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ABSTRACT

Helicopter electromagnetic (HEM) and magnetic surveys were flown in the Seco Creek area, (Medina 
and Uvalde Counties, TX, 2002) and in Northern Bexar County (TX, 2003). The purpose of these surveys 
was to map structure and lithology of the Edwards and Trinity aquifers consisting of the catchment zone 
(Glen Rose, Trinity Group), recharge zone (Devils River, Edwards Group), and confined zone. The latter 
survey concentrated on Camps Stanley and Bullis, which are located mostly on the Glenn Rose. The south-
ern part of Camp Bullis includes the faulted contact between the Edwards Group (recharge zone) and the 
catchment (Glenn Rose). 

Ground geophysical surveys at Seco Creek, conducted by the USGS in April 2002, consisted of total 
field magnetics, dc resistivity and shallow terrain conductivity measurements.  In May 2003, BEG (Bureau 
of Economic Geology) acquired ground electrical conductivity measurements at 379 locations. Re-mapping 
of the geology along the nine geophysical lines was done at the same time. The shallow ground conductivity 
interpretations were supplemented by time domain EM (TDEM) soundings by the USGS.  Ground-based 
measurements demonstrate that (a) mapped geologic units consisting of Cretaceous age limestones and 
dolomitized limestones, marls, mudstones, shales, and Quaternary alluvial deposits have differences in 
apparent conductivity, (b) geologic structures such as faults and karst can have detectable apparent conduc-
tivity signatures, and (c) conductivity measurements can be combined with geologic maps and outcrop stud-
ies to identify hidden contacts, covered strata, and unmapped structural features. Limited comparisons of 
measurements confirm that the ground and airborne geophysical systems produce similar apparent electrical 
conductivities at comparable frequencies and coil orientation. 

The ground based geophysical surveys refine the airborne geophysical data, revealing greater structural 
complexity than depicted in the original geologic mapping. Ramp structures are well defined by the geo-
physical surveys including a large complexly breached ramp along Seco Creek. The airborne geophysical 
data indicate a distinct difference in electrical resistivity between the upper and lower Devils River forma-
tions in the recharge area. In addition the electrical data have been used to map the subsurface configuration 
of upper confining clay units (Del Rio and Eagle Ford). The Glenn Rose formation has a lower resistivity 
than the Edwards group formations. A previously unknown collapse feature in the study area is inferred 
from a high resistivity area along Seco Creek in the Trinity Aquifer. Geologic maps of four 7.5-minute quad-
rangles of the Seco Creek area have been digitized and revised based on the geophysical surveys. The geo-
physical data has been critical in the construction of a 3D geologic model of the study area because of 
deficient well data for subsurface information and the extent of colluvium hiding near surface structures and 
bedrock. Ground geophysical surveys can capture small-scale lateral electrical conductivity changes, com-
plementing smoothed but spatially dense airborne electrical conductivity measurements. Airborne surveys 
cover large areas that are inaccessible or impractical to survey using ground-based instruments. They also 
provide aerial detail of the subsurface not available from photo-geologic and other near-surface mapping 
methods.
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ABSTRACT

High-resolution aeromagnetic surveys were completed over the Edwards aquifer in Uvalde and Medina 
Counties west of San Antonio, Texas. These surveys have provided new information on the geology and 
structure of one of the most productive and permeable carbonate aquifers in the United States. A regional 
scale fixed-wing survey, flown in 2001, revealed the widespread occurance of shallow igneous rocks. Geo-
physical interpretations show many of the magnetic anomalies to be vertical or subvertical volcanic pipes. 
Other shallow anomalies are interpreted as sills, lava lakes and pyroclastic flows. The absence of dikes and 
dike-like structures leads to the hypothesis that the emplaced volcanic rocks affect ground water flow 
locally, but not significantly on a regional scale. The interpreted intrusive boundaries and geometry can be 
used in regional hydrologic models to evaluate their influence on ground water flow. Deeper seated anom-
alies are interpreted as magmatic reservoirs that perhaps served as sources for the late-Cretaceous volcan-
ism.

A small scale very high resolution magnetic data set was acquired in 2003 as part of a helicopter elec-
tromagnetic survey of the North Seco Creek study area, which is outside the main Uvalde volcanic field. In 
addition to a single small volcanic pipe, this data set reveals the trace of the Woodard Cave fault, a major 
normal fault juxtaposing the rocks of the Trinity Group, comprising the upper Trinity aquifer to the north, 
with the Devils River Formation, constituting the Edwards aquifer to the south. This important finding, that 
a fault between adjoining limestone units is associated with a linear magnetic low, led to a re-examination 
of the fixed-wing aeromagnetic data. Through careful microleveling, filtering and image enhancement tech-
niques, we see that major faults of the Balcones fault zone are associated with vestigial magnetic lineaments 
on a regional scale.
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ABSTRACT

The Edwards aquifer of south-central Texas lies within, and adjacent to, the Balcones fault zone and is 
one of the most productive carbonate aquifers in the United States.  The Trinity aquifer outcrops to the north 
of the Balcones fault zone and supplies baseflow to streams flowing south over the Edwards recharge zone.  
The geology of Edwards and Trinity aquifers consists of approximately 400 meters of Lower Cretaceous 
carbonates with interbedded marl and dolostone.  Miocene age faults within the Balcones fault zone are en 
echelon, exhibiting primarily normal displacement, trending northeast and downthrown to the southeast.  
Numerous cross-faults oriented perpendicular to the primary faults trend to the southeast.  In the Edwards 
aquifer, cross-faults breach relay ramps between overlapping faults, providing both a mechanical and hydro-
logic link between the primary faults. 

The fracturing within relay ramps and adjacent to the primary faults in the Edwards aquifer is quite vari-
able, resulting in the development of circuitous and prolific ground-water flow paths.  Because of the crys-
talline nature of the host rock and the susceptibility of the carbonate strata to karst formation, the 
enhancement of secondary porosity and permeability in fracture zones and fault planes is highly likely in 
both the Edwards and Trinity aquifers.  Vertical displacement of the terrain from north to south by Balcones 
faults allows for steep hydraulic gradients to develop, maintaining high flow velocities of meteoric ground-
water in the shallow sub-surface during recharge events.  This process of karst formation resulting from the 
dissolution of fractures and enhancement of fracture zone permeability occurs primarily parallel to the 
down-dip direction, along high-angle cross-faults and fracture zones that trend nearly perpendicular to the 
regional ground-water flow direction.  In both the Edwards and Trinity aquifers, a relation between fractures 
and faults and their susceptibility to dissolution by groundwater can often be observed in outcrop as recrys-
tallized calcite or cavities filled with oxidized clays.

Mapping in the Edwards and Trinity aquifer region in south-central Texas reveals a bimodal distribu-
tion of fracture zones and faults and corresponding cave passages oriented both parallel and nearly perpen-
dicular to the northeast-trending, primary faults.  The most well-developed caves and solution zones are not 
aligned with the major faults, but are oriented along the northwest to southeast trend of cross-faults and 
shorter fracture zones, that parallel the down-dip direction of the Balcones fault zone, and are nearly per-
pendicular to regional ground-water flow direction.  The location and extent of most sensitive karst features 
in the region are unmapped and those that are have not been released to the public.  However, the fracture 
zones and faults that influence the location and direction of secondary porosity development have been 
mapped; thus providing a representative surface expression of potential zones of karst enhanced fractures 
and highly developed cavern systems.  Understanding the relation between these fracture zones/faults and 
the subsequent karst development can assist in the identification and quantification of high volume, high 
velocity ground-water flow paths in the Edwards and Trinity aquifers.
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Simulating Ground-Water Flow in the Karstic Madison Aquifer using a 
Porous Media Model

By L.D. Putnam and A.J. Long
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Ground-water flow in karstic aquifers is characterized by the preferential solution enlargement of frac-
tures and openings creating an integrated network of conduits with rapid flow. Although these conduits can 
be a predominant feature in characterizing ground-water flow, ground-water storage may occur primarily in 
the surrounding diffuse network of fractures and smaller openings. A porous media model can provide a 
reasonable approximation of ground-water flow in the diffuse network; however, simulation of conduit flow 
in conjunction with the diffuse flow is more problematic. Combinations of heterogeneity, anisotropy, flow 
barriers, and multiple model layers were used to simulate diffuse and conduit ground-water flow in the 
karstic Madison Limestone near Rapid City, South Dakota. The finite-difference MODFLOW model 
included 140 rows, 110 columns, and 5 layers. Cells were 492 feet on a side in the Rapid City area and 
increased to 6,562 feet near the perimeter of the model. Transient calibration included a 10-year period with 
20 stress periods of 6 months. Layers 3 and 4 represented the Madison Limestone with layer 3 representing 
the upper part of the formation that generally contains more karst features than the less permeable lower part 
of the formation. Layers1 and 2 represented the overlying Minnelusa Formation, and layer 5 represented the 
underlying Deadwood Formation. High velocity flowpaths in the Madison Limestone were simulated with 
conduit zones in layer 3 that were about 1,500 feet wide. Hydraulic conductivities within these zones ranged 
from about 65 to 1,150 feet/day compared to an average for the surrounding area of about 35 feet per day. 
The average hydraulic conductivity of layer 4 was 0.32 feet/day.  Anisotropy ratios aligned with the high 
velocity flowpaths ranged from 5:1 to 20:1. The Modflow horizontal flow barrier package was used to sim-
ulate the hydrologic effect of a fault. Ground-water tracer studies, transient hydraulic heads, and springflow 
measurements were used to calibrate the model. Simulated ground-water velocities for high velocity flow-
paths were about 500 to 1,000 feet/day compared to observed dye tracer velocities that ranged from about 
1,000 to 5,000 feet/day. For the transient simulation, the average difference between observed and simulated 
hydraulic heads for 269 measurements was 7 feet and the average absolute difference was 31 feet. Linear 
regression of the observed and simulated hydraulic heads had an R2 of 0.92. Observed average springflow 
for the transient period was 21.6 cubic feet per second compared to simulated average springflow of 20.4 
cubic feet per second.
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ABSTRACT

A MODFLOW module, DCM, has been developed to better represent the dynamic, multiple time-scale 
hydraulic response of karst aquifers. DCM adopts a dual-conductivity approach in which the aquifer is con-
ceptualized as being composed of two interacting flow systems - a highly transmissive conduit system 
embedded in a relatively low permeability diffuse flow system. This coupled-system conceptualization 
allows not only water levels, but also aquifer dynamics related to rapid conduit flows to be represented. The 
conduit system may be modeled as a pervasive (continuum) system or as a sparse network of individual con-
duits, depending on the scale of investigation and the nature of the karst system being investigated. Conduits 
may be partially or fully filled with water, and transitions between the partially filled and fully filled states 
are accommodated, which makes it possible to model highly complex hydraulic responses.  Flow in the con-
duit system may be turbulent, laminar, or transitional. Our preliminary results show improved match to both 
water level measurements and spring discharges records.
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ABSTRACT

A new numerical ground-water-flow model (Edwards aquifer model) that incorporates important com-
ponents of the latest information and a conduit-flow dominated conceptualization of the Edwards aquifer 
was developed. The conceptualization emphasizes conduit development and conduit flow, as opposed to 
predominately diffuse, porous-media flow. The model incorporates conduits simulated as generally contin-
uously connected, one-cell-wide (1,320 feet) zones with very large hydraulic-conductivity values (as much 
as 300,000 feet per day). The locations of the conduits are based on a number of factors, including major 
potentiometric-surface troughs in the aquifer, the presence of sinking streams, geochemical information, 
and geologic structures (for example, faults and grabens). 

The model includes both the San Antonio and Barton Springs segments of the Edwards aquifer in the 
San Antonio region, Texas, and was calibrated for steady-state (1939–46) and transient (1947–2000) con-
ditions. Transient simulations were conducted using monthly recharge and pumpage (withdrawals) data. 
The root mean square errors for hydraulic heads represent about 4 to 8 percent of the total head differences 
across the model area. The root mean square errors for Comal, San Marcos, San Antonio, and San Pedro 
Springs, as a percentage of the range of discharge fluctuations measured at each of the springs, are less than 
10 percent. 

The simulated directions of flow in the Edwards aquifer model are most strongly influenced by the pres-
ence of simulated conduits and barrier faults. The simulated conduits tend to facilitate flow. The simulated 
subregional flow directions generally are toward the nearest conduit and subsequently through and parallel 
to the conduits from the recharge zone into the confined zone and toward the major springs. Structures sim-
ulated in the Edwards aquifer model that tend to restrict ground-water flow are barrier faults. The influence 
of simulated barrier faults on flow directions is most evident in northern Medina County. 
INTRODUCTION

The Edwards aquifer in the Balcones fault zone 
of south-central Texas (fig. 1) is one of the most per-
meable and most productive aquifers in the world. 
The sole source of drinking water supply in the San 
Antonio and Austin areas, the aquifer is critical to 
farming and ranching economies west of San Anto-
nio and recreational economies northeast of the city. 
There is also concern that drought or the increasing 
demand for ground water, or both, might result in the 

deterioration of habitats for several endangered spe-
cies. To evaluate the hydrologic response to various 
alternative proposals for managing the Edwards 
aquifer in the San Antonio region, the Edwards 
Aquifer Authority (EAA), together with other San 
Antonio water-resource managers and planners, 
expressed the need for an improved numerical 
ground-water-flow model. As a result of this need, a 
study was conducted from 2000 to 2003 by the U.S. 
Geological Survey (USGS) and The University of 
Texas at Austin, Bureau of Economic Geology 
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(BEG), in cooperation with the U.S. Department of 
Defense (DOD) and the EAA; and a numerical 
ground-water-flow model was developed (Lindgren 
and others, 2004). 

CONCEPTUALIZATION OF THE EDWARDS 
AQUIFER

The conceptualization of the Edwards aquifer 
presented in Lindgren and others (2004) emphasizes 
conduit development and conduit flow. The degree 
to which conduits pervade the Edwards aquifer and 
influence ground-water flow remains controversial, 
however. An alternate conceptualization, which can 

be called the diffuse-flow conceptualization, reflects 
the hypothesis that, although conduits likely are 
present, flow in the aquifer predominately is through 
a network of small fractures and openings suffi-
ciently numerous that the aquifer can be considered 
a porous-media continuum at the regional scale. 
Whether conduit flow or diffuse flow predominates 
at the regional scale is an open question.

The Edwards aquifer is part of an aquifer sys-
tem developed in thick and regionally extensive 
Lower Cretaceous carbonates that underlie large 
areas of Texas. The gentle southeastward dip of Cre-
taceous strata in the Edwards Plateau and Hill 
Figure 1. Location of hydrogeologic zones, ground-water-flow model area, and physiographic regions, San Antonio region, 
Texas. 
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Country is interrupted across the Balcones fault 
zone by a system of en echelon faults that generally 
strike northeastward (Maclay, 1995). The Edwards 
aquifer is unconfined adjacent to and in the outcrop 
(recharge zone) and confined in downdip parts of the 
Balcones fault zone by overlying hydrogeologic 
units of small to very  small permeability. The con-
fined zone of the aquifer is defined on its downdip 
(gulfward) margin by a freshwater/saline-water 
transition zone of brackish water. The aquifer thick-
ness in the confined zone ranges from about 450 feet 
(ft) near the recharge zone in Bexar, Comal, and 
Hays Counties to about 1,100 ft in Kinney County.

Permeability in the Edwards aquifer includes 
matrix, fracture, and conduit permeability, varies 
more than eight orders of magnitude, and is multi-
modal with distinct but overlapping data populations 
(Hovorka and others, 1998). Mean hydraulic con-
ductivity of the confined zone (34 feet per day [ft/d]) 
is more than 120 times greater than mean hydraulic 
conductivity in the unconfined, or recharge, zone 
(0.28 ft/d) (Hovorka and others, 1998). Vertical 
variations in permeability in the Edwards aquifer 
indicate that the entire aquifer is highly permeable, 
as well as highly variable. Painter and others (2002) 
estimated hydraulic conductivity for the Edwards 
aquifer in the San Antonio region using a combina-
tion of spatial statistical methods and advanced tech-
niques for automatic model calibration. The 
estimated hydraulic conductivity ranges from less 
than or equal to 20 to 7,347 ft/d. Hovorka and others 
(1998) reported that transmissivity ranges from 10-1 
to 107 feet squared per day (ft2/d), and hydraulic 
conductivity ranges from 10-3 to 105 ft/d, on the 
basis of specific-capacity and other aquifer tests. 

Evidence of the karstic nature of the Edwards 
aquifer includes outcrop evidence, subsurface data, 
hydrologic evidence, and tracer tests. More than 400 
caves have been inventoried in the Edwards outcrop 
(Veni, 1988; Elliott and Veni, 1994). Hovorka and 
others (1998) reported that in two-dimensional cross 
section, karst features make up 1 to 5 percent of the 
area of the outcrop. The existence of karst in the 
deep-subsurface saturated zone is known from bore-
hole televiewer images of caves and solution-
enlarged fractures, cave textures and sediments 
recovered in cores, bit drops during well construc-

tion, and oversize caliper logs and off-scale porosity 
logs.

Evidence of karst flow in the Edwards aquifer is 
the heterogeneous and rapidly responsive nature of 
water-level variation. Water levels in the aquifer and 
discharge at springs rise rapidly after rainfall and 
then decline at a variable rate, showing drainage 
from rocks characterized by both conduits and 
matrix permeability (Atkinson, 1977). Wells close 
together can have different responses to a single 
recharge pulse (Johnson and others, 2002). Tomasko 
and others (2001) and Worthington (2004) docu-
mented rapid spring response to rainfall. Tracer test-
ing that began in the San Antonio segment of the 
Edwards aquifer has shown rapid flow from wells to 
the nearby high-flow springs (Ogden and others, 
1986; Schindel and others, 2002). 

A regionally extensive system of high-perme-
ability zones (conduits) is defined by broad troughs 
in the potentiometric surface in the confined zone of 
the Edwards aquifer (Hovorka and others, 2004; 
Worthington, 2004). Particularly favorable locations 
for development of conduits are in grabens and syn-
clines (Worthington, 2004). In addition, high poros-
ity and permeability in the deepest parts of the 
aquifer near the freshwater/saline-water transition 
zone, anomalously high well yields, and sharp 
chemical gradients all indicate that conduit develop-
ment and flow might be focused in this area. 

The primary source of recharge to the Edwards 
aquifer is provided by seepage from streams cross-
ing the outcrop area (recharge zone). Estimates of 
the combined recharge to the San Antonio segment 
of the Edwards aquifer from stream seepage and 
infiltration of rainfall range from a low of 43,700 
acre-feet (acre-ft) during 1956 to a high of 2,486,000 
acre-ft during 1992 (Hamilton and others, 2003). 
The Edwards aquifer in many areas in the Balcones 
fault zone is juxtaposed against the Trinity aquifer, 
both at the surface and at depth; therefore, the Trin-
ity aquifer likely discharges directly into the 
Edwards aquifer. Estimates of this flow range from 
2 percent (LBG-Guyton Associates, 1995) to 9 per-
cent (Mace and others, 2000) of the average esti-
mated annual recharge to the Edwards aquifer.
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Most discharge from the Edwards aquifer 
occurs as: (1) springflow and (2) withdrawals by 
industrial, irrigation, and public-supply wells. 
Springflow totaled 69,800 acre-ft during the 1950s 
drought and reached a record high of 802,800 acre-
ft in 1992 (Hamilton and others, 2003). Comal and 
San Marcos Springs are the largest springs, with 
total discharges of 274,800 and 195,900 acre-ft, 
respectively, in 2002 (Hamilton and others, 2003). 
Total ground-water withdrawals by wells increased 
steadily at an average annual rate of about 4,500 
acre-feet per year (acre-ft/yr), more than tripling 
between 1939 and 2000. 

Water levels in the Edwards aquifer do not 
show a long-term decline as a result of ground-water 
withdrawals. The aquifer is dynamic, with water lev-
els generally responding to temporal variations in 
recharge and spatial distributions of ground-water 
withdrawals. During periods of drought, water lev-
els decline, but recover rapidly in response to 
recharge. The drought of the early 1950s is docu-
mented in well hydrographs by the downward trends 
of water levels at these wells. The highest water lev-
els occurred in the early 1990s.

Karstic conduits are major contributors of flow 
in the Edwards aquifer (Hovorka and others, 2004; 
Worthington, 2004). The contribution of matrix per-
meability to regional-scale hydraulic conductivity 
likely is minor, and most Edwards aquifer water 
flows through fractures and conduits (Hovorka and 
others, 1998). Water entering the Edwards aquifer in 
the recharge zone moves downdip from unconfined 
to confined parts of the aquifer through generally 
southeasterly flow paths. In the confined zone of the 
San Antonio segment of the aquifer, the water 
moves under low hydraulic gradients through frac-
tured, highly transmissive, cavernous strata toward 
the east and northeast, where it is discharged through 
springs (primarily Comal and San Marcos Springs) 
and high-capacity wells. In the Barton Springs seg-
ment of the aquifer, the ground-water-flow direction 
is generally to the east and northeast toward Barton 
Springs.

Faults can either increase or decrease total 
transmissivity in the Edwards aquifer (Hovorka and 
others, 1998) and thereby tend to convey or to 

restrict flow. Some of the abundant, interconnected 
fractures in intensely fractured and brecciated zones 
adjacent to faults have been enlarged, and they 
might focus flow parallel to faults. Where calcite 
cement fills breccia, cross-fault flow might be 
decreased. Stratigraphic offset of permeable zones 
along faults might also decrease the cross-fault flow 
(Maclay and Small, 1986). Maclay (1995) and 
Groschen (1996) characterized flow in the Edwards 
aquifer as being controlled laterally by barrier faults 
that locally compartmentalize, or restrict, flow 
within, to, and from parts of the aquifer, especially 
toward the eastern part of the San Antonio segment. 

SIMULATION OF GROUND-WATER FLOW

A numerical model of ground-water flow was 
constructed on the basis of a conduit-flow domi-
nated conceptual model of the Edwards aquifer. The 
FORTRAN computer-model code MODFLOW 
(McDonald and Harbaugh, 1988; Harbaugh and 
McDonald, 1996; Harbaugh and others, 2000), a 
modular finite-difference ground-water-flow code 
developed by the USGS, was used to simulate 
ground-water flow in the Edwards aquifer. As a way 
to represent conduits, other than by use of a coupled-
continuum pipe flow or dual- or triple-porosity 
model, conduits are simulated in the Edwards aqui-
fer model by narrow (one-cell wide), continuously 
connected zones with large hydraulic-conductivity 
values (fig. 2).

Calibration and evaluation of the Edwards aqui-
fer model were conducted for steady-state (1939–
46) and for transient (1947–2000) conditions. Once 
it was demonstrated that the model could approxi-
mate observed historical conditions (1947–90), the 
model then was used to simulate the effects of 
stresses for a time period not used initially for model 
calibration (model testing period, 1991–2000).

Model Description

The Edwards aquifer model area includes the 
San Antonio and Barton Springs segments of the 
Edwards aquifer. The model area was subdivided 
into rectangular finite-difference grid cells within 
which the properties of the aquifer material repre-
sented are assumed to be uniform. The uniformly 
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Figure 2. Simulated locations of conduits in the Edwards aquifer model, San Antonio region, Texas. 
spaced finite-difference grid used to spatially dis-
cretize the model area has 370 rows and 700 col-
umns. The dimensions of the grid cells are uniformly 
0.25 mile (mi) (1,320 ft) along rows and columns, 
with about 33 percent of the cells in the grid being 
active. The grid was rotated 35 degrees counter-
clockwise from horizontal to achieve the best align-
ment with the direction of ground-water flow and 
orientation of major faults near Comal and San Mar-
cos Springs. A single model layer was used to repre-
sent the multiple hydrogeologic units that comprise 
the Edwards aquifer. The Edwards aquifer was not 
discretized vertically because of a lack of sufficient 
hydrogeologic data needed to spatially define indi-
vidual hydrogeologic units within the geologic sec-
tion. 

Where possible, natural hydrologic boundaries 
were used to establish the extent of the active area of 
the Edwards aquifer model. The northern boundary 

of the model corresponds to the northern limit of the 
Edwards aquifer recharge zone. A head-dependent 
flux boundary (MODFLOW general-head boundary 
package) was used for the northern model boundary 
to account for the inflow of water from the adjacent 
Trinity aquifer. During transient simulation, the 
MODFLOW well package was used to simulate a 
constant flux, equal to the model-computed general-
head boundary flux of the steady-state simulation, 
through the northern model boundary for all stress 
periods.

The northern part of the eastern model bound-
ary is defined by the location of the Colorado River, 
which is a regional sink for the Edwards aquifer. 
Stream-aquifer leakage is simulated in the model as 
head-dependent flux nodes using the MODFLOW 
river package (McDonald and Harbaugh, 1988). The 
southern part of the eastern model boundary (south 
of the Colorado River) was assigned a no-flow 
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boundary condition. The western model boundary 
coincides with the location of a poorly defined 
ground-water divide near Brackettville in Kinney 
County (LBG-Guyton Associates, 1995). Minimal 
flow across this boundary was assumed and a no-
flow boundary condition was initially assigned. 
During model calibration, however, a specified-flux 
boundary, with inflow into the Edwards aquifer, was 
imposed for the northern part of the boundary. The 
southern part of the boundary was maintained as a 
no-flow boundary.

The southern Edwards aquifer boundary typi-
cally has been defined by the 1,000-milligrams per 
liter (mg/L) line of equal dissolved solids concentra-
tion, which coincides with the updip boundary of the 
transition zone (Schultz, 1993, 1994). The 
10,000-mg/L concentration line (A.L. Schultz, con-
sultant, written commun., 2000) was used in the 
Edwards aquifer model as a more conservative 
boundary, constituting the limit of ground-water 
flow in the freshwater zone of the aquifer. A no-flow 
boundary condition was imposed. 

The anisotropic effects of faults were incorpo-
rated in the Edwards aquifer model using the MOD-
FLOW horizontal-flow barrier package. The 
hydraulic characteristic of the barrier (fault) is an 
inverse measure of the degree to which it acts as a 
barrier to flow. The greater the assigned value for 
the hydraulic characteristic of the fault, the less it 
acts as a barrier to flow. For the model, the assump-
tion was made that the degree to which a fault acts 
as a barrier to ground-water flow is proportional to 
the fault displacement, with the hydraulic character-
istic of the barrier being inversely proportional to the 
fault displacement. The final calibrated hydraulic 
characteristic values assigned to simulated faults 
range from 1.0 x 10-9 to 2.0 x 10-2 days-1. 

The initial locations of conduit zones in the 
Edwards aquifer model were assigned on the basis 
of the conduit locations inferred by Worthington 
(2004, fig. 21). The confined-zone conduit segments 
are based on potentiometric-surface troughs, geo-
logic structure, and preferential development of con-
duits near the freshwater/saline water transition 
zone. In addition, the major sinking streams were 
interpreted to be connected to the major springs by 

conduits. During model calibration, revisions were 
made to the simulated conduit segments, including 
the deletion of a northwest-southeast trending seg-
ment in southeastern Uvalde and northwestern Frio 
Counties (fig. 2). 

The hydraulic-conductivity distribution for the 
Edwards aquifer model includes two components. 
The first component is the hydraulic-conductivity 
distribution developed by Painter and others (2002). 
An approach based on nonparametric geostatistics, 
stochastic simulation, and numerical flow simula-
tion was used to upscale and interpolate hydraulic-
conductivity estimates to the model grid. The second 
component, superimposed on the base distribution 
of Painter and others (2002), is the network of con-
duits, initially as inferred by Worthington (2004, 
fig. 21). For the Barton Springs segment of the aqui-
fer, the hydraulic-conductivity distribution from 
Scanlon and others (2002), rather than that of Painter 
and others (2002), was used. Horizontal hydraulic 
conductivities were varied during model calibration 
to better match measured hydraulic heads and 
springflows. Hydraulic conductivities were 
decreased by varying amounts, as compared to the 
initial simulated values from Painter and others 
(2002), in Kinney County and south of the 
1,000-mg/L dissolved solids concentration line. 

Liedl and others (2003) and Worthington 
(2004) indicate that conduits increase in size or 
number, or both, in the direction of downgradient 
springs. Therefore, the final calibrated hydraulic 
conductivities assigned to the conduits were: 
(1) 1,000 to 10,000 ft/d for the conduit segments 
originating in the recharge zone, farthest from 
Comal and San Marcos Springs and areas of lesser 
conduit development (Hovorka and others, 1998; 
Worthington, 2004), (2) 100,000 ft/d for the seg-
ments in the confined zone of the aquifer, but still 
distant from the major springs, and (3) 200,000 ft/d 
for the segments in the confined zone of the aquifer 
near the major springs. 

Storativity values, including specific storage 
and specific yield, were assigned to each active cell 
for the transient simulations. Initially, uniform val-
ues for specific storage and specific yield were 
assigned, on the basis of reported values from 
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previous numerical ground-water-flow models of 
the aquifer (Maclay and Land, 1988; Scanlon and 
others, 2002). Storativity values subsequently were 
varied during model calibration, resulting in a zona-
tion of values. The final calibrated storativity zones 
include five zones for specific yield, ranging from 
0.005 to 0.15, and five zones for specific storage, 
ranging from 5.0 x 10-7 to 5.0 x 10-6 ft-1. The storat-
ivity values of the simulated conduit cells are the 
same as the values for the non-conduit cells in the 
storativity zone in which the conduit cells occur.

A specified-flux boundary, simulated using the 
MODFLOW recharge package, was used to repre-
sent recharge to the Edwards aquifer in the recharge 
zone (McDonald and Harbaugh, 1988). Simulated 
recharge to the aquifer by seepage from streams and 
infiltration of rainfall was assigned to cells in the 
recharge zone for eight major recharging streams 
and their interstream areas (recharge subzones), on 
the basis of annual recharge rates to the Edwards 
aquifer calculated by the USGS for 1934–2000. 
Average annual recharge rates during 1939–46 were 
applied for the steady-state simulation. Monthly 
recharge rates were applied for the transient simula-
tion (1947-2000). The simulated annual and 
monthly recharge rates for six recharge basins in the 
Barton Springs segment of the aquifer were derived 
from published rates in Slade and others (1986) and 
unpublished rates compiled by B.R. Scanlon (Uni-
versity of Texas, Bureau of Economic Geology, 
written commun., 2001). For both the San Antonio 
and Barton Springs segments, 85 percent of the 
recharge was applied to streambed cells and the 
remaining 15 percent applied to the interstream 
cells. As a result of model calibration, the simulated 
recharge rates for periods of greatly above-normal 
rainfall and recharge were reduced, as compared to 
reported rates. The USGS reported monthly 
recharge rates for the years 1958, 1973, 1981, 1987, 
1991, and 1992 were multiplied by factors ranging 
from 0.60 to 0.85. The reported annual recharge for 
each of these years was greater than 1,400,000 acre-
ft. The USGS reported recharge rates for the Cibolo 
Creek and Dry Comal Creek recharge subzone were 
reduced by 50 percent for all stress periods. 

The primary simulated discharges of water 
from the Edwards aquifer are withdrawals by wells 

and springflows. The MODFLOW well package 
was used to simulate the withdrawals by wells. As 
with recharge, average withdrawal rates during 
1939–46 were used for steady-state simulations, and 
monthly rates were assigned for each stress period of 
the transient simulation. Comal, San Marcos, Leona, 
San Antonio, and San Pedro Springs were simulated 
in the Edwards aquifer model and used for model 
calibration. The springs were simulated in the model 
using the MODFLOW drain package. 

Model Calibration 

The steady-state calibration targets for the 
Edwards aquifer model include: (1) average mea-
sured water levels during 1939–46 in 144 wells and 
(2) median springflows during 1939–46 for Comal, 
San Marcos, Leona, San Antonio, and San Pedro 
Springs. The mean absolute difference between sim-
ulated and measured hydraulic heads is 19.4 ft, and 
the mean algebraic difference is 4.5 ft, indicating the 
positive differences were approximately balanced 
by the negative differences. The root mean square 
(RMS) error for the 144 target wells is 26.5 ft, rep-
resenting about 4 percent of the total head difference 
across the model area. The closest-match simulated 
springflows were within 3 and 13 percent of the 
measured median springflows for Comal and San 
Marcos Springs, respectively. 

The transient calibration targets include: (1) 
synoptic sets of water levels in multiple wells during 
periods of below-normal and above-normal rainfall 
(potentiometric surface maps), (2) a series of mea-
surements of water level within single wells over 
time (hydrographs), and (3) springflows for 1947–
2000 for Comal, San Marcos, Leona, San Antonio, 
and San Pedro Springs. The closest-match simulated 
hydraulic heads for the transient simulation for a 
period of below-normal rainfall (May–November 
1956, during the 1950s drought, when the lowest 
water levels on record were recorded) were within 
30 ft of measured water levels at 123 of the 172 
wells for which water-level data were available. The 
RMS error is 58.7 ft, representing about 8 percent of 
the total head difference across the model area. The 
closest-match simulated hydraulic heads for a period 
of above-normal rainfall (November 1974–July 
1975, a period of near record-high water levels in 
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wells) were within 30 ft of measured water levels at 
129 of the 169 wells for which water-level data were 
available. The RMS error is 33.5 ft, representing 
about 5 percent of the total head difference across 
the model area.

The transient simulation for 1947–2000 accept-
ably reproduces measured fluctuations in hydraulic 
heads in the Edwards aquifer. The match between 
simulated and measured hydraulic heads is generally 
closer for wells completed in the confined zone of 
the aquifer than for those in and near the recharge 
zone. The RMS error ranged from 4.1 to 23.2 ft in 11 
wells with water-level measurements for varying 
periods during 1947–2000; these errors represent 
7.8 to 30.8 percent of the range in water-level fluc-
tuations of each well. 

Generally acceptable agreement also was 
obtained between simulated and measured spring-
flow at the simulated springs. The RMS errors for 
Comal, San Marcos, Leona, San Antonio, and San 
Pedro Springs ranged from 230,700 cubic feet per 
day (ft3/d) for San Pedro Springs to 3,967,000 ft3/d 
for Comal Springs. The RMS errors for the five 
springs, as a percentage of the range of springflow 
fluctuations measured at the springs, varied from 7.0 
percent for San Marcos Springs to 36.6 percent for 
Leona Springs and were less than 10 percent for all 
but Leona Springs. The mean algebraic differences 
between simulated and measured spring discharges 
are 6.7 and 15.0 ft3/s for Comal and San Marcos 
Springs, respectively, indicating a small bias in the 
residuals toward high flows.

Model Results

A ground-water divide in the Edwards aquifer 
occurs near Kyle in south-central Hays County, 
from which ground-water flow is to the east toward 
Barton Springs or to the west toward San Marcos 
Springs. Model simulation results indicate that the 
position of this ground-water divide varies, depend-
ing on the water-level conditions. For steady-state 
and above-normal rainfall and recharge conditions, 
the simulated position of the ground-water divide is 
coincident with its commonly defined position near 
Kyle. In contrast, during drought conditions the 

position of the simulated ground-water divide shifts 
westward to near San Marcos Springs.

Simulation results indicate that the simulated 
flow in the Edwards aquifer model is strongly influ-
enced by the locations of the simulated conduits, 
which tend to convey flow. The simulated subre-
gional flow directions are generally toward the near-
est conduit and subsequently along the conduits 
from the recharge zone into the confined zone and 
toward the major springs. The influence of simu-
lated barrier faults on flow directions is most evident 
in northern Medina County. In this area, the direc-
tion of ground-water flow is affected primarily by 
parallel northeastward-striking faults and conduit 
segments that divert the flow toward the southwest. 

For the steady-state simulation, recharge 
accounts for 93.5 percent of the sources of water to 
the Edwards aquifer, and inflow through the north-
ern and northwestern model boundaries contributes 
6.5 percent. The largest discharges are spring dis-
charge (73.7 percent) and ground-water withdrawals 
by wells (25.7 percent). The principal source of 
water to the aquifer for the transient simulation is 
recharge. The principal discharges from the aquifer 
for the transient simulation are springflows and 
withdrawals by wells. During 1956, representing 
drought conditions, the change in storage (net water 
released from storage) is much greater than 
recharge, comprising 75.9 percent of the total flow 
compared to 14.5 percent for recharge. Conversely, 
during 1975, representing above-normal rainfall and 
recharge conditions, recharge constitutes 79.9 per-
cent of the total flow compared to 7.1 percent for the 
change in storage (net water added to storage).

A series of sensitivity tests were made to ascer-
tain how the model results were affected by varia-
tions greater than and less than the calibrated values 
of input data. Simulated hydraulic heads and spring 
discharge in the Edwards aquifer model were most 
sensitive to recharge, withdrawals, hydraulic con-
ductivity of the conduit segments, and specific yield; 
and comparatively insensitive to spring-orifice con-
ductance, northern boundary inflow, and specific 
storage. Larger values of hydraulic conductivity, 
coupled with reduced recharge because model cells 
went dry, resulted in smaller simulated springflows. 
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If the reduced recharge is accounted for, however, 
larger values of hydraulic conductivity result in 
increased springflows. The effect of lowering the 
simulated spring-orifice altitudes of Comal and San 
Marcos Springs was to appreciably lower simulated 
hydraulic heads in the aquifer, because the spring-
orifice altitudes serve as a controlling base level for 
hydraulic heads in the aquifer. The effect on simu-
lated springflow was to minimally increase spring-
flow for Comal Springs and appreciably decrease 
springflow for Leona Springs. 
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The Role of MODFLOW in Numerical Modeling of Karst Flow Systems

By J.J. Quinn, D. Tomasko, and J.A. Kuiper 
Environmental Assessment Division, Argonne National Laboratory, Argonne, IL  60439

ABSTRACT

Mixed-flow karst systems convey groundwater through a combination of conduit and diffuse flow.  
Building a conceptual model of the flow system is possible, but advancing to the next stage, a numerical 
model, poses difficulties because of the complexities inherent to karst flow.  Yet a numerical model may be 
desired to test the conceptual model, quantify fluxes, and identify data gaps.  

Approaches to modeling karst flow have included the equivalent porous medium approach, black box 
reproductions of input and spring discharge, very high hydraulic conductivity flowpaths, fracture network 
simulations, and open channel equivalents.  These are discussed in greater detail in Quinn and Tomasko 
(2000).  All of these methods have advantages and disadvantages relevant to a given modeling purpose.

Numerical models of karst flow systems have traditionally relied on high-permeability zones to handle 
the karstified portion of a carbonate system, and springs have been represented by a single model feature, 
such as a drain cell, at the spring location.  This approach, however, ignores the bulk of the flow from the 
conduit system.  The question remains whether numerical models, such as the U.S. Geological Survey’s 
MODFLOW, are suitable for creating models of karst flow systems.  

This study illustrates a method of numerical modeling that has performed well in two case studies, one 
in Missouri and one in Germany.  In each case, the conduit system is inferred by a variety of indirect evi-
dence and modeled using MODFLOW as a network of connected drains feeding each outflow spring.
INTRODUCTION

The modeling of groundwater flow in karst 
aquifer systems is difficult because of the 
complexities of conduit geometries and arrange-
ment and the relationship between diffuse and con-
duit flow within the aquifer.  From local to regional 
scale, models constructed in karst settings require 
assumptions regarding the flow regime, as well as 
supporting data, some of which may be unavailable.

Numerical modeling of karst flow has nonethe-
less been attempted with a variety of approaches in 
two- or three-dimensional models of local to 
regional scale.  Finite element examples include 
Laroque et al. (1999, 2000), who modeled springs 
as constant head locations, and Gonzalez-Herrara et 
al. (2002), who modeled karst features in a regional 
study area using equivalent porous media and large 
element dimensions.  Examples of MODFLOW 
used in porous media are also in the literature (e.g. 
Witkowski et al. 2003, Guvanasen et al. 2000, 

Scanlon et al. 2003, Zhang and Keeler 1998, Lan-
gevin 2003, and Sepulveda 2002).  Several of these 
papers are cases in which each spring was simulated 
as a single model cell with a MODFLOW drain 
(Scanlon et al. 2003, Sepulveda 2003) or with a 
MODFLOW general head boundary (Zhang and 
Keeler 1998).  The approach of equivalent porous 
media with a single model feature representing each 
spring is limiting and generally restricted to 
regional water resources studies, and is not useful 
for local issues such as flow directions, flow rates, 
protection zone delineation, or point source con-
tamination modeling (Scanlon et al. 2003, Langevin 
2003).  

APPROACH

In several examples discussed above, conduit 
flow was modeled by installing a drain or general 
head feature at a spring location.  Calibration was 
achieved by adjusting hydraulic conductivity in a 
zone upgradient from the spring.  However, this 
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technique ignores the rapid discharge to a conduit 
system laced throughout large portions of the aqui-
fer.  

Our approach relies on a conceptually more 
complete modeling of the inferred or estimated con-
duits.  They are modeled as continuous, branching 
networks of MODFLOW drain cells.  In this man-
ner, diffuse discharge throughout the aquifer has the 
potential to reach tributaries of the conduit system, 
to be essentially removed from the flow system, and 
to be accounted for as discharge at the outlet spring 
in combination with all contributing conduit 
branches.  

The MODFLOW drain package was originally 
developed to simulate drain tiles; however, it is a 
reasonable analogue for conduits in karst.  Two 
types of information are needed as drain input.  
Drain elevations must be specified along a modeled 
conduit.  At the downgradient end, these are set to 
the elevation of discharge spring, while at the upgra-
dient locations, the elevations are specified based on 
drilling data.  The second type of input is drain con-
ductance.  Setting this term to a high value promotes 
removal of water from flow system, and the model 
is insensitive to changes in its value.  

This approach is geared toward solving a 
mixed-flow karst system, with equipotentials within 
the diffuse portion of the aquifer matrix bending at 
conduits (e.g., Field 1993, Quinlan and Ewers 
1985).  

The Groundwater Modeling System (GMS) is 
used as a pre- and post-processor.  GMS assigns ele-
vations along the drain segments by performing lin-
ear interpolation between the nodes of a branching 
system of drains.  

Model calibration is made by manually adjust-
ing elevations of drains, hydraulic conductivity, and 
recharge to match target heads and fluxes (spring 
outflow), or by parameter estimation of aquifer and 
recharge parameters.  

SOURCES OF INPUT

Critical to implementing this approach is esti-
mating or inferring the locations of conduits within 
the karst terrain.  Drain networks were assigned in 

each study area by relying on available data, which 
could include dye tracing results, geophysical anom-
alies (lineaments), surficial features (dry valleys, 
fractures, sinkholes), spring locations, and spring 
flow measurements.

For assigning initial drain elevations, drilling 
data is used to estimate the depth of the weathered/
unweathered contact within the carbonate.  Initial 
values of hydraulic conductivity are assigned to 
zones on the basis of aquifer testing data.  

MISSOURI CASE STUDY

This site, located on the Burlington-Keokuk 
limestone of Missouri, has input data in the form of 
numerous dye traces conducted by the Missouri 
DNR (Figure 1), a main spring with a long outflow 
monitoring record, abundant aquifer test data (Fig-
ure 2), widespread drilling data to determine the 
depth of the weathered zone, many monitoring wells 
for calibrating heads (Figure 3), and infiltration field 
studies to address specific site features.    On the 
basis of drilling data and aquifer testing, the model-
ing included two layers: a deeper unweathered unit 
and a shallower weathered unit.

Figure 1.  Site setting and results of Missouri DNR 
tests.

Calibration to the target head surface and to 
average flux at the main spring to the north was 
made by adjusting drain elevations.  The resulting 
calibrated model (Figure 4) provided a strong match 
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to target heads and to spring outflow.  Details of this 
study are provided in Quinn and Tomasko (2000).  
The flow model was used in an application to deter-
mine the effect a disposal cell would have on the 
local flow system.

GERMANY CASE STUDY

This site is the Hohenfels Combat Maneuver 
Training Center (CMTC), located on the Malm For-
mation of Bavaria (Figure 5).  Portions of the study 
area have been intensively investigated by geophys-
icists of Argonne National Laboratory’s Energy 
Systems Division.  Their results identified numerous 
anomalies attributed to the presence of karst con-
duits (Figure 6).  The site is primarily comprised of 
carbonates of the Malm Formation.  

The site characterization also includes several 
dye tracing experiments (Figure 7), limited coverage 
of monitoring wells and target head data, several 
measurements of spring flow, and detailed physical 
feature mapping (sinkholes, dry valleys) only on the 
training center property.  The MODFLOW model of 
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this site included the entire CMTC site and extended 
to several external areas to make use of regional 
groundwater divides as boundary conditions.  
Drains were included in the finite-difference model 
on the basis of the dye traces, geophysical linea-
ments, and valley orientations.  

Figure 6.  Drain cells and geophysical lineaments.

Figure 7.  Hydraulic connections established through dye 
tracing.

The focus of the field and modeling efforts was 
a portion of the CMTC called the Lautertal.  Here, 
model results clearly show the influence of the inter-
connected drain cells laced through the aquifer (Fig-
ure 8).  Because of the sparse amount of target head 

data at the site, detailed calibration was not possible.  
However, the resulting heads of the calibrated model 
provide an adequate match to the available data in 
the area most intensively characterized with physi-
cal features mapping, geophysics, and tracer tests.  
Drain output matched reasonably well with spot 
measurements of outflow at several springs.  Details 
of this study are provided in Quinn and Tomasko 
(2000) and Quinn et al. (in review).  

CONCLUSIONS

Results from applying the technique of inter-
connected MODFLOW drain cells have shown 
promise in two case studies in mixed-flow karst ter-
rain.  Calibration to both target heads and target 
spring fluxes is achievable, though the calibration of 
transient models to varying spring discharge has not 
yet been attempted.  

This approach is more realistic compared to 
other numerical approaches and has served well to 
test conceptual models and identify data gaps at two 
sites.  It is also easy to implement with currently 
available software.  The accuracy of the method 
depends on the coverage of quality field data, espe-
cially dye tracing, geophysics, hydraulic conductiv-
ity estimates, and target heads and fluxes (spring 
outflow).  An advantage of this method is that the 
modeling is performed without detailed information 
on the geometry of the conduits, which is difficult or 
impossible to obtain.  
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The Case of the Underground Passage:  Putting the Clues Together to 
Understand Karst Processes
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ABSTRACT

Contaminants in surface water entering karst aquifers in focused recharge can be transported rapidly through the 
system to discharge at springs. Such contaminants act as anthropogenic tracers of ground-water transport; analysis of 
their breakthrough curves as they discharge from springs allows identification and apportionment of contaminant 
sources, and can provide insight into aquifer structure and function. At Barton Springs, the principal outlet for the Bar-
ton Springs segment of the Edwards aquifer, near Austin, Texas, breakthrough curves for several anthropogenic and 
natural tracers have been analyzed. The proportion of discharge composed of recent recharge is determined with a mix-
ing model for oxygen-18: following rainfall, an initial increase in discharge related to pressure transfer is clearly seen, 
followed by a further increase consisting of an increasing proportion of recently recharged water, which reaches a max-
imum about 48 hours after rainfall. First appearance of contaminants varies from less than 20 to more than 40 hours 
after rainfall, depending on the contaminant, aquifer conditions, and location of contaminant source. Decomposition 
of breakthrough curves of sediment, nutrients, pesticides, and volatile organic compounds at the different spring ori-
fices indicates the existence and approximate location of multiple conduit flow routes, contaminant times of travel, and 
probable contaminant sources. Differences in breakthrough curve shape and magnitude indicate urban runoff, contam-
inant spills, and infiltration through the soil zone as sources of different contaminants. Comparison of contaminant 
loads in recharging surface water to those estimated for the decomposed breakthrough curves allows apportionment of 
contaminants to the five watersheds contributing recharge to the aquifer.
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ABSTRACT

The well-developed karst aquifers of south central Kentucky’s Pennyroyal Plateau are impacted by 
contamination from animal waste and other agricultural inputs. Understanding fate and transport of these 
and other contaminants first requires knowledge of flow and storage behaviors within the impacted aquifers, 
complicated by significant heterogeneity, anisotropy, and rapid temporal variations. Here we report on 
spatial and temporal variations in vadose zone flow and water chemistry (or quality) within Cave Spring 
Caverns, Kentucky beneath agricultural lands on a well-developed sinkhole plain.  Weekly sampling of 
three underground waterfalls show statistically significant differences in water quality, though the sites are 
laterally within 160 m and are all located about 25 m underground, in a groundwater basin of about 315 km2. 
These reflect a combination of differences in epikarst flow and land use above the cave. High-resolution 
(minutes) monitoring of precipitation recharge along with flow and specific conductance in one of the 
waterfalls reveals a significant storage and mixing reservoir within the soil/epikarst zone.  Varying 
precipitation rates and antecedent moisture conditions result in a range of storm responses observed at the 
waterfall, depending in part on whether this reservoir is filled or depleted.  Slow and rapid flow paths 
through this storage zone were observed, the latter triggered by high recharge rates.  These observations are 
generally consistent with the interpretations of Perrin and others (2003) from a Swiss limestone aquifer in 
a somewhat different hydrogeologic setting, strengthening the idea that epikarst and, more generally, vadose 
zone storage play a key role influencing flow and transport within karst aquifer systems.
 INTRODUCTION

Well-developed karst aquifers are extremely 
vulnerable to contamination due to the ease and 
rapidity with which fluids can enter and move 
through these systems. For example, within south 
central Kentucky’s Pennyroyal Plateau, contamina-
tion of groundwater by agricultural contaminants 
associated with animal waste such as fecal bacteria 
and nitrate is widespread (Currens, 2002; Conrad 
and others, 1999). Understanding agricultural 
impacts on karst aquifers is particularly challenging 
due to significant heterogeneity and anisotropy typ-
ically found in these systems, which can lead to large 
spatial and temporal variations in flow and water 
chemistry conditions.

The epikarstic, or subcutaneous zone (Will-
iams, 1983; Perrin and others, 2003; Jones and oth-
ers, 2003) forms an important component of many 
karst flow systems. The typically perched epikarst 
aquifer forms in the vicinity of the soil/bedrock 
interface where fractures have been widened from 
dissolution by acidic soil water. As the infiltrating 
water quickly approaches equilibrium with respect 
to the limestone bedrock, dissolution rates drop, as 
does solutionally-enhanced permeability. As a result 
the epikarst constitutes a relatively high permeabil-
ity zone in comparison with less permeable rocks 
below. Evaluating the impacts of epikarst flow and 
storage is critical for understanding the fate and 
transport of agricultural contaminants within karst 
aquifers.
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Recently progress has been made in under-
standing the details of karst flow and geochemical 
processes by high-resolution monitoring with elec-
tronic probes and digital data loggers (e.g. Baker and 
Brunsdon, 2003; Charleton, 2003; Groves and 
Meiman, 2005; Liu and others, 2004). The impor-
tance for understanding karst dynamics comes not as 
much for the ability to automatically collect data in 
relatively remote locations, as for the ability to col-
lect high temporal resolution data. Flow and chemi-
cal data with a resolution of minutes capture all 
significant structures of hydrologic variation, even 
for karst systems. This can be useful for interpreting 
information about aquifer structure by comparing 
the detailed timing and magnitudes of related phe-
nomena. In a recent example, Liu and others (2004) 
interpreted controls on aquifer behavior in south-
west China’s tower karst by comparing rates, direc-
tions, and magnitudes of changes in water levels, 
specific conductance (spC), saturation indices, and 
PCO2 in storm responses from a large karst spring 
and nearby well.   

While the long-term goal of the research we 
describe here is to quantitatively understand funda-
mental controls on relationships between agricul-
tural land use and karst groundwater quality, here we 
evaluate epikarst flow and storage within south cen-
tral Kentucky’s Pennyroyal Plateau sinkhole plain 
based on vadose water sampling from three water-
falls located beneath active farming land. Evaluating 
the hydrologic behavior of the epikarst at the site is 
a critical step to quantitatively evaluating the fate 
and transport of agricultural contaminants.     

FIELD SITE

Three subsurface waterfalls are being moni-
tored, as well as rainfall and other atmospheric 
parameters, within and above Cave Spring Caverns 
(Figures 1-4) near Smiths Grove, Kentucky. The 
cave is located beneath a small portion of the exten-
sive sinkhole plain of the Pennyroyal Plateau within 
the Mississippian Plateaus Section of the Interior 
Low Plateaus Physiographic Province. Just over 
2 km of large horizontal cave passages pass beneath 
several farm fields, with the cave floor typically 

about 25 m below the ground surface. Water enters 
at numerous locations as perennial or intermittent 
streams or waterfalls. The recharge area lies within 
the Graham Springs Groundwater Basin (Ray and 
Currens, 1998) which discharges at Wilkins Blue-
hole on the Barren River, 18 km to the southwest.  
Wilkins Bluehole is the second largest spring in 
Kentucky, with a minimum discharge of 0.56 m3/s 
(Ray and Blair, in press).

The cave is formed within the upper part of the 
Mississippian St. Louis Limestone (Richards, 1964). 
The Lost River Chert, a discontinuous unit of silica-
replaced limestone typically 2-3 m thick near the 
site, lies between the ground surface and the cave. 
Locally, beds dip gently to the west at about 1-2º. 

South central Kentucky has a humid-subtropi-
cal climate. Using climatic data from the Mammoth 
Cave and Bowling Green areas, Hess (1974) esti-
mated that the area has a mean precipitation of 1,264 
mm/yr, and the mean-annual temperature is 13oC.  
Late summer and early fall are drier than other 
months. Hess (1974) estimated that mean-annual 
potential evaporation is 800 mm, varying from near 
zero to over 100 mm/mo.  

The three percolation waterfalls--1, 2, and 3 in 
order moving into the cave--fall between about 5 
and 8 m from the ceiling along the east side of the 
main passage starting about 40 m north of the cave’s 
entrance, within a 160 m section of the passage 
(Figure 1).  

METHODS

There are three related sampling programs: sur-
face weather conditions, weekly sampling and labo-
ratory analysis of water at the three waterfalls, and 
2-minute monitoring of flow, specific conductance 
(spC), pH, and temperature at waterfall 1. Details of 
these sampling programs are provided as follows:

Surface Rainfall

On the surface 110 m south of the cave entrance 
is an automated HOBOTM weather station that col-
lects rainfall, temperature, wind speed and direction, 
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relative humidity, and solar radiation (Figure 2). 
Rainfall is resolved to the nearest 0.25 mm, and 
summed every five minutes. Due to interference by 
birds over part of the reported period, we utilized 
five-minute rainfall after 25 March 2005 (including 
storms 2, 3, and 4 discussed below) from the 
National Park Service Atmospheric Monitoring Sta-
tion near the town of Pig, 9.5 km to the northeast.   

Field Collection and Laboratory Analysis

Water was collected from each waterfall 
weekly in sterile, acid-washed HDPE bottles and 
stored on ice. In most cases water was analyzed 
within three hours of collection. Water samples were 
analyzed for a suite of parameters indicative of 
limestone weathering (e.g. Ca, Mg, alkalinity, and 
specific conductance (spC)) and agricultural impact 
(e.g., NO3, PO4, and NH4). Alkalinity was measured 
using the inflection point titration method (Rounds 
and Wilde, 2001) and reported as mg/L CaCO3 
mg/L. Ca and Mg were analyzed in triplicate using 
inductively coupled plasma optical emission 
spectroscopy (ICP-OES). NO3, PO4, and NH4 were 
measured in triplicate using a Lachat “QuickChem” 
method. Preliminary analysis indicated that 
particulate-associated Ca, Mg, and nutrients were 
minimal; subsequently water samples were not 
filtered prior to analysis. Dissolved oxygen (DO), 
pH and spC were measured in the field with a YSI 
556 multi probe system (YSI Environmental). Data 
were collected from February 23, 2005 to May 25, 
2005 for Ca, Mg, spC, and DO (n=13), March 3, 
2005 to May 25, 2005 for alkalinity (n=12), and 
March 23, 2005 to May 25, 2005 for NO3, PO4, and 
NH4 (n=10).

Data Logging at Waterfall One

The site is equipped with an array of electronic 
sensors and loggers and tied to a common tipping 
bucket rain gauge (Campbell Scientific (CSI) 
TE525) resolving tips of 0.1 mm. Discharge from 
the rain gauge is directed into 10-mm Tygon tubing 
which feeds a PVC flow-through chamber (20 mm 
ID) mounted with a series of three Cole-Parmer 
double-junction industrial in-line ATC pH sensors.  

Each pH sensor is connected to a three-meter 
shielded coaxial cable and terminates in the instru-
ment box (Pelican 1400) at a Cole-Parmer preampli-
fier to increase signal stability. This pH system can 
resolve pH to +/- 0.01 SU. The pH flow-through 
chamber discharges into a section of 10-mm Tygon 
tubing where it is split into three paths, each passing 
through a CSI CS547A-L specific conductance/tem-
perature sensor. This sensor can resolve temperature 
to +/- 0.1oC and specific conductivity to +/- 0.001 
mS. The three paths are then rejoined into a single 
section of tubing and positioned at an elevation 
approximately 40 cm higher than the sensors to 
assure pipe-full conditions. The signal from the rain 
gauge is split into three cables, each connected to a 
CSI CR10X digital micrologger (Figure 3). Each 
micrologger is connected to its corresponding set of 
pH, conductivity (spC) and temperature sensors.  
This redundancy in spC, temperature, pH, and data 
loggers not only ensures backup in the case of mal-
function, but when fully operational we calculate 
means, standard deviations, and coefficients of vari-
ation (CV) for each observation. The 14,359 spC 
observations (each made in triplicate) reported in 
this paper had an average CV of 2.7%.  This value is 
similar to the CV of Waterworks Spring (2%) which 
has been considered the only perennial "diffuse 
flow" spring in the region.   Waterworks Spring is 
located near conduit dominated Wilkins Bluehole, 
which has a greater CV at 14% (Quinlan and others, 
1983; p. 57).  

Every 30 seconds the micrologger program is 
executed. The program is set to output tip totals from 
the rain gauge every five minutes, and to average the 
30-second pH, spC, and temperature values every 
two minutes. To reduce redundant data the program 
compares the current two-minute average values of 
each sensor to that of the previous two-minute aver-
age. If the absolute value of change exceeds a preset 
value--the current two-minute average values for all 
sensors is committed to final storage. In any event, 
the current two-minute values are always stored 
once per hour. In this way we achieve two-minute 
resolution even during hourly recording, because we 
know under those static conditions the observations 
have not varied beyond the threshold value.



67
The waterfall flow data are given in tips per 
minute for the tipping bucket gage, but these do not 
yield discharge directly because some of the water, 
especially at higher flows, falls outside of the bucket 
orifice. These data thus only give a relative flow 
indication, but the signals (Figure 5) give a clear 
indication of dry and wet conditions and their 
correlation with rainfall events. We are in the 
process of developing a rating curve relating tips per 
minute to actual discharge, which we measure 
periodically by catching the flow in a large tarp and 
measuring the volumetric flow rate with a 10 liter 
bucket.    

Statistical Analysis of Water Quality Data

Single-factor analysis of variance (ANOVA) 
was used to determine if statistically significant 
differences exist in important water quality 
parameters between the three waterfalls. Differences 
between waterfall locations may reflect different 
residence times and land use activities at the surface. 
Prior to analysis, Ca, NO3, PO4, and spC were log-
transformed whereas Mg was inverse-transformed 
to obtain approximately normal distributions. 
Alkalinity, on the other hand, was normally 
distributed so no transformation was needed. 
Fisher’s t-test was used to compare means between 
different waterfalls (Helsel and Hirsch, 1993). All 
statistical analyses were performed using SAS 
version 9.1 (SAS Institute Inc., 2003).

RESULTS

Temporal Variations at Waterfall One

Between 21 March and 10 April 2005, precipi-
tation, waterfall flow, and spC data reflect four suc-
ceeding rain events that occurred over progressively 
wetter antecedent moisture conditions. Although we 
currently lack data for a rating curve, discharge 
directly measured under very dry conditions at the 
waterfall (31 May 2005) was 0.04 L s-1. Using an 
empirical value of 1.98 L s-1 km-2 for unit base flow 
(Quinlan and Ray, 1995), derived from preliminary 
data for the autogenic recharge  area of the Graham 
Springs Basin (Joe Ray, Kentucky Division of 

Water, personal communication, 2005), this dis-
charge corresponds to an estimated recharge area for 
the waterfall of about 2 ha.  Estimates of three 
epikarst spring recharge areas at other sites in Ken-
tucky range from 4-8 ha (Ray and Idstein, 2004). 
Although the rainfall data after 25 March (storms 
2-4) are from 9.5 km away, they show close correla-
tion to the cave signals when there was a response.  

Responses of the cave parameters show a vary-
ing behavior following the different storm events 
and thus provide information on flow and storage 
within the aquifer system. Flow in the waterfall, ini-
tially under relatively dry conditions, began to 
increase within 2.3 hours of the onset of significant 
rainfall measured above the cave system, and 
showed a clear flow increase of about 120% that 
returned to the original condition within about 1.5 
days. However, there was no systematic change in 
the spC signal following this rainfall, as explained 
later.

About three days later a more intense storm 
occurred with obvious differences in the cave 
response. While the timing of the flow increase was 
similar to the first storm (though rain data for this 
storm are from the NPS station), flow rates stayed 
more than twice as high as the initial condition for 
more than four days without significant rainfall, 
rather than returning quickly to pre-storm levels. 
The spC signal from relatively dilute rainfall quickly 
moving through the system was also clear and corre-
sponded to rainfall intensity, reaching a low of about 
160 µS cm-1, or about 70% of pre-storm levels, after 
an intense thunderstorm cell in which rainfall inten-
sity exceeded 5 cm hr-1. We lost data on peak water-
fall flow rate because the flow exceeded the limits of 
the tipping bucket mechanism, but later modified the 
equipment to accommodate higher flows.      

The next storm, about four days later, was dif-
ferent from the first two with respect to both signals. 
Flow rates continued at a similarly high level with-
out an appreciable increase, while spC dropped 
again in very clear relation to rainfall.  In contrast to 
the second storm, however, spC took more than 
seven days to rise to the same level that had taken 
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only two days after the previous rainfall, even 
though starting at a higher minimum level.

Finally, a small storm about five days later, 
which began with waterfall flow rates at a similarly 
high rate and spC still uniformly rising through time 
to pre-storm three levels, had little or no impact on 
waterfall behavior.

Spatial Water Quality Variations

Significant variations in water quality were 
observed between the three waterfalls (Figure 6). 
Both Ca and Mg were significantly higher in water-
fall 2 and this is consistent with higher alkalinity and 
spC values at this location. The average Ca concen-
tration for waterfall 2 was 50.7 mg L-1 compared to 
32.1 mg L-1 and 33.4 mg L-1 for waterfalls 1 and 3, 
respectively (Figure 6A). Similarly, the average 
concentration of Mg in waterfall 2 was 8.57 mg L-1 
compared to 5.93 mg L-1 for waterfall 1 and 5.02 mg 
L-1 for waterfall 3 (Figure 6B). Alkalinity and spC 
were also highest in waterfall 2. Mean alkalinity for 
waterfall 2 was 106 mg CaCO3 L-1 and for water-
falls 1 and 3 the mean concentrations were 73.3 mg 
CaCO3 L-1 and 60.0 mg CaCO3 L-1, respectively 
(Figure 6C). Mean spC was 328 µs cm-1 for water-
fall 2, 236 µs cm-1 for waterfall 1, and 238 µs cm-1 
for waterfall 3. Differences between waterfall 2 and 
waterfalls 1 and 3 were statistically significant at the 
99% confidence level (Figure 6D). 

As was the case with Ca, Mg, spC, and alkalin-
ity, PO4 was significantly higher in waterfall 2 (p < 
0.001) compared to waterfalls 1 and 3 (Figure 6E). 
PO4 concentrations averaged 0.204 mg L-1 in water-
fall 2 whereas mean concentrations were only 0.063 
mg L-1 and 0.047 mg L-1 for waterfalls 1 and 3, 
respectively. NO3, on the other hand, was highest in 
waterfall 3 and lowest in waterfall 1 (Figure 6F). 
The average concentrations of NO3-N were 10.4 mg 
L-1, 8.19 mg L-1, and 5.60 mg L-1 for waterfalls 1, 2, 
and 3, respectively. (For reference, the EPA NO3-N 
Maximum Contaminant Level for drinking water is 
10 mg L-1) Statistical analysis on log-transformed 
NO3-N data indicated that concentrations between 
the three waterfalls were significantly different 
(p < 0.001). NH4 concentrations were at or below 

detection limit (0.02 mg L-1) for all sampling times 
at each location. 

DISCUSSION

Although the three waterfalls are separated lat-
erally by a total of only about 160 m and at about the 
same depth underground, within a groundwater 
basin of over 315 km2 (Ray and Currens, 1998), sta-
tistically significant differences occur in water 
chemistry between the three sites. These appear to 
result from a combination of different land use types 
and subsurface flow path conditions. Differences 
between parameters expected to result from dissolu-
tion of limestone, including Ca, Mg, alkalinity 
(closely related to bicarbonate concentrations), and 
spC, appear to indicate a difference in residence 
times for the flow paths leading to these waterfalls. 
Increased residence times may be due to greater 
flow path lengths and/or slower rates of movement 
through the epikarst and sections of the vadose zone 
below. Waterfall 2, for example (Figures 6A-6D), 
shows significantly higher concentrations than 
waterfalls 1 and 3 with respect to each of these four 
parameters.

The elevated concentrations of NO3 and PO4 
measured in the waterfalls, particularly in waterfalls 
2 and 3, suggest impact from agricultural land use in 
the cave’s recharge zone.  Although we currently 
lack data to discriminate the individual waterfall 
recharge zones (tracer testing is in progress to eval-
uate these), there are three different patterns in the 
concentrations of these compounds (Figures 6E and 
6F) and indeed three general types of land use above 
the cave (Figure 1). Above and south of the first 90 
m of the cave entrance (Figure 1, parcel A) is resi-
dential, the area to the north over the next 200 m 
(parcel B) had row crops (wheat) during the sam-
pling period, and the area across the road to the east 
(parcel C) had cattle production. The row crops had 
both animal waste and chemical fertilizers applied 
before and during the study, while no chemicals 
were applied to either parcel A or C during or before 
sampling. While somewhat speculative until more 
data become available, a hypothesis consistent with 
the results so far might indicate that waterfalls 1, 2, 
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Figure 1.  Map of the entrance area to Cave 
Spring Caverns showing sampling locations in 
relation to surface.

Figure 4.  Water sampling at Waterfall Three 
using remote device to avoid a shower while 
sampling.   

Figure 2.  Weather station for recharge mea-
surements, showing typical surface landscape 
above the cave system.

Figure 3.  Triplicate Data logger system at Water-
fall One. 
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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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Figure 6. Boxplots of (A) calcium (mg L-1), (B) magnesium (mg L-1), (C) alkalinity as CaCO3 (mg L-1), 
(D) specific conductance (µS cm-1), (E) phosphate (mg L-1), and (F) nitrate-N (mg L-1). boxes with same letter 
are not significantly different based on fisher’s t-test on means of transformed (ca, Mg, Spc, NO3, and PO4) and 
untransformed ddata (alkalinity).
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two studies provide quantitative evidence to 
strengthen the hypothesis that vadose zone storage 
plays a key role influencing flow and transport 
within a variety of karst aquifer systems. 
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ABSTRACT

Water chemistry in samples from 226 wells and 176 springs were assessed to determine if samples from 
springs and wells have similar concentrations of selected properties such as dissolved solids, dissolved oxy-
gen, nitrate, and calcite and dolomite saturation indices. Samples were collected in seven carbonate aqui-
fers–Edwards-Trinity, Floridan, Mississippian, Basin and Range, Valley and Ridge, Springfield Plateau, 
and Ozark. Comparisons were made between concentrations of inorganic constituents in water samples 
from springs and from wells within the same aquifer. Results were variable, but showed that concentrations 
were not significantly different between samples from springs and wells for most properties. Nitrate and dis-
solved solids concentrations were only significantly different between spring and well samples in one or two 
of the seven aquifers; however, dissolved oxygen concentrations were significantly different between well 
and spring samples in four of the seven aquifers. Median calcite and dolomite saturation index values were 
significantly different between well and spring samples in three of the seven aquifers. Spring samples prob-
ably represent water from shallower parts of the aquifer flow systems and thus represent parts of the flow 
system that are most susceptible to contamination from land-use practices. These results indicate that the 
collection of water from springs should be considered critical to adequately characterize water quality in 
carbonate aquifers.

INTRODUCTION gram. This number of samples from carbonate aqui-
About 20 percent of the ground water with-
drawn for drinking water in the United States is from 
carbonate aquifer systems (M.A. Maupin, U.S. Geo-
logical Survey, written commun., 2004).  Under-
standing the factors that control water quality in 
these systems requires information on water chemis-
try from the aquifer matrix, fractures, and from sec-
ondary porosity features (e.g., solution conduits).  
Com-prehensive monitoring strategies that include 
the sampling of both springs and wells (Quinlan, 
1989) have been used to interpret geochemical vari-
ability that arises from ground-water flow through 
different parts of a carbonate aquifer system (Scan-
lon, 1990; Adamski, 2000). 

Water samples were collected from 226 wells 
and 176 springs in seven carbonate aquifers from 
1993 through 2003 as part of the U.S. Geological 
Survey’s National Water-Quality Assessment Pro-

fers around the United States represents an 
opportunity to explore the differences in major-ion 
chemistry between samples collected from wells and 
from springs. Limestone and dolomite units were 
sampled within the following aquifers: Edwards-
Trinity, Floridan, Mississippian, Basin and Range, 
Valley and Ridge, Springfield Plateau, and Ozark 
(fig. 1). These limestone and dolomite units range in 
age from Cambrian to Quaternary (Adamski, 2000; 
Miller, 1990; Maclay, 1995) and some are interlay-
ered with sandstone or chert layers (Dettinger and 
others, 1995; Johnson, 2002; Kingsbury and Shel-
ton, 2002).

COMPARISON OF SAMPLES FROM SPRINGS 
AND WELLS WITHIN SELECTED AQUIFERS

Spring and well water samples were collected 
from seven aquifers—Edwards-Trinity, Floridan, 
Mississippian, Valley and Ridge, Basin and Range, 
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Springfield Plateau, and Ozark. Within each aquifer, 
the number of water samples collected from springs 
ranged from 6 to 58 samples and the number of sam-
ples from wells ranged from 18 to 57 (fig. 2).  In the 
Floridan aquifer system, samples were collected 
exclusively from the Upper Floridan aquifer, thus 
Upper Floridan will be used for the remainder of this 
discussion. Comparisons were made only between 

the water samples from springs and wells within a 
given hydrogeologic setting in each aquifer. 

For example, in the Upper Floridan aquifer, 
samples were collected from throughout the extent 
of the aquifer, but spring water samples were col-
lected only in southwestern Georgia; thus, these 
spring water samples were compared only to well 
samples collected in the same hydrogeologic setting 
in southwestern Georgia. The nonparametric Wil-
coxon rank-sum test (Helsel and Hirsch, 1992) was 
used to determine if concentrations of constituents 
were significantly different (level of significance 
0.05) between water samples collected from wells 
and springs.

Major Dissolved Species

Calcium-bicarbonate is the dominant water 
type for all of the aquifers and  aquifer systems; 
however, the chemical composition of water sam-
ples from the springs and wells in the Basin and 
Range aquifer system was highly variable. In most 
aquifers, fewer than half of the 14 inorganic constit-
uents examined showed significant differences in 

Figure 1.  Location of spring and well sites sampled from 1993-2003.

Figure 2. Number of spring and well samples col-
lected from selected aquifers.

http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/html/final.html
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Table 1. Summary of p-values from Wilcoxon rank-sum test comparing concentrations between samples from springs and 
wells.

[P-values lower than the level of significance, 0.05, are shaded gray; <, less than]

Aquifer Cal-
cium

Magne
-sium

So-
dium

Potas-
sium Iron Manga-

nese
Bica-

bonate
Sul-
fate

Chlo-
ride Nitrate Silica pH

Dis-
solved 
oxygen

Dis-
solved 
solids

Edwards-
Trinity 0.20 0.78 0.46 0.36 1.00 0.51 0.01 0.63 0.52 0.98 0.75 0.98 0.63 0.38

Upper 
Floridan 0.68 0.69 0.58 0.59 0.01 0.01 0.45 0.37 1.00 0.16 0.80 <0.01 0.12 0.52

Mississip-
pian 0.70 0.61 0.05 0.72 0.14 0.44 0.74 0.38 0.08 0.36 0.18 0.11 <0.01 0.40

Valley and 
Ridge 0.36 0.18 0.17 0.06 <0.01 <0.01 0.16 0.01 0.29 0.09 0.10 0.08 <0.01 0.05

Basin and 
Range 0.08 0.85 0.25 0.44 <0.01 <0.01 0.25 0.24 0.92 0.98 1.00 0.09 0.66 0.25

Springfield 
Plateau 0.34 0.08 0.54 <0.01 0.33 0.10 <0.01 0.16 <0.01 <0.01 <0.01 <0.01 <0.01 0.05

Ozark <0.01 <0.01 0.04 0.51 0.45 0.09 0.05 0.12 0.23 0.95 0.94 0.05 <0.01 <0.01
concentrations between springs and well samples 
(table 1). The greatest number of inorganic constitu-
ents with significant differences in concentration 
was seven in the Springfield Plateau aquifer. In three 
aquifers—Edwards-Trinity, Mississippian and 
Basin and Range—significant differences in con-
centrations were noted for only one or two proper-
ties, indicating that samples collected from springs 
and wells were collected from ground water from 
similar locations within the aquifer flow systems.

The range in dissolved solids concentrations 
among the seven aquifers provides some informa-
tion about the relative residence times and flow path 
lengths in the aquifers. Aquifers with greatest 
median dissolved solids concentrations in spring and 
well samples, the Edwards-Trinity aquifer (322 and 
294 milligrams per liter (mg/L), respectively) and 
the Basin and Range aquifer (410 and 364 mg/L, 
respectively), also had the greatest median well 
depths—1,270 feet (Edwards-Trinity) and 940 feet 
(Basin and Range). The median well depths for 
wells in the other aquifers ranged from 87 to 
227 feet.  Water from the deeper wells with greater 

dissolved solids concentrations may indicate that 
longer flow paths and older ground water are being 
sampled in these aquifers. Dissolved solids concen-
trations were only significantly different between 
spring and well samples in the Valley and Ridge and 
Ozark aquifers (fig. 3).  

Median dissolved oxygen concentrations 
ranged from 2.5 mg/L in water samples from the 
Basin and Range aquifer wells to about 8 mg/L for 
springs in several of the aquifers (fig. 4). In four of 
the seven aquifers, dissolved oxygen concentrations 
were significantly different between samples from 
springs and wells (fig. 4). In each aquifer where sig-
nificant differences in dissolved oxygen were noted, 
the spring samples have the greater dissolved oxy-
gen concentrations, indicating generally younger 
waters and more dynamic flow systems. The median 
dissolved oxygen concentration in water samples 
from wells was greater than that for springs in the 
Edwards-Trinity aquifer.   Deeper, more regional 
circulation of ground water may account for lower 
dissolved oxygen concentrations in some springs in 
the Edwards-Trinity aquifer.
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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.
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 
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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.



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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ABSTRACT

In this study the relation between flow regime and chemistry of a major karst groundwater resurgence 
zone in southwestern Slovenia was examined using spring hydrograph recession analysis. Long-term (>2 
weeks) recession periods were isolated from 6 years of flow data. Breaks in slope on a plot of the natural 
log of the discharge versus time allowed for the identification of four separate flow regimes of the aquifer 
outflow. Major ion chemistry and stable isotopic composition (δ18O of water and δ13C of DIC) of samples 
collected twice monthly for two years were then grouped according to where they had been collected within 
each identified flow regime. Patterns in the chemical and isotopic data emerged which indicated shifting 
sources of water contributing to the outflow of the spring under different hydrologic conditions. This type 
of analysis may be a valuable water resource management tool in other karst regions.
INTRODUCTION

A primary challenge for the management of 
karst water resources is to characterize water quality 
changes with discharge variability. In order to 
accomplish this goal, managers must be able to effi-
ciently assess two aspects of the karst aquifer system 
that interact and determine overall water quality: the 
hydrologic and the hydrochemical variability. Often, 
however, resources for characterizing water quality 
across the full range of hydrologic variability are 
limited, resulting in a frequency of water sampling 
that is far lower than the actual time scale of chemi-
cal changes taking place at the point of measure-
ment. Therefore, a need exists for a method through 
which relatively infrequent water quality data can be 
used to accurately understand and possibly predict 
major changes in water quality as the hydrologic 
conditions change.

In this paper, we describe a technique in which 
long-term records of discharge and relatively infre-
quent water quality sampling can be combined for 
the purpose of studying water quality changes with 
flow. The steps are not mathematically complex, 
allowing for straightforward and rapid culling of 
information from data which already exists for many 
springs. The analysis begins with examination of the 
recession limbs of a long-term (several years) record 

of discharge. First suggested by Maillet (1905), sev-
eral authors have since proposed that the recession 
limb of a karst spring hydrograph can be approxi-
mated by a function that is the sum of several expo-
nential segments of the total recession 
(Forkasiewicz and Paloc, 1967; Hall, 1968, Mil-
anović, 1981; Bonacci, 1993; Tallaksen, 1995).  
Thus, the entire discharge-time relationship of the 
recession is expressed as:

. (eq, 1)

Where Q is the discharge at time t, N is the num-
ber of exponential segments of the recession, qo

i is 
the discharge at the beginning of each recession seg-
ment, and αi is the recession coefficient for each seg-
ment. In this model, each exponential segment is 
interpreted to represent the depletion of an aquifer 
reservoir, with the rate of depletion of that reservoir 
being represented by the recession coefficient (αi). 
Accordingly, the segment with the greatest recession 
coefficient would represent the most rapid drainage 
of the karst network (presumably surface runoff or 
displacement of water into the largest conduits) and 
the recession segment with the smallest coefficient 
would represent the baseflow (i.e., the slow drainage 
of that portion of the aquifer with the lowest trans-
missivity). The latter is often termed the diffuse flow 
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portion of the aquifer, while the most transmissive 
conduits are referred to as the quickflow portion of 
the aquifer. Intermediate segments of the total 
hydrograph recession are thought to represent the 
emptying of aquifer volumes having intermediate 
values of hydraulic conductivity. 

In reality, it is not clear whether the above con-
ceptual interpretation has any definitive physical 
validity. It is extremely difficult to quantify the pro-
portions of various transmissive elements of a karst 
aquifer given the high degree of heterogeneity in 
karst. Moreover, the conceptual model of a karst 
aquifer having separate “diffuse flow” and “quick-
flow” components may be misleading, as the physi-
cal connectivity between fractures and solutionally 
enlarged conduits exists more as a continuum of 
transmissivities within the aquifer. Nonetheless, the 
full recession of the hydrograph contains much use-
ful information, particularly concerning (1) the vol-
ume of water drained from the system over time 
after peak flows, regardless of where the flow origi-
nates in the body of the aquifer, and (2) changes in 
the rate of discharge that occur at discrete values of 
discharge, thus placing quantifiable limits on aquifer 
flow regimes.

Constructing a Master Recession Curve

Assuming individual recession segments can be 
identified, the mean values of qo and α for each seg-
ment can be used to construct a Master Recession 
Curve (MRC) of the spring or well (in the absence of 
identifiable linear segments on a semi-log plot of 
discharge vs. time, other models may be applied to 
estimate the segments of the MRC; see Sujono and 
others, 2004 for examples). Each segment of the 
MRC is only a portion of an individual exponential 
recession curve, the constants of which are defined 
by the values of the recession constant (α) and the 
initial discharge defining the upper limit of the 
recession segment (qo). Taken individually, each of 
these curves represents aquifer drainage under a par-
ticular flow regime, defined by the discharge mea-
sured over a specified time interval after the onset of 
the recession. Except for the tail end of the baseflow 
recession curve, the time intervals of all of the reces-
sion segments overlap. Thus, the volumes of water 
contributed by the underlying curves must be 

accounted for as part of the volume of water drained 
solely by an individual segment.

For example, let us assume an arbitrary master 
recession curve of a karst spring, represented in 
semi-log space in Figure 1. Three exponential 
recession curves (Qf(t)=fast flow, Qi(t)=intermedi-
ate flow and Qb(t)=baseflow) combine to give the 
overall recession, which is represented by the upper-
most surface of the intersecting lines shown in Fig-
ure 1. The total volume of water drained across the 
fast flow portion of the recession is equivalent to the 
integration of recession curve Qf(t) on the interval to 
to ti. In this way, the calculation sums together the 
volumes Vf

f , Vi
f and Vb

f. Lacking any a priori 
knowledge of the physical significance of these vol-
umes for the functioning of the aquifer, their estima-
tion may not seem consequential. However, for the 
purposes of water quality interpretation it may be 
desirable to separate the fastest flow portion from 
the other volumes drained across the MRC. Thus, 
we may calculate the fast flow volume (VF) deter-
mined solely by the largest recession constant (αf) 
and separated from the baseflow and intermediate 
flow volumes as: 

(eq. 2)

By integrating the MRC only on the interval from 
the time of peak flow until the break in slope and 
intersection with the next recession curve, the 
expression in eq. 2 quantifies the volume drained 
solely under the fastest draining portion of the MRC; 
it is only the volume of the fast flow regime that we 
seek to define. The “fast flow” volume is not equiv-
alent to the total theoretical volume drained by the 
uppermost recession curve—rather, it is a flow 
regime we are defining independent of (but domi-
nated by) that recession curve. The fast flow regime 
thus includes theoretical contributions from all 3 
recession segments.

VF V
f
f Q0 αft–( )exp t q0

i αit–( )exp td
ti

ti

∫–d
t0

ti

∫= =
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Figure 1.  Schematic representation of a Master Recession 
Curve (MRC) and the theoretical drainage volumes obtained 
by integration beneath individual linear segments (see text 
for details).

portion of the MRC; it is only the volume of the fast 
flow regime that we seek to define. The “fast flow” 
volume is not equivalent to the total theoretical vol-
ume drained by the uppermost recession 
curve—rather, it is a flow regime we are defining 
independent of (but dominated by) that recession 
curve. The fast flow regime thus includes theoretical 
contributions from all 3 recession segments.

Similarly, the intermediate flow (VI) and base-
flow (VB) volumes (represented in Figure 1 by the 
stippled region and cross-hatched region, respec-
tively) can be calculated by the following equations: 

(eq. 4)

(eq. 5)

Thus, the total volume of water, VT drained 
across the entire recession, from t=0 to t=∞ is:

(eq. 6)

Using these expressions to quantify theoretical 
volumes of outflow for a particular spring, one may 

now look to characterize the quality of water drained 
from those volumes based upon chemical and/or iso-
topic data. This was the approach taken for the case 
study described herein.

STUDY SITE AND BACKGROUND 

This study was conducted within the Classical 
Karst, located along the border between southwest-
ern Slovenia and northeastern Italy. The Slovene 
name for this region is Kras, and this term will be 
used hereafter in order to signify the geographic 
location. The Kras region is an uplifted, overturned 
anticlinal block of Cretaceous limestone forming a 
plateau at approximately 400 m above sea level. The 
Kras region is 40 km long, up to 13 km wide, and 
covers approximately 440 km2, with mean annual 
precipitation between 1400 and 1600 mm (Kranjc, 
1997). Rainfall easily infiltrates into the limestone 
bedrock, due to thin soil thickness (0 to 0.5 m) and 
the abundance of bare karst bedrock surfaces. No 
surface streams exist on the Kras plateau. Given the 
abundant annual precipitation, highly permeable 
land surface, and lack of surface water runoff, auto-
genic recharge on the Kras surface is a major com-
ponent of recharge to the underlying aquifer. 

In the past, hydrogeological research on the 
Kras focused mainly on the source of water of the 
Timavo springs. The Timavo springs are the largest 
natural source of groundwater in the region, and 
have been an object of curiosity for centuries (Galli, 
1999). The largest of these springs has been dived to 
a depth greater than 80 m below sea level, where 
phreatic conduits of diameters in the tens of meters 
have been mapped (Guglia, 1994). Collectively, the 
long-term average discharge of the springs is 
approximately 30.2 m3/sec (variable within the 
years studied between 18 m3/sec and 39.4 m3/sec), 
with low flows averaging around 9 m3/sec, and max-
imum flows over 130 m3/sec (Gemiti, 1984).

The Timavo springs represent the major com-
ponent of outflow (85%) of the regional karst 
groundwater system (Civita and others, 1995). Sev-
eral other springs in proximity to the Timavo springs 
form the remainder of the groundwater resurgence 
zone. Of these, Sardos spring and Moschenizze 
North spring are also reclaimed for water supply. 

VI qi
0

αit–( )exp
t0

tb

∫ dt qb
0

t0

tb

∫–= αbt–( )dtexp

VB qb
0

αbt–( )exp td
t0

t∞

∫=

VT VF VI VB•+ +=
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These springs, as well the water from a supply well 
(B-4) and a monitoring well (B-3) were sampled in 
this study (Figure 2). The water supply well B-4 
provides the sole water source for the inhabitants of 
the Kras region in Slovenia, serving a population of 
approximately 25,000 people. The monitoring well 
B-3 is completed within a zone of fluctuating water 
level, and was observed to be dry after a drought 
period. Samples collected from the well before and 
after the drought exhibited nearly identical water 
chemistry; thus, this well contains water that is dis-
placed from storage within the local vadose zone. A 
large river, the Soca River, drains the high Julian 
Alps along the western border between Italy and 
Slovenia. This river loses a large amount of flow 
into the karst aquifer (20 m3/sec), and is believed to 
account for much of the flow from the springs in

Figure 2.  The groundwater resurgence zone of the Kras re-
gion (after Krivic, 1981).

the summer (Mosetti & D’Ambrosi, 1963; Urbanc & 
Kristan, 1998). The primary goal of this study was to 
determine how the contribution from the Soca River 

affects the outflow of the springs with changing flow 
conditions. 

Daily discharge measurements exist at the 
Timavo springs as a consequence of their reclama-
tion for water use. In order to quantitatively define 
the flow regimes considered here, a hydrograph 
analysis of the Timavo springs discharge was per-
formed. Six years of discharge records were avail-
able, from 1995-2000. Out of the six-year record, six 
of the longest recession periods were chosen for 
detailed analysis. The recession flows at the Timavo 
springs were fit by a series of linear segments of the 
hydrograph recession in semi-log space. The simple 
exponential decay relation (eq. 1) appears to provide 
an adequate model for the analysis of all discharge 
regimes at the springs. 

METHODS

From our hydrograph recession analysis, a Mas-
ter Recession Curve (MRC) (Figure 3) was con-
structed. Individual storm event recessions from the 
long-term discharge records of the Timavo springs 
were compiled to form the MRC. Four distinct seg-
ments to the Timavo MRC were identified, each cor-
responding to a characteristic flow regime. The 
breaks in slope define the approximate discharge 
limits of each flow regime. 

The MRC construction was performed manu-
ally by visual inspection of the individual event 
hydrographs. Individual event recession periods 
were isolated from the entire discharge record and 
were plotted as the natural log of the flow (ln Q) vs. 
time (t). Figure 4 shows one of these recession 
hydrographs of the Timavo springs. Linear ordinary 
least-squares regression lines were then fit to each 
segment of each event hydrograph in semi-log 
space. The slopes of the regression lines are equal to 
the values of the recession coefficient (α) for each 
flow regime of the MRC in units of day-1, and the y-
intercept of the regression lines are the value of dis-
charge at the start of the recession (qo at t=0). The 
values of α and qo that were obtained from the linear 
regressions of the six event hydrographs were tabu-
lated for each segment of each event, and averaged. 
These results are presented in Table 1. 
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Figure 3.  Master Recession Curve for the Timavo springs. 
Lines indicate ordinary least-squares regression through 
recession segments. Average daily discharge data are 
shown as dots. 

Figure 4.  Representative recession hydrograph of the 
Timavo springs.

Since it was a common occurrence that reces-
sion segments would be cut off by increases in dis-
charge resulting from new recharge events, the 
values of α and qo were weighted according the time 
duration of each segment prior to an increase in dis-
charge. Thus, values of α and qo obtained from indi-
vidual recessions that persisted for longer time 
periods were more heavily weighted in the calcula-
tion of the mean values for that portion of the MRC. 
This practice lends a deliberate bias towards the 
larger events; the largest events recharge a greater 

portion of the vadose zone as the water table of the 
aquifer rises, thus they produce longer, more infor-
mative, recessions.

A limitation to the analysis in this case is that 
the Timavo springs, having been engineered for 
water reclamation, are fitted with a sluice gate that 
controls the discharge at low flow. The consequence 
of the control structures is that the baseflow never 
drops below 9 m3/sec. Thus, the true baseflow reces-
sion slope may be absent. Nonetheless, significantly 
long periods of recession that were not influenced by 
the control structures were observed such that repro-
ducible recession segments could be fit to the dis-
charge record. 

RESULTS AND DISCUSSION

Four flow regimes of the Kras aquifer were 
defined through the hydrograph analysis: (1) flood 
flow, (2) high flow (3) moderate flow, and (4) base-
flow. The flood flow regime is for flows of the 
Timavo springs above approximately 50 m3/sec, 
high flow is between 30 and 50 m3/sec, moderate 
flow is between 15 and 30 m3/sec, and baseflow dis-
charge is below 15 m3/sec. 

The individual segments of the MRC were inte-
grated to provide an area below the curve that repre-
sents the total theoretical storage volume of the 
aquifer that supplies the discharge of the Timavo 
springs. These results are shown in Table 1. 

Comparison between flow regimes, isotopes, 
and chemistry

The isotopic and chemical data collected in this 
study were grouped into the four flow regimes 
according to the discharge measured at the Timavo 
springs on the date the water sample was collected. 
Oxygen (δ18O of water) and carbon (δ13C of dis-
solved inorganic carbon, or δ13CDIC) stable isotope 
data of the Timavo springs collected between 
November 1998 and November 2000 were grouped 
together by flow regime, and box plots were con-
structed.
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TABLE 1.  Results of Timavo springs hydrograph recession analysis

Recession 
segment Flow regime

Discharge 
range 

(m3/sec)

α
(day-1)

qo
(m3/s)

Recession Period 
(days)

Storage 
volume (m3)

% of total 
storage 

1 Flood flow > 50 1.64 x 10-1 101.49 0 (peak Q) – 4 0.06 x 108 1.0%
2 High flow 30 to 50 4.10 x 10-2 61.56 4 – 17 0.13 x 108 2.2%
3 Moderate flow 15 to 30 1.70 x 10-2 40.98 17 – 58 0.48 x 108 8.2%
4 Baseflow <15 3.00 x 10-3 18.00 58 or more 5.18 x 108 88.5%

Total: 5.85 x 108 100.%
The relation between δ18O and flow regime is 
opposite to the relation between δ13CDIC and flow 
regime (Figure 5a & 5b). The δ18O values become 
more negative with higher flow while δ13CDIC val-
ues become more positive. The increase in δ18O and 
corresponding decrease in δ13CDIC with increasing 
flow is consistent throughout the sampling period. In 
addition, similar seasonal trends are apparent among 
the isotopic variation of all of the groundwaters 
(Figure 6). Note that all the groundwaters can be 
approximated as a mixture between the water of well 
B-3 (autogenic recharge) and the Soca River.

The high-altitude (>2000 m) alpine source of 
the Soca River lends it δ18O values that are more 
negative than the water derived from local rainfall 
on the Kras. The δ18O of weighted mean annual pre-
cipitation is -6.5‰, essentially equal to the compo-
sition of well B-3. Thus, the difference in δ18O 
between these sources of water allows for discrimi-
nation between them in the mixtures of the ground-
waters.

Similarly, the difference in δ13CDIC values 
between the Soca River and autogenic recharge (rep-
resented by the composition of well B-3) adds a sec-
ond parameter by which to discriminate between 
these sources in the outflow. Lower δ13CDIC values 
in the autogenic recharge water reflect a greater pro-
portion of DIC derived from soil CO2, which tends 
to be low in δ13CDIC as a result of the oxidation of 
organic matter (Deines, 1980; Deines and others, 
1974). The partial pressure of CO2 in the unsatur-
ated zone is 10-100 times that of the atmosphere 
with δ13C values between -20 and -25‰ (Doctor, 
2002), thus lower δ13CDIC values indicate water that 
has been stored within the vadose zone of the karst. 

Figure 5.  Changes in stable isotopic composition with 
flow regimes at the Timavo springs. Outlier values corre-
spond to samples collected immediately after or during 
storm events.
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Figure 6.  Time series of oxygen isotope values of the Kras groundwaters, with the average daily discharge of 
the Timavo springs shown for reference. Note that all the groundwaters are a mixture between the water of 
well B-3 (autogenic recharge) and the Soca River.
Together, these isotopic data present a concep-
tual model of two component mixing between allo-
genic Soca River water and autogenic recharge from 
local precipitation to account for the observed isoto-
pic compositions of the Kras groundwaters. The pro-
portion of Soca River water issuing from the springs 
is apparently greatest under lower flow conditions, 
while increasing amounts of autogenic recharge 
water are released from storage in the vadose zone 
during higher flows.

The chemistry data from the present study was 
combined with the chemistry data of Gemiti & Lic-
ciardello (1977) and of Cancian (1987), assuming 
similarity between the flow regimes determined by 
those authors and the flow regimes determined by 
the recession analysis of the present study. For the 
combined chemistry data it was possible to charac-
terize only three flow regimes, since Cancian (1987) 
reports only three in his data summary. Therefore, 
the mean values of the flood flow and high flow 
regime from the recession analysis were combined 

into “high flow”, and the baseflow values are 
defined as “low flow”.

The results of the water chemistries grouped 
according to flow regime are shown in Figures 7 to 
9. Figure 7 shows the Ca/Mg ratios of all the 
groundwaters tend to approach that of the Soca 
River as the flow decreases with the exception of 
well B-4, which shows a relatively constant Ca/Mg 
ratio regardless of flow regime. Of the other springs, 
Timavo has the highest Ca/Mg values, followed by 
Sardos and then by Moschenizze North. Well B-3 
has a much higher and constant Ca/Mg than the 
other waters, thus the progressive shift toward 
higher Ca/Mg values with increasing flow regime 
implies a shift toward a greater proportion of autoge-
nic recharge water supplying the springs. 

For Cl-, all of the groundwaters show similar 
concentrations except for well B-4, which has the 
highest Cl- concentrations of all of the groundwaters 
(Figure 8). Cl- levels in the other groundwaters are 
relatively constant at 5-10 ppm across the flow 
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regimes, while for well B-4 the Cl- is highest at high 
flow (>50 ppm on average) and decreases to approx-
imately 20 ppm on average at low flow. Well B-3 
has a low and constant Cl- concentration of 3.0 ppm. 

Figure 7.  Ca/Mg ratio of Kras groundwaters with 
flow regime.

Figure 8.  Cl- of Kras groundwaters with flow 
regime.

Figure 9.  SO4
2- of Kras groundwaters with flow 

regime.

Well B-4 also shows anomalous chemistry with 
respect to SO4

2-; it has the highest SO4
2- concentra-

tions of all the groundwaters at high flow and the 
lowest SO4

2- at low flow (Figure 9). SO4
2- concen-

trations at Timavo and Sardos stay relatively con-
stant regardless of flow regime, at between 12-14 
ppm on average. SO4

2- at well B-4 and Moschenizze 
North decreases with decreasing flow regime, and at 
low flow they exhibit the lowest SO4

2- concentra-
tions of all the groundwaters. 

High chloride (>100 ppm) and sulfate (>30 
ppm) concentrations have been observed from two 
shafts intersecting the water table nearby the Timavo 
springs (Gemiti, 1994). The water in these shafts is 
derived from local storage of autogenic recharge 
within the epikarst, and may be influenced by 
anthropogenic activities. This water stored within 
the unsaturated zone impacts well B-4 and 
Moschenizze North spring under elevated hydraulic 
head conditions, and to a lesser extent at low flow. 
Because these two sites exhibit higher Cl- and SO4

2- 
when the water table rises, it is likely that an over-
flow connection permits the higher salinity water to 
affect both well B-4 and, to a lesser degree, 
Moschenizze North spring under high flow 
conditions. 
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CONCLUSIONS

Hydrochemical and isotopic data collected at a 
frequency of approximately twice monthly over a 
two-year period was interpreted through identifica-
tion of discrete flow regimes of the karst aquifer by 
means of hydrograph recession analysis.  Grouping 
the chemistry data together within the defined flow 
regimes illuminated broad patterns of water quality 
variability according to changing discharge condi-
tions.

The simple exponential decay model used for 
fitting multiple linear recession segments to the out-
flow of the Timavo springs was adequate for deter-
mining the flow regimes of the groundwater 
resurgence of the Slovene Kras region. As a result of 
the recession analysis, four distinct flow regimes of 
the Timavo springs have been defined: flood flow 
(>50 m3/s), high flow (30–50 m3/s), moderate flow 
(15–30 m3/s), and baseflow (<15 m3/s). The esti-
mated storage volume of the baseflow regime repre-
sents the greatest proportion (88.5%) of the total 
theoretical storage volume, with the flood and high 
flow regimes together representing 3.2%. These per-
centages highlight the importance of the baseflow 
regime for providing the majority of flow at the 
Timavo springs. Although high flows do not drain 
those portions of the aquifer with a large capacity for 
water storage, floods are responsible for recharging 
other parts of the aquifer system, thus flood waters 
may remain in storage for longer periods of time 
than otherwise may be indicated by the rapid drain-
age under higher flow regimes.

The flow at the Timavo springs serves as an 
adequate proxy for the flow of the other local springs 
that drain the aquifer. Similar trends in the stable 
isotopic composition (δ18O and δ13CDIC) of the 
water exist among the Timavo springs, Sardos 
spring, and well B-4 when compared to the dis-
charge of the Timavo springs. For each of these 
groundwaters, the δ18O values are lowest during 
lowest flow periods and highest during the highest 
flow periods, while the δ13CDIC values are lowest 
during high flow and highest during low flow. These 
results indicate mixing between similar sources at 
each of these outflow points, as well as a change in 
the proportions of each source under changing 

hydrologic conditions. The more negative δ18O and 
more positive δ13CDIC values of the waters are con-
sistent with a predominant Soca River source during 
low flow periods, while the more positive δ18O and 
more negative δ13CDIC values are consistent with a 
predominant source of storage within the vadose 
zone. 

The relations among the flow regimes and water 
chemistry are similar to the results previously 
reported by Gemiti and Licciardello (1977) and Can-
cian (1987). There is a general trend of decreasing 
Ca/Mg ratio with decreasing flow regime in all of 
the groundwaters sampled, except for well B-4.  
Since the Soca River shows the lowest Ca/Mg ratio 
of all the waters, and autogenic recharge water (well 
B-3) shows the highest Ca/Mg ratio, the decreasing 
trend supports the conclusion of variable mixing 
between the Soca River and autogenic recharge such 
that under lower flow conditions Soca River water 
has a greater influence on the groundwater of the 
aquifer.

The anomalous Cl- and SO4
2- chemistry 

observed at the Klarici supply well (well B-4) indi-
cates a high salinity component that affects this well 
when phreatic head levels are elevated during high 
flows. Water chemistries of local vadose shafts indi-
cate that the source of this high salinity water is 
likely a shallow perched zone of water in storage 
within the epikarst. This water may be anthropogen-
ically impacted.

The trends observed in both isotopic and chem-
ical composition of the groundwaters as flow 
regimes change indicate that pronounced shifts in 
the water sources feeding the groundwaters of the 
Kras aquifer resurgence zone occur as hydrologic 
conditions vary. These data show that under low 
flow conditions the outflow contains a greater pro-
portion of Soca River water, while under high flow 
conditions more water discharged from the springs 
is derived from the vadose zone. In addition, a third 
source of water with high levels of Cl- and SO4

2- 
exists in vadose storage and influences some of the 
groundwaters under elevated flow conditions. The 
techniques developed in this study may be applied to 
other karst aquifers where water quality and flow 
monitoring is taking place. 
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