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and 3 have at least partial recharge zones in parcels 
A, B, and C, respectively. This is indicated by water 
relatively low in both NO3 and PO4 from A (residen-
tial), higher in both from B (animal and chemical 
fertilizers), and from C where NO3 is high from 
cattle waste but PO4 is low because no fertilizer was 
applied. As the rocks within which the cave has 
formed are dipping to the west, it is feasible that 
some parts of the waterfall recharge zones could be 
located to the east in parcel C. 

Comparison between rainfall and flow and spC 
at waterfall 1 (Figure 6) reveals significant storage 
within the soil/epikarst above the cave, as well as 
slow and rapid flow paths through the epikarst 
whose functions depend on recharge rates and ante-
cedent moisture. The spC signal at the onset of the 
record (~220 mS cm-1) represents water that has 
reached an approximate chemical equilibrium with 
the soil/epikarst system. This signal is at times 
diluted by rainfall that has a typical spC of 10-15 mS 
cm-1 as measured at the NPS Atmospheric Monitor-
ing Station (Bob Carson, National Park Service, per-
sonal communication).

While the flow conditions clearly responded to 
the input from the first rainfall (~day 81) the fact that 
spC did not change suggests that no dilute rainwater 
reached the probes, and that the storm input altered 
the hydraulic gradients within the epikarst in a way 
that pushed through a slug of previously-stored 
water, which drained through in about 1.5 days. 
While another possibility is that rainwater did 
indeed come through quickly but had within a short 
period developed the chemical characteristics of the 
epikarst storage, consideration of later storms, dis-
cussed below, makes this unlikely. 

The intense rainfall beginning on day 86 was 
sufficient to impact the waterfall’s spC indicating a 
relatively rapid transport of rainwater through the 
system within about one-half day, although it is 
impossible to measure this timing more accurately 
as these rainfall data came from 9.5 km away. Once 
this flow had been established, water from a large, 
very intense thunderstorm cell (occurring over the 
cave at about the same time as the more distant rain 

gauge, based on observations at the cave) caused a 
precipitous drop in spC within hours. While the spC 
returned to within 5% of its pre-storm values with 
less than eight hours after the spC minimum, the fact 
that flow remained high instead points to a signifi-
cant epikarst storage reservoir. We interpret the dif-
ferences in these two storms to suggest that this 
reservoir was relatively depleted during the dry ante-
cedent conditions prior to the first storm, but was 
“replenished” during the large recharge event of 
storm 2. Differences in the three-dimensional head 
distributions within the epikarst water between the 
filled and depleted reservoir conditions account for 
differences in the responses. The more gradual 
return to prestorm spC conditions over the next sev-
eral days reflects both mixing of storage and rainfall 
waters, as well as chemical reactions (limestone dis-
solution, for example) that increase the ionic 
strength of recharge water.  The storm 2 response 
also suggests a recharge intensity threshold above 
which a rapid flow path is established, in addition to 
the more diffuse flow paths continually present.

These interpretations are consistent with the 
response from the third storm (day 92), which was 
intense but occurred under antecedent conditions 
with relatively full epikarst storage. The return to 
pre-storm chemical conditions is more gradual than 
in the previous storm, however, reflecting the 
greater proportion of storm to chemically equili-
brated water within the reservoir. These two 
responses also indicate that the timescale for chemi-
cal mixing/ equilibration for these waters is on the 
order of several or more days, confirming that the 
slug of water pushed through during the first storm 
was already in the aquifer prior to that storm’s onset.

Using flow and isotope measurements of rain-
fall and spring water, as well as underground 
streams leading to the spring, Perrin and others 
(2003) concluded that the soil/epikarst system forms 
an important mixing reservoir and were able to dis-
criminate waters contributed by diffuse and rapid 
flow through the epikarst reservoir, the latter operat-
ing when a threshold recharge rate has been 
exceeded. These findings are similar to those 
obtained in the present study, and taken together, the 
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Figure 5.  Plots of flow rate and mean specific conductance for waterfall 1 in Cave Spring Cav-
erns, along with rainfall above the cave.
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Saturation Indices with Respect to Calcite and 
Dolomite

Saturation indices were calculated for calcite 
and dolomite using the program PHREEQC 
(Parkhurst and Appelo, 1999). In most aquifers, the 
calcite saturation index values for the spring and 
well samples were at or near equilibrium (values of  
0 +/- 0.2 are considered to represent equilibrium) 
(fig 5a). Most water samples were undersaturated 
with respect to calcite (values less than -0.2) for the 
Mississippian aquifer. Minerals in these aquifer 

materials may be less soluble than the aquifer mate-
rials in most of the other carbonate aquifers sampled.

Calcite saturation index values were signifi-
cantly different between water samples from springs 
and wells in three of the seven aquifers—Upper 
Floridan, Springfield Plateau Ozark aquifers (fig. 
5a). In each aquifer where the calcite saturation 
index values were significantly different (and in 
three of the other aquifers where significant differ-
ences were not noted), the significantly lower values 
were in the spring samples, indicating waters from 

Figure 3.  Distribution of dissolved solids concentrations in samples from springs and wells.

Figure 4.  Distribution of dissolved oxygen concentrations in samples from springs and wells.
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Figure 5.  Distribution values for (a) calcite saturation index, (b) dolomite saturation index, and (c) 
calcium to magnesium molar ratio in samples from springs and wells.
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springs were more undersaturated with respect to 
calcite than water from wells. The lower calcite sat-
uration index values also indicate that spring waters 
may originate from shallower parts of the flow sys-
tems than the water withdrawn from wells.

Spring and well water samples for most of the 
aquifers were undersaturated with respect to dolo-
mite (fig 5b). Only spring and well samples from the 
Basin and Range aquifer and well samples from the 
Ozark aquifer were at or near equilibrium with 
respect to dolomite (values mostly between -0.2 to 
0.2) (fig 5b). Dolomite saturation index values for 
the spring and well samples were significantly dif-
ferent in three of the seven aquifers—Upper Flori-
dan, Springfield Plateau, and Ozark (fig. 5b)—the 
same three aquifers where significant differences 
were noted for calcite saturation index values. In 
each of the three aquifers where dolomite saturation 
index values were significantly different (and in the 
four aquifers where significant differences were not 
noted), the significantly lower values were in the 
spring samples indicating that the spring samples 
were more undersaturated with respect to dolomite 
than the samples from wells. 

The molar ratio of calcium to magnesium was 
calculated for each sample to determine if this ratio 
correlates with the relative amount of dolomite in 
the carbonate aquifers. Results show that in five of 
the aquifers, calcium-magnesium molar ratios were 

less than about 5, and are consistent with the 
reported mineralogy for the Edwards-Trinity, Mis-
sissippian, Valley and Ridge, Basin and Range, and 
Ozark aquifers (fig. 5c) (Maclay, 1995, Kingsbury 
and Shelton, 2002, Johnson, 2002, Dettinger and 
others, 1995, and Adamski, 2000). The three aqui-
fers where the most dolomite is indicated (where the 
calcium-magnesium ratios were lowest), Edwards-
Trinity, Basin and Range and Ozark aquifers, were 
also the aquifers where dolomite saturation index 
values were highest (greater than -1.0) (figs. 5b and 
5c).

Nitrate

Median nitrate concentrations in the seven aqui-
fers ranged from 0.32 to 2.5 mg/L (fig. 6). Median 
concentrations were lowest (less than 1.0 mg/L) in 
the spring and well water samples from the Basin 
and Range and the Ozark aquifers. Although median 
nitrate concentrations did not exceed the maximum 
contaminant level of 10 mg/L, several median 
nitrate concentrations ranged from 1 to 4 mg/L, 
which may indicate anthropogenic inputs. Nitrate 
concentrations were only significantly different 
between spring and wells samples in the Springfield 
Plateau aquifer. The significantly higher concentra-
tions in nitrate in water samples from springs rela-
tive to wells in the Springfield Plateau was noted by 
Adamski (2000) who attributed the higher nitrate 
concentrations to the greater susceptibility of 

Figure 6.  Distribution of nitrate concentrations in samples from springs and wells.
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springs to surface sources of contamination. The 
land use in the area overlying the Springfield Plateau 
aquifer is predominantly agriculture (Adamski, 
1996).

IMPLICATIONS FOR USE OF SPRINGS IN THE 
CHARACTERIZATION OF WATER QUALITY IN 
CARBONATE AQUIFERS

Differences in chemistry between spring waters 
and well water reflect ground-water movement in 
distinct parts of the flow system.  Higher dissolved 
oxygen concentrations, lower saturation indices 
with respect to calcite and dolomite, and lower dis-
solved solids concentrations relative to water from 
wells, indicate that springs discharge ground water 
mainly from shallow parts of most of the studied 
aquifer systems. Exceptions are the Basin and Range 
and the Edwards-Trinity aquifers, where deeper cir-
culation of ground water may occur prior to dis-
charge from springs.  Chemical differences between 
water from springs or wells also are related to the 
hydrologic conditions at the time of sampling.  Rain-
fall patterns should be evaluated along with spring 
discharge at the time of sampling to characterize the 
contribution of recent recharge to the aquifer and its 
impact on ground-water chemistry.

There were no consistent patterns when com-
paring nitrate concentrations in spring waters and 
well water. Nitrate concentrations were significantly 
higher in spring water than in ground water in the 
Springfield Plateau aquifer, but not in the adjacent 
Ozark aquifer.  Nitrate concentrations were higher in 
spring waters than in well waters from the Valley 
and Ridge aquifer, but nitrate concentrations in 
spring waters were similar or lower than nitrate con-
centrations in well waters from the Edwards-Trinity, 
Upper Floridan, Mississipian, and Ozark aquifers.  
These differences likely reflect the complex relation 
between nitrate concentrations in ground water and 
various nitrogen sources, and include past and 
present land-use and waste-management practices, 
and hydrologic and climatic variability.

Spring samples most likely represent water 
from shallower parts of the aquifer flow systems, 
and flow through large solution openings in carbon-
ate aquifer systems. These parts of the flow system 

are also the parts of the aquifer systems most suscep-
tible to contamination from land-use practices. For 
these reasons, obtaining water samples from springs, 
in addition to wells, may be necessary for adequate 
characterization of water quality in carbonate aqui-
fers and for addressing their susceptibility to con-
tamination.
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