Lake Five-O and the 
•arg½ quantities of inflow likely to be received by Lake 
Five-O imply that the lake also loses considerable amounts 
of water through leakage to the adjacent and underlying 
•t•ifers in addition to evaporative losses. Much of this 
•,akage loss appears focused in the deepest part of the lake 

•here contact between the lake bottom and intermediate 
craning unit is inferred. Seismic reflection profiles show 
evidence of subsidence in the intermediate confining unit 
beneath the lake [Andrews et al., 1990]. These collapse 
features can enhance the vertical hydraulic connection be- 
tween the lake, the intervening collapsed materials, and the 
transmissive Upper Floridan aquifer [Lee et al., 1991]. 

For Lake Barco, leakage predominates over groundwater 
•.•I!ow. In general, groundwater inflow from the surficial 
aquifer enters one end of the lake (the northern perimeter) 
•a•cl leakage losses occur along the other end (the southern 
Permeter). Water-table gradients for September 20, 1989 
!:Figure 2b) generally are representative of conditions ob- 
':•rved for the first 9 months of the study. Shallow ground- 
•mter fl•ow within the northern half of the Lake Barco basin 
•s toward the lake (Figure 2b). However, actual inflow is 
eros. trained to the northeastern side of the lake. As indicated 
!• water table elevations below lake stage, some localized 
:•%•, rather than inflow, occurs along the northern and 
'•e'stern margins of the lake. Inflow gradients toward 
Lake Barco were probably below normal during this period 
,aft!• stMy, as rainfall and therefore recharge to the surficial 

aquifer were well below normal. Steep water table gradients 
away from Lake Barco occur along the southern and, in 
particular, the southeastern margins of the lake (Figure 2b). 
Overall, the pattern of groundwater flow is away from Lake 
Barco and toward three nearby lakes, which all lie at lower 
altitudes. 

The vertical head distribution along a cross section 
through Lake Barco more clearly illustrates the pattern of 
groundwater outflow occurring from both the apparent in- 
flow as well as the outflow sides of the lake (see transect line 
in Figure 2b). Groundwater inflow that moves laterally 
toward the lake from the northern half of the basin is not 
intercepted by the lakebed along transect B-B'. Instead, this 
flow bypasses beneath the lake where it is augmented by 
leakage through the lake bottom (Figure 3b). Compared to 
the outflow side, vertical head values are always higher on 
the apparent inflow side of Lake Barco, causing lateral 
groundwater flow underneath the lake. Groundwater inflow 
occurs along the northeast margin for approximately 12% of 
the total circumference of the lake. Vertical head gradients 
in this area near Lake Barco have not been measured, and 
the depth to which inflow may occur along the lake bottom 
cannot be inferred. 

Lower limits of the groundwater inflow and leakage from 
each lake were estimated from net flow calculations and the 
probable errors in Qnet (Table 1). Although this analysis does 
not yield the absolute magnitude of groundwater flow, it can 
be used to estimate lower limits of Q• and Qo. For intervals 
where Qnet is positive, groundwater inflow exceeds leakage, 
and Qnet defines the minimum groundwater inflow over the 
interval. Likewise, when Qnet is negative, it defines the 
minimum leakage. This analysis is sensitive to the period of 
record used. Because precipitation at Lake Barco was 
considerably below normal during the study period (88 cm 
over 402 days compared to the 30-year average of 134 cm), 
long-term net Qf is probably underestimated by this method; 
conversely, because precipitation at Lake Five-O was some- 
what above normal (176 cm over 342 days), long-term net Qi 
is probably overestimated. 

Error in Qnet is the aggregate of errors inherent in estimat- 
ing P, E, and zxV (equation (5)). Error in monthly P and/XV 
terms for both lakes was assumed to be -+10 and ___5%, 
respectively [Winter, 1981]. The error in monthly evapora- 
tion estimates is not known but is assumed to be _+20%. 
Monthly pan-to-lake coefficients can deviate significantly 
from the annual pan-evaporation coefficient for a lake due to 
monthly variations in climate and stored heat in the lake. For 
example, monthly pan-evaporation coefficients derived from 
energy-budget analyses for two lakes in humid areas of the 
eastern United States, Lake Lucerne, Florida (T. M. Lee, 
and A. Swancar, unpublished manuscript, 1990). and Pretty 
Lake, Indiana [Ficke, !971], deviated from the commonly 
used annual pan-evaporation coefficient of 0.7 [Linsley et al., 
1975] by -28 to + 34%. The use of monthly pan-evaporation 
coefficients derived for Lake Lucerne is believed to be 
superior to using an annual average pan-evaporation coeffi- 
cient and should significantly reduce the uncertainty in our 
monthly estimates of evaporative losses from Lakes Five-O 
and Barco. 

For both lakes, errors attributed to P, E, and •V are too 
small to account for all the monthly Qnet values, and 
significant groundwater seepage is indicated (Table 1). Ex- 
cept for November and June, the error in monthly Qnet at 
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Fig. 3. Vertical distribution of hydraulic head (in feet) showing generalized flow at (a) Lake Five-O (October 4, 
1989) and (b) Lake Barco (September 20, 1989). Cross-sectional lines shown in Figure 2. Head measurements from 
selected wells are included in Figure 3b to illustrate the slight hydrologic depression along the immediate, northern 
periphery of Lake Barco. 

Lake Five-O generally is much smaller than Qnet itself. In 
November and June, the aggregated error exceeds Qnet, and 
we cannot clearly define whether net flow actually occurred 
and in what direction it occurred. Potential errors comprise 
a higher percentage of Qnet for Lake Barco, yet exceed Qnet 
only for 2 months (December and February; Table 1). Net 
flow calculations indicate that at least 38 to 46% of the total 
inflow to Lake Five-O was from groundwater inflow. For 
Lake Barco, net Qi was substantially smaller, ranging from 
5 to 14% of the total inflow between September 1988 and 
November 1989 (Table 1). Although the differences in net Qi 

estimates as a result of errors were nearly identical for 
lakes (8 to 9%), because of the smaller magnitude of net 
potential errors produce a nearly threefold range in net Q, 
Lake Barco, whereas the relative difference in estimates 
net Qi in Lake Five-O is only 21%. 

The importance of groundwater to Lake Five-O's hydr•. 
logic budget also is shown by directly comparing cumulative 
precipitation to changes in lake stage (Figure 4). When 
stage increases more rapidly than cumulative precipitgi• 
(or increases in the absence of additional rainfalli• t.•[ 
portion of the hydrograph clearly defines net inflow. 
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TABLE la. Net Flow Hydrologic Budget Analysis for Lake Five-O 

Lake Residual 
Date Precipitation Evaporation Volume •V Net Flow Error Qnet + RE* Qnet - RE* 

3•Y 19, 1988 1,059,400 
:•ug. 19, 1988 15,900 13,900 1,072,400 13,000 11,000 3300 
Sepl. 19, 1988 38,800 14,300 1,103,000 30,600 6100 5100 
0c't• 19. 1988 9000 12,000 1,140,200 37,200 40,200 3200 
Nov. !9, 1988 4900 8400 1,137,600 -2600 900 1800 
Dec. 20, 1988 3,400 5,500 1,118,200 - 19,400 - 17,300 =500 
Ja•. 20, 1989 8200 4600 1,094,700 -23,500 -27,100 1700 
Feb• •, 1989 1800 4800 1,062,700 -32,000 -29,000 1900 
•hrch 2'0, 1989 9000 7200 1,036,000 -26,700 -28,500 2200 
,•pfit 20, 1989 27,100 14,000 1,036,400 400 - 12,700 3900 
•lay •, 1989 5900 16,000 1,019,100 -17,300 -7200 3400 
•.a• 20, 1989 51,000 15,500 1,059,100 40,000 6300 10,800 
3•y 20, 1989 36,500 14,400 1,148,400 89,300 67,200 6400 
?tag. •, 1989 18,400 14,000 1,189,200 40,800 36,400 3900 
Totals 229,900 144,600 129,800 44,500 44,600 
Nel Qi 166,300 
Set Qo - 121,800 
Set Qi, % 42 

14,300 
11,200 
43,400 

2700 

- 15,800 
-25,400 
-27,100 
-36,300 

- 8800 
- 38O0 
- 1800 

73,600 
40,300 
89,100 

196,400 
107,300 

46 

7700 
1000 

37,000 
900 

- 18,800 
-28,800 
-30,900 
-30,700 
- 16,600 
- 10,600 

60,800 
32,500 

- 100 

139,000 
-139,100 

38 

* RE is residual error. 
Set flow defined as • V - (P - E). All flows in m 3. Net flow >0 defines net Qi' net flow <0 defines net Qo. 

•vas the case from May 29 through August 26, 1989, when 
stage in Lake Five-O increased at a rate faster than sup- 
ported by direct precipitation (Figure 4a). By the end of 
Aurast 1989, stage in Lake Five-O had increased 0.58 m 
beyond total precipitation for the period (0.93 m). Excluding 
both evaporation and leakage during this period, the increase 
in stage that is unsupported by direct precipitation to Lake 
Five-O equates to a minimum of 38% inflow from ground- 
'v•ater. Precipitation at Lake Barco was subnormal for the 
sine period, and stage in the lake has declined steadily since 
the study began (Figure 4b). 

Precipitation Chemistry 

Wet deposition chemistry analyses are available for Lake 
Barco from July through early December 1989 and for Lake 

Five-O from May through November 1989. Volume- 
weighted mean pH of wet deposition was 4.50 and 4.62 for 
Lake Barco and Lake Five-O, respectively, which is similar 
to wet-only measurements made in Gainesville (56 km from 
Lake Barco; pH = 4.60) and Caryville (41 km from Lake 
Five-O; pH -- 4.66) between 1983 and 1988 as part of 
FADMP (E. Edgerton, personal communication, 1990). 

Dry/wet deposition ratios for major ions developed by 
Baker [1991] were applied in conjunction with the 1983-1988 
volume-weighted mean (VWM) wet concentrations to esti- 
mate VWM total concentrations at the Gainesville and 

Caryville FADMP sites (Figure 5). H + was calculated as the 
difference between the sum of the strong acid anions [Ca] 
and [C•] + [NH•-]. One potentially significant difference 
between site-specific measurements made at Lake Five-O 

TABLE lb. Net Flow Hydrologic Budget Analysis for Lake Barco 

Lake Residual 

Bate Precipitation Evaporation Volume AV Net Flow Error Qnet + RE* Q net -- RE* 

Sep.t. 29, 1988 616,300 
Oct. 17• 1988 3700 7300 616,800 500 4100 1500 
Nov. I0, 1988 6300 8200 619,900 3100 5000 1800 
1•½. 15, 1...0øo8 12,800 8200 625,100 5200 600 2100 
Ja•. 26, i989 4600 7900 618,900 -6200 -2900 1700 
Feb• •, 1989 0 4900 614,800 -4,100 800 1000 
•arch 20, 1989 6300 8100 602,000 - 12,800 - 10,000 2000 
•pri120, 1989 4000 17,000 584,200 - 17,800 -4800 3500 
ß •ay 20, I989 3000 19,200 556,500 -27,700 - 11,500 4100 
J:• 20, 1989 10,800 17,500 536,900 - 19,600 - 12,900 3800 
J•y 20, 1989 13,100 15,200 521,800 - 15,100 - 13,000 3400 
3,•.1!g, 20, 1989 15,500 14,700 508,800 - 13,000 - 13,800 3400 
•pt. 20, 1989 14,500 15,200 500,800 -8000 -7300 3400 
0eL 20, 1989 7100 12,300 484,700 - 16,100 - 10,900 2700 
•Nov. 5, 1989 300 5200 473,400 - 11,300 -6400 1200 
'l'•$ 102,000 161,900 - 142,900 -83,000 35,600 
•'• • •o,5oo 
'•iet Oo -83,500 

5600 

680O 
2700 

- I200 
1800 

- 8000 
- 1300 
- 7400 
-9100 
-9600 

- 10,400 
- 3900 
-8200 
-5200 

-47,400 
16,900 
64,300 

!4 

2600 
3200 

- 1500 
-4600 

-200 

- 12,000 
-8300 

- 15,600 
- 16,700 
- 16,400 
- 17,200 
- 10,700 
- 13,600 

-7600 

-118,600 
5800 

124,400 
5 

,. 

i.s residual error. 
Flow defined as zXV - (P - E), All flow in m 3. Net flow >0 defines net Qi' net flow <0 defines net Qo. 
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Fig. 4. Cumulative precipitation and lake stages in (a) Lake 
Five-O and (b) Lake Barco. Start date for cumulative precipitation 
coincides with the first point in time lake stage was measured. 

and long-term FADMP measurements made at Caryville 
concerns CI- and Na + measurements; by virtue of being 
closer to the Gulf of Mexico (30 km compared to 59 km for 
Caryville), VWM wet concentrations of these two ions are 
nearly 50% higher at Lake Five-O. However, the period of 
record available to date at Lake Five-O is only about 7 
months, and the significance of these differences can be 
evaluated fully only when a longer record of precipitation 
chemistry at Lake Five-O has been developed. 

Lake Chernistrv 
. 

Routine monitoring of lakewater chemistry in Lake 
Five-O began in late January 1989 and in Lake Barco in May 
1989. Bimonthly lakewater chemistry measurements for 
both lakes also are available from June 1988 through April 
1989 [Pollmatt et al., 1990]. Average chemistry for both 
lakes is summarized in Figure 5. Typical of other seepage 
lakes in the Panhandle and the Greenhead Slope/New Hope 
Ridge regions, the chemistry of Lake Five-O is extremely 
dilute (mean conductivity = 16.0/aS cm-]; cf. Kanciruk et 
al. [1986] and Linthurst et al. [1986]). Overall ion chemistry 
is heavily influenced by marine aerosols, with CI- and Na + 
the dominant anion and cation. [CB] averages 91 /xeq L -] , of 
which 68/xeq L -i are derived from marine aerosols (using 
C1- to define marine inputs of base cations). SO]- concen- 
trations averaged 44/aeq L -l. 

Characteristic of many lakes in north central Florida, the 
overall ionic strength of Lake Barco is more concentrated 
than that in Panhandle seepage lakes. To a large degree, 
these differences appear related to higher rates of evapora- 
tive concentration in north central Florida compared to the 
Panhandle [Pollman and Canfield, 1991]. As in Lake Five-O, 
the effect of marine aerosols on Lake Barco's chemistry is 

ß S ')- profound (Figure 5) O.• concentrations were similar to 
Cl- concentrations, averaging about 140 /aeq L -i CB 
concentrations in Lake Barco averaged 230/aeq L -• , which 

NH4 

Na Ca MB K NH4 H+ 

Cl S04 NO3 

LAKE WATER 

/-• ] ATMOSPHER,C DEPOS,T,ON b. 

• GROUNDWATER 
Ci $04 NO3 HC03 LAKEWATER 

, 

0 50 100 150 200 250 300 

ION CONCENTRATIONS (,ueq/L) 

Fig. 5. Ion bar charts of long term total (wet and dry! precipi. 
tation, shallow groundwater, and lakewater chemistry fo•' la• Lake 
Five-O (Well 4) and (b) Lake Barco (WTB-12). Wet precipitation chemistry from 1983-1988 for Caryville (Figure 5a) and Gainesville 
(Figure 5b) (E. Edgerton, personal communication, 1990k lake•'a[er 
chemistry from June 1988 through November 1989, and ground•a. 
ter chemistry from February 1989 through November 1989. 

is more than twice as the average concentration in Lake l 
Five-O. Approximately 156/aeq L -• of the base cationsar• 
derived from marine aerosols. DOC in Lake Barco is exer. 

lower than that in Lake Five-O, averaging 0.59 mg L -• 
Seasonal dynamics of major ions in acidic seepage lakes 

Florida are not well understood. The only previous eff0•tc 
conduct continuous, long-term monitoring was by Baler 
[1984], who studied McCloud Lake near Lake Barco be- 
tween 1980 and 1982. Baker's results showed that lake•'ater 

constituents derived primarily from precipitation, nameb. 
CI-, Na+, and SO]-, varied with changes in lake volume. 
as lake volume increased, concentrations of these constitu- 
ents declined. A similar type response is observed in 
Barco (Figure 6b). CI- and SO]- concentrations increase• 
by about 20 to 30/aeq L- as stage in Lake Barco I•11 fr0rr 
September 1988 through November 1989. As menti0ne• 
previously, north central Florida experienced a dr0ugn' 
during this period, and the volume in Lake Barco declined 
by 23%. Similar, consistent changes in base cations 10tha 
than Na +), H +, and ANC are not as evident tFigure 7b}. I½ 
concentrations in Lake Five-O were much more stable, 
part because such extreme drought conditions were 
observed in the Panhandle (Figures 7a and 8al. In addirk* 
the mean depth of Lake Five-O is approximatel.x' txvice tl• 
of Lake Barco; thus there is more ionic "inertia" to 
come in order to produce the same changes in concentrate* 
that were observed in Lake Barco. 



POLLMAN ET AL.: CONTROLS ON ACID-NEUTRALIZiNG CAPACITY 2329 

z 
o 

z 

150 

140 

130 

!20 

LAKE BARCO • 
C/ 

6/6 12/23 7/11 1/27 
1988 1989 199O 

Fig. 6. Cl- and SO,•- concentrations (/•eq L -j) in (a) Lake 
•i.¾e-0 add (b) Lake Barco from June 1988 through November 1989. 
:H0ts include data collected from both lakes from June 1988 through 
April 1989 by Pollman et al. [1990]. 

Groundwater Chemistry 

Coacentrations of shallow groundwater at both lakes were 
mrprisingly dilute. Specific conductance at inflow wells 
•eraged 28.2/zS cm -t for Lake Five-O (Wells 4, 5, 6.1, 7, 
15, and 18) and 14.2/aS cm -t for Lake Barco (Well WTB- 
12•. Inflow wells were selected on the basis of water table 

-•evations in conjunction with C1- concentrations; proxi- 
•, upgradient wells with [C1-] 10 geq L -1 or more lower 
:• lakewater concentrations were considered repre.•eata- 
•"•e inflow wells .(Eigures-2 and 8). At Lake Five-O the 
•c•ss of the unsaturated zone where the suite of inflow 
,•11s were sited is typically more than 7 m; for Well WTB-12 

Lake Barco, the depth to the water table is about 2.9 m. 
C•asistent with low CEC and low base saturation in the 

'aa•ial soils, base cation concentrations are low and ANC 
•n•cemrations are less than 10 geq L-t. A1 and Fe mobili- 
Sion was not significant and concentrations averaged less 
• 15 and 10/xeq L -1, respectively. C• concentrations 
•re higher in the Lake Five-O inflow wells, presumably 
•ecause of the longer vertical distance traveled by percolat- 
• precipitation or, as is more likely, because of base 
•ians released subsequent to logging of the watershed 
•mann and Likens, 1979]. 
The low concentrations of C• and ANC observed in the 

.take Barco inflow well are not consistent with earlier 
.•easurements of Baker [ 1984] of the chemistry of inseepage 

McCloud Lake. Baker measured total base cation con- 
e:mrations (C, = 198 geq L -t) in inseepage (using in situ 
•p•e meters) that were approximately 100 /xeq L -t 
i•r than those measured in Well WTB-12 (Ce = 89 t, teq 
L-•), al•oagh H + (1.1 compared to 5.0 geq L -•) and 
'• acid artion concentrations (83 geq L -t compared to 

•3 •q L-t) were rather similar in both groundwaters. The 
•ere.nees in measured Ce between the two neighboring 
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Fig. 7. Ca 2+ , Mg 2+ , H +, and ANC concentrations (geq L -]) 
in (a) Lake Five-O and (b) Lake Barco from June 1988 through 
November 1989. Plots include data collected from both lakes from 
June 1988 through April 1989 by Pollman et al. [1990]. 

lakes may reflect in part an analytical artifact in Baker's 
Ca 2+ measurements. The computed cation:anion balance for 
our measurements of Well WTB-12 agrees within 10% (i.e., 
[Cel + [H +] + [NH•'] = [SO42-1 + [NO/-] + [C1-] + 
[HCO•']). Although Baker did not measure ANC (and, 
indirectly, HCO/-), we can calculate an approximate value 
for HCOj- based on pH and an assumed value for the partial 
pressure of COz that the sample was in equilibrium with at 
the time of analysis [Stumm and Morgan, 1981]. Laboratory 
pH was conducted on samples exposed to the atmosphere 
(E. Edgerton, personal communication, 1990), and Pco2 was 
assumed to range from 1 to 10 times the atmospheric partial 
pressure. Using this approach, the cation:anion ratio for 
Baker's data ranges from 1.5 to 2.3, which equates to a 
cation excess ranging from 57 to ! 11 tzeq L-t. Much of that 
excess may be due to overestimation of Ca 2+ , which aver- 
aged 92/xeq L -l for McCloud Lake inseepage compared to 
only 9/•eq L- t in Lake Barco shallow well water. (When we 
compare average Ca 2+ concentrations reported by Baker 
[1984] for McCloud lake itself with recent data collected as 
part of the PIRLA project and by Pollman eta!. [1990] using 
ELS sampling and analytical protocols, similar differences 
appear. For example, Baker reports Ca 2+ concentrations 
ranging from 63 to 118/xeq L -t in 1981-1982 compared to 
concentrations ranging from 35 to 45/•eq L -t for 1985 (n = 
2) and !988-!989 (n = 2). Ratios of Ca 2+ :CI- also are high 
in comparison (0.22-0.79 compared to 0.23-0.27) and, be- 
cause CI- concentrations across the studies are rather 

similar, suggest possible positive bias with Ca 2+ concentra- 
tions reported by Baker.) Since surficial sands in both 
watersheds are very similar (highly weathered typic quartz- 
ipsamments), it seems unlikely that one watershed would 
have a significant source of Ca 2+ and the other would not. 
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Fig. 8. Location of wells used to define inflow shallow ground- 
water chemistry. Inflow wells were selected on the basis of head 
gradients (Figure 2) and CI- concentrations in groundwater com- 
pared to lakewater. Lower panel shows both inflow (WTB-12) and 
outflow (WTB-17, WTB-6, and 2 PNB-20) wells for Lake Barco. 

NOj' concentrations were rather high in Lake Five-O 
shallow groundwater (average concentration = 125 geq 
L-•), whe•reas NO•' is virtually absent from Lake Barco 
shallow groundwater (0.6 geq L -] at Well WTB-12). Com- 
pared to Lake Barco, NO/- concentrations in McCloud Lake 
inseepage also are elevated, although the concentrations are 
still considerably lower (2.1 - 8.7/zeq L -1) [Baker, 1984] 
than those in Lake Five-O. High NO• concentrations were 
a consistent feature of other shallow water table wells at 

Lake Five-O and in all likelihood reflect initial devegetation 
and reduced vegetative uptake of nutrients similar to pat- 
terns observed in Hubbard Brook following clear cutting 
[Bormann and Likens, 1979]. NH• concentrations at both 
watersheds are virtually nil (<1 /aeq L-•). Although the 
reasons for such differences between NO•- and NH•' deple- 
tion in the shallow groundwater at Lake Five-O are unclear, 
NHJ is readily adsorbed by soils and can be nitrifled in 

acidic soils to NO•-, while NO•- is highly mobile and is 
readily leached [de Haan and Zwerman, 1978]. 

Enrichment Factor Calculations 

Enrichment factors, in which measured concentrations 
lakewater are compared to concentrations predicted frm 
atmospheric deposition, have been used recently to infer 
extent and mechanisms of ANC generation in both drainage 
and seepage lakes [e.g., Baker et al., 1986, 1988a; Pollma• 
and Canfield, 1991; Lin et al., 1987; Lee and Schnoor, 19881• 
Enrichment factor calculations typically use a geochemic• 
tracer to normalize for changes in lakewater concentrat• 
due to evaporative concentration. Most often this tracer is 
C1- [Lin et al., 1987; Baker et al., 1988a; Pollman and 
Canfield, 1991] because of its generally conservative 
geochemical behavior [Feth, 1981]. The surficial, unconso•. 
idated deposits are highly weathered and leached and, for 
watersheds that are not disturbed by fertilizing and other 
cultural inputs, there are no apparent sources of C1- other 
than atmospheric deposition. 

Ion enrichment or depletion was calculated by using ratios 
of C1- in lakewater to total deposition to predict lakewater 
concentrations for a particular constituent, i, as a function of 
atmospheric loadings: 

[i]cxp = [i],• x [C1-]/w/[C1-]d 

where [i]½xp is the expected or predicted lakewater conce•- 
tration and [i],• is the VWM concentration in precipitation of 
constituent i; [C1-]/w and [C1-]a are the concentrations of 
CI- in lakewater and precipitation, respectively. The enrich- 
ment factor (EF) then is simply the ratio of the observed to 
the expected lakewater concentration, and the magnitude of 
ion reaction is the difference between [i]lw and [i]exp. Enrich- 
ment factors can be calculated in a similar manner for 
groundwater. 

Separation of ANC production into shallow groundwater 
and in-lake components was based on estimated ground•va- 
ter inflows derived from CI- balances. The assumption that 
C1- is conservative can be used to advantage in conjunctm 
with the hydrologic mass balance to solve explicitly for 
and Qo [cf. Stauffer, 1985]. Assuming conservative behav- 
ior, the mass balance equation for C1- is 

ASci = Let x A + Qi x [Cl-]a,• - Qo x [Cl-]/• t7! 

where Sci is the mass of C1- stored in the lake lmeq}, L<• 
is the areal atmospheric loading rate of C1- to the lake 
m -2 yr-1), A is the lake surface area (m2), and [Cl- ].•,,, ist• 
concentration of C1- in groundwater inflow. Under stead• 
state conditions, (1) and (7) represent two equations and twe 
unknowns, Qi and Qo, which can be solved explicitly. 

Steady-state values for Q/ and Qo for both lakes were 
calculated as follows. Long-term deposition at Gainesw/t• 
(1983-1988) was used to estimate atmospheric inputs 
Lake Barco. Because C1- deposition appears to be sig• 
cantly higher at Lake Five-O than at Caryville, ¾W• 
concentrations measured onsite were used to estimate 
spheric inputs at Lake Five-O. Concentrations measured 
inflow wells (Figure 8) were used to estimate 
Resultant steady state Qi estimates equate to 43 and 13i •t'• 
total inflow to Lake Five-O and Lake Barco, •hich' 
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TABLE 2a. Enrichment Factor Calculations for Lake Five-O 

[÷On 

Precipitation Lake 

Groundwater Loading Water EFa•, EFt•, Groundwater 

ANC Flux 

In-Lake 

C_a2, 67.8 16.8 17.3 3.81 0.70 56,9 -68.2 
•dg2, 55.8 10.7 23.1 4.90 1.45 50.6 - 39.9 
Na+ 50.1 32.4 49.9 1.46 1.04 !7.9 - 14.9 
K* 11.1 3.5 3.8 2.95 0.72 8.4 - 10.5 
C• 184.8 63.5 94.0 2.74 1.00 133.8 - 133.5 

0.6 17./8 0.8 0.03 0.03 -20.8 - 17.3 •:1t,•' 124.5 30.9 2.8 3.80 0.06 - 104.5 168.5 
36.9 70.2 44.1 0.49 0.42 42.9 46.4 

Cl- 44.0 41.4 61.3 1.00 1.00 0.0 0.0 
ArC* - 19.9 -61.3 - 13.3 
• ArC flux 51.5 64.0 

*ANC calculated as CB + NH•' - CA. 
Lake Five-O atmospheric deposition estimates are derived from on-site measurements, while Lake Barco atmospheric deposition 

..:'•es are derived from Gainesville data from 1983-1988. Evaporation losses used in calculation of Qi assume pan-evaporation 
-•nt of 0.75 (T. M. Lee and A. Swancar, unpublished manuscript, 1990). Groundwater EF calculations based on chemistry measured 
.•'.mttow wells 4, 5, 6.1, 7, 15, and 18 (Lake Five-O) and WTB-12 (Lake Barco). (Qi and Qo estimates used to calculated ANC fluxes are 
•ased on coupled C1- and water balance (see text), Estimates for steady state Q• are 43% and 13% of total inflow for Lake Five-O and Lake 

-2 -1 l!arco, respectively. Groundwater and lakewater concentrations in txeq L-1. precipitation loadings and flux estimates are in meq m yr ; 
EF values are dimensionless. 

r, asonably well with estimates of net Qi of 42 and 9% for 
i :998-19• (Table 1). 

0•e disadvantage to the use of C1- as a geochemical 
nac'er to define Q relates to the strength of the signal. The 
ro•stness of the tracer as an estimator of Q is directly 
re•ted to the difference between groundwater and lakewater 
rantrations of the tracer. When this difference (AC1-) is 
m large (as is the case for Lake Five-O), small changes in 
n- translate to rather large changes in Qi. This approach 
also is sensitive to errors in estimated deposition as well as 
ß •,ertm• in precipitation and evaporation. 
Previous EF analyses by Baker et al. [ 1988a] and Pollman 

a:vat Canfield [ 1991 ] indicated that anion retention (SO¬- and 
N,0•') dominates ANC production in "undisturbed" Florida 
' •age lakes. Our calculation for Lake Five-O and Lake 
":•o support that basic conclusion. Overall EF values for 

C• show virtually no net base cation enrichment in either 
Lake Five-O or Lake Barco (EFt},, in Table 2), although the 
•hment of individual base cations varies significantly. 
•2, is enriched by about 45% in both lakes, while Ca 2+ 
• K • both show net depletion. Na + enrichment is mar- 
gi..nal (4 to 15%) and not significant relative to analytical 

uncertainty and uncertainty in wet and dry deposition esti- 
mates [of. Baker et al., 1988a]. NO•- and NHJ' were almost 
wholly depleted in both lakes, with estimated losses of 94 to 
99% for NO•- and 97 to 99% for NHJ'. SO•- retention was 
less efficient, with 50% (Lake Barco) to 58% (Lake Five-O) 
of SO•- inputs consumed. 

Steady state ANC fluxes associated with ion enrichment 
and depletion in a seepage lake can be calculated as the 
product of Qo and the magnitude of ion reaction (expressed 
as meq m -3) normalized to lake area. Thus the overall flux 
of ANC due to a particular ion reaction is 

ANC Flux/w,/= [Qo x ([i]exp,/w- [i]lw)]/A (8) 

The ion reaction component of (8) implicitly includes con- 
tributions from both terrestrial and in-lake processes. Note 
that base cation enrichment and acid anion depletion con- 
tribute to ANC production, whereas base cation depletion 
and acid anion enrichment contribute to ANC consumption 
(equation (4)). 

In a similar manner, contributions of groundwater inflow 
to ANC fluxes to the lake are 

TABLE 2b. Enrichment Factor Calculations for Lake Barco 

Ion 

Ca2* 

Groundwater 
Precipitation Lake 

Loading Water EFa},, EFt., 

ANC Flux 

Groundwater !n-Lake 

8.5 19.9 36.2 0.13 0.31 - 11. ! - 11.3 
18.6 
60.2 
1.3 

88.7 
0.8 
0.6 
14.7 
79.0 
-4.9 

flax 

f•,mes of Table 2a. 

6.8 56.6 0.84 1.43 -0.7 5.5 
20.0 133.2 0.92 1.15 -1.0 5.8 
2.7 4.3 0.15 0.28 -1.5 -1.7 

49.4 230.2 0.55 0.80 -14.3 -1.7 
11.2 0.9 0.02 0.01 -7.0 -11.1 
27.7 0.7 0.01 0.00 17.6 27.6 
48.5 !40.1 0.09 0.50 28.2 1 !.8 
24.2 !40.3 1.00 1.00 0.0 0.0 

-39.8 -49.9 
24.5 26.6 
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TABLE 3. Sensitivity Analysis of ANC Flux Calculations (Table 2) to Variations in Evaporation and Dry Deposition Estimates 
Terrestrial In-Lake 

Sensitivity Variable 

and Percent Change Qi, % Ca SO]- NO/- Ca SO,•- NOœ 

Lake Five-O 
-20%* 18 
+ 20% 57 

Lake Barco 
-20%* 0 
+ 20% 37 

Evaporation Sensitivity Analysis 

39 13 -31 
228 73 - 178 

-39 42 70 
-228 5! 267 

0 0 0 - 19 47 53 
-56 110 69 22 25 -28 
D• Deposition Sensitivity Analysis 

Lake Five-O 

+ 50%? 50 169 62 - 133 - 179 58 219 
-50% 35 96 26 -75 -88 34 118 

Lake Barco 

+50%? 16 -22 39 25 -5 14 34 
-50% 9 -8 18 11 2 9 21 

*Pan coefficient. 

?Variation in dry deposition. 
-2 All flux estimates in meq m yr-1 

ANC Fluxa, ,, = [Qi x ([i]exp,•7w- [i]aw)]/A (9) 

The component of ion enrichment due solely to in-lake 
processes can be calculated as the difference between the 
overall lakewater ANC flux and the groundwater contribu- 
tion to ion reaction: 

ANC FlUXin_lake = [Qo x ([i]exp,l w - 

- Qi x ([i]exp,aw- [ig•.)]/A (!0) 
In Lake Five-O shallow groundwater the ANC flux due to 

Ca enrichment was approximately !34 meq m -2 yr -1 . The 
largest components of this flux resulted from enrichment of 
Ca 2+ (57 meq m -2 yr -1) and Mg 2+ (51 meq m -2 yr-1). 
Though enrichment for Na + was appreciable (46%), its 
contributions to the AN C flux were comparatively small. 
NO•- was greatly enriched (380%) and was a source of 
acidity (105 meq m -2 yr-•), apparently as a result of recent 
logging. SO42- retention contributed one third as much to the 
groundwater flux of ANC as Ca enrichment. Adsoprtion 
isotherms conducted for Lake Five-O soils suggest that 
terrestrial retention of SO42- occurs through specific anion 
adsorption, presumably onto iron sesquioxides [cf. Rajan, 
1978]. 

In Lake Barco, net depletion of Ca was observed in 
shallow groundwater. Na + essentially was conserved, while 
Ca 2+ and K + were highly depleted (Table 2). SO42- reten- 
tion was the major source of ANC supplied by shallow 
groundwater (28 meq m -2 yr-1). NO• retention provided 
another 18 meq m -2 yr -• , while NH•' retention contributed 
about 7 meq m -2 yr -1 production of acidity. 

In-lake ANC generation in both lakes centers around 
SO•- and NO/ retention. NO/- retention was dominant, 

-2 contributing about 170 meq m yr-• to ANC production in 
Lake Five-O and 28 meq m -2 yr -• in Lake Barco, while 
SO•- retention provided another 46 meq m -2 yr -• in Lake 
Five-O and 12 meq m - yr -• in Lake Barco. Studies by 
Perry et al. [1986] on other Florida softwater lake sediments 
indicate that dissimilatory SO42- reduction is the primary 
removal mechanism for SO•- diffusing across the sediment- 
water interface. 

One difficulty with our present calculations of ANC thxes 
for Lake Five-O is that large in-lake sinks of base catioa.s 
(134 meq m -2 yr -1) must be inferred to account for virt•y 
no net enrichment of Ca in the water column. Otherwise, 
Lake Five-O would have appreciably higher concentratb•s 
of Ca than currently observed. In addition, and consisteat 
with our definition of ANC as the difference between Ca m! 
Ca, lakewater concentrations of ANC also would be hi.gher 
because the large influx of groundwater to Lake Five-0 
carries with it high concentrations of NO•- that ultimately 
become a source of ANC as NO•- is consumed by 
uptake and denitrification. Two phenomena possibly m 
account for the base cation and NO•- anomalies. First, .and 
most likely, is that the watershed and the lake are not at 
steady state and that the lake is experiencing a pulse 
cations and NO•' flushing through the watershed as a res•t 
of logging [cf. Bormann and Likens, 1979]. Alternatively• 
sedimentation of seston may be a sink for base cations. 
example, Baker et al. [1988b] estimated basinwide gross 
sedimentation rates totaling 31 meq m -2 yr -• for 
Mg 2+, and K + in Little Rock Lake, Wisconsin. However• 
net incorporation of base cations into the sediments will ix 
only a fraction of the gross sedimentation rate as particulm 
organic matter is mineralized and nutrients are recycled 
[e.g., Armstrong et ai., !987]. Gross particulate sedimem- 
tion in Lake Five-O during summer 1989 was 151 g 
yr -• , which is almost identical to rates measured in Little 
Rock Lake (155 g m -2 yr -•) [Baker et al., 1988b]. Thus 
seems rather unlikely that in-lake sinks can account for 
the inferred losses of Ca. 

Sensitivity analyses were conducted to evaluate the 
fects of uncertainty in estimating evaporation and dry 
osition on terrestrial and in-lake ANC flux estimates for C•, 
SO42-, and NO/- (Table 3). Pan evaporation was vafi• 
-+20%, and because of its inherently large uncertainty, d• 
deposition was varied by -+50%. 

Variations in pan-evaporation coefficient estimates primv 
rily affected flux estimates for SO42- and C•. Increasing 
pan-evaporation coefficient by 20% not only increases e 
mates of evaporative loss but increases estimates œor O•. 
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•e•. As a result, even larger in-lake losses of Ca are 
•ulated for Lake Five-O. For Lake Barco the high esti- 
.,a•4e of pan evaporation indicates that virtually all SO]- 
;,•ses are terrestrial, and no in-lake reduction of SOj- 
0cc-urs. Some in-lake mobilization of Ca is predicted for 
Lake Barco to compensate for the predicted increase of 
•ndwater depleted in Ca flowing into the lake. Decreas- 
• the pan-evaporation coefficient by 20% indicates no 
•ndwater inflow to Lake Barco occurs, which would be 
t•he case if Lake Barco was mounded above the adjacent 
groundwater table. However, hydraulic head measurements 
• • basin clearly demonstrate the occurrence of ground- 
•:ater inflow, and because SO42- is depleted in shallow 
gnmndwater as well, terrestrial retention of SO•- clearly 
cmtfibutes ANC to Lake Barco. 
Estimates of terrestrial contributions of SO42- losses to 

ANC fluxes in both lakes also were sensitive to changes in 
as.mn• dry deposition. This sensitivity primarily reflected 
•he effect of variations in dry deposition on calculated Qi 
,derived from (1) and (7); estimates of Qi increased under the 
h/gh dry deposition scenario as a direct consequence of the 
.hi•r deposition rate of C1-. Actual EF values for individ- 
:•M ions were only marginally influenced by changes in 
assa.med dry deposition because changes in dry deposition 
•vee applied simultaneously to all ions. For SO42-, higher 
e•mates of Qi produced higher rates of ANC flux associ- 
,• .with terrestrial retention of SO•-. Terrestrial SO•- loss 
er:•nates ranged from 26 to 62 meq m -2 yr -l for Lake 
Five-0 and from 18 to 39 meq m -2 yr -l for Lake Barco. 
Reducing dry deposition by 50% elevates in-lake SO•- 

•u, ct•,n in Lake Five-O to a somewhat more important 
•s compared to terrestrial retention. Estimates of in- 
•e CB and NO•' fluxes for Lake Five-O also were sensitive 
.• changes in dry deposition estimates (about 90 to !00 meq 
m~2 yr-• respectively). In contrast, the magnitude of 
•s effected by varying dry deposition on estimated 
•h!re .fluxes of C• and NO•- in Lake Barco was less 
sensitive (7 meq m-- yr -• for both parameters) because of 
ll} the smaller rates of groundwater inflow to and leakage 
,: .from .the lake and (2) the lower concentrations of Ca and 
NOi' in Lake Barco groundwater. 

DISCUSSION 

•cause consumption of SO42- is less efficient than NO•' 
v0asumption, the ability to process and remove atmospheric 
i•ir•ts of SO,•- has been regarded as the critical component 
ANC regulation in softwater Florida seepage lakes [Baker 
at., 1988a]. Our results for Lake Five-O and Lake Barco 

i•ate that terrestrial retention of SO]- can be at least as 
S 9- •.•onant as in-lake retention. Nearly half of the total Og 

r'.en•ved from Lake Five-O and its contributing watershed is 
•',ained within the soils. In Lake Barco, terrestrial retention 

SO• '• is approximately twice the magnitude of in-lake 
ed)]-reduction. These results are qualitatively consistent 

results from the National Streamwater Survey (NSS), 
•;eh imitate that terrestrial retention of SO,•- is significant 

•laute, acidic, clearwater streams in northern Florida 
{'.g'•rnan et al., 1988]. When all other ion contributions to 
g'NC produ•ction are considered, terrestrial and in-lake con- 
• 'r•tions were equally important in Lake Barco. The same 

can be s•d for Lake Five-O, assuming that steady state 
'e•itit•n.s apply (Table 2). However, Lake Five-O in all 

likelihood is not at steady state, and Ca and ANC should rise 
in the lake as Ca and NO.C continue to flush into the lake. 

Because of their extremely dilute chemistry seepage lakes 
in the Florida panhandle have been regarded as particularly 
sensitive to acidic deposition [Baker et al., 1988a; Pollman 
and Canfield, 1991]. In-lake processes rather than base 
cation supply from terrestrial weathering and ion exchange 
were believed to control ANC in softwater, acidic seepage 
lakes in Florida [Baker et al., 1988a; Pollman and Canfield, 
1991]. According to this conceptual model, because SO,•- 
reduction does not completely remove SOg- from lakewa- 
ter, seepage lakes would be sensitive to changes in SO42- 
deposition. This perception of sensitivity was predicated on 
two relatively untested assumptions regarding groundwater 
chemistry and inflow rates. The first was derived from 
studies 6f inseepage at McCloud Lake [Baker, 1984] that 
indicated shallow groundwater carried appreciable quanti- 
ties of base cations and ANC. Because (1) the soils in the 
McCloud Lake watershed (typic quartzipsamment) were 
typical of soils in Florida highlands, and (2) McCloud Lake 
itself is quite acidic (pH 4.65) and is similar to other 
clearwater, acidic lakes in north central Florida, the chem- 
istry of inseepage at McCloud Lake was believed a reason- 
able paradigm for inseepage for other north central Florida 
lakes [e.g., Baker and Brezonik, 1988). 

The second assumption relating to perceived sensitivity 
follows directly from the notion that inseepage contains 
appreciable quantities of Ca and ANC. If the first assump- 
tion is true, then lakes that receive large fluxes of ground- 
water inflow also should have concentrations of ANC appre- 
ciably >0. However, because lakes in the panhandle have (I) 
low conductivities (median conductivity = 17.7/aS cm-•), 
(2) low Ca (median Ca = 104/xeq L-l), and (3) low ANC 
(median ANC = -23.7 tzeq L -•) [Kanciruk et aI., 1986; C. 
D. Pollman, unpublished data, 1991], it seemed highly un- 
likely that seepage lakes in the Florida panhandle received 
anything more than very small quantities of groundwater. 
Baker et al. [1988a] further supported this view by analyzing 
long-term trends in monthly precipitation and evaporation, 
concluding that groundwater contributed about 1% to total 
hydrologic inputs for seepage lakes in the Florida panhandle 
and about 1 I% for seepage lakes in north central Florida. 

Preliminary results from this study challenge this conven- 
tional view of Florida panhandle lakes and their inherent 
sensitivity to acidic deposition from several perspectives. 
First, our results indicate that panhandle lakes may receive 
much more groundwater inflow than previously believed. 
Second, terrestrial contributions to ANC production, partic- 
ularly through SO•- retention, may be as important or more 
important than in-lake processes. Finally, the contribution of 
base cation enrichment to ANC production in shallow 
groundwater may be overstated. This particularly appears to 
be true for Lake Barco, where EF calculations indicate that 

some net depletion of Ca may occur (Table 2). For Lake 
Five-O, base cation enrichment may indeed be important; 
however, a fundamental difficulty is presented reconciling 
apparently large inputs of C B beyond that supplied by 
precipitation with overall EF calculations from this study 
and others [Baker et al., !988a; Pollman and Canfield, 1991] 
that show Ca enrichment in acidic seepage lakes is marginal. 

For Lake Barco our preliminary results are consistent 
with other estimates of seepage inflow rates for lakes in 
north central Florida [Baker, 1984; Baker and Brezonik, 
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1988]. However, our estimates of groundwater inflow for 
Lake Barco are relatively sensitive to errors in estimates of 
precipitation and evaporation (Table 1), which, in turn, 
underscores the need to independently quantify each com- 
ponent of the hydrologic budget and the associated error of 
measurement so that reliable estimates of groundwater and 
ion inputs can be developed. Relatively extreme climatic 
conditions observed at both lakes (drought at Lake Barco 
and above-average precipitation at Lake Five-O) during this 
investigation imposed short-term (months) perturbations on 
the long-term hydrologic regime characteristic of these 
lakes. These potential errors and climatic effects are partic- 
ularly important considerations when predicting how 
changes in SO•- deposition will affect lakewater ANC. 
Within the range of estimated steady state inflows derived 
from C1- balances, estimates of in-lake SO•- reduction 
range from 9 to 58 meq m -2 yr -1 , and terrestrial ANC inputs 

-2 -1 
from SO•- retention range from >0 to 110 meq m yr 
(Table 3). Although these calculations demonstrate the con- 
siderable uncertainty inherent in our current estimates, our 
results qualitatively indicate that terrestrial retention of 
SO•- is important for some seepage lakes in north central 
Florida. 
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CONCLUSIONS 

Preliminary results from hydrologic and ion budget studies 
of Lake Five-O and Lake Barco indicate that some seepage 
lakes in the Florida panhandle receive more groundwater 
inflow than previously believed. Net groundwater flow 
(Qnet), which was calculated as the residual term in monthly 
hydrologic budgets for each lake, was used to estimate net 
Qi (inflow) and Qo (outflow). Estimates of net Qi for Lake 
Five-O were relatively insensitive to potential errors in 
precipitation and evaporation, ranging from 38 to 46% of 
total inflow. Net Qi estimates for Lake Barco, which expe- 
rienced a drought during the period of study, were much 
more sensitive to precipitation and evaporation errors. Net 
Q• estimates for Lake Barco ranged from 5 to 14% of total 
inflow. High rates of Qi in Lake Five-O also were confirmed 
by changes in lake stage over a 3-month period in which lake 
stage increased by more than 150% of the cumulative pre- 
cipitation for the same period. Hydrologic gradients around 
Lake Five-O indicate that inflow occurs around most of the 

lake perimeter. Inflow is more restricted in Lake Barco, with 
inflow from the surficial aquifer entering the lake from the 
northeast and leakage losses to the surficial aquifer occurring 
along the southern perimeter. 

Enrichment factor and ion flux calculations for Lakes 

Five-O and Barco indicate that terrestrial processes partici- 
pate more actively in ANC regulation of acidic seepage lakes 
than previously believed. The extent that terrestrial pro- 
cesses contribute to ANC generation is directly related to 
the magnitude of Qi as well as the degree of ion enrichment 
or depletion that occurs in the watershed soils. Net ANC 
generation in both study lakes was dominated by anion 
retention (NO•- and SO•-). Where previous studies con- 
cluded that in-lake reduction was the primary sink for SO]-, 
our preliminary calculations for both Lake Five-O and Lake 
Barco show that retention of SO•- within watershed soils is 
perhaps twice as important as in-lake reduction. 
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