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Water to Intersection of Flow Paths by
Wells, and Associated Major lon and
Nitrate Geochemistry, Barton Springs
Segment of the Edwards Aquifer,
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By Bradley D. Garner and Barbara J. Mahler

Abstract

Understanding of karst flow systems can be complicated
by the presence of solution-enlarged conduits, which can trans-
mit large volumes of water through the aquifer rapidly. If the
geochemistry at a well can be related to streamflow or spring
discharge (springflow), or both, the relations can indicate the
presence of recent recharge in water at the well, which in turn
might indicate that the well intersects a conduit (and thus a
major flow path). Increasing knowledge of the occurrence and
distribution of conduits in the aquifer can contribute to better
understanding of aquifer framework and function. To that end,
26 wells in the Barton Springs segment of the Edwards aquifer,
Austin, Texas, were investigated for potential intersection with
conduits; 26 years of arbitrarily timed specific conductance
measurements in the wells were compared to streamflow in five
creeks that provide recharge to the aquifer and were compared
to aquifer flow conditions as indicated by Barton Springs dis-
charge. A nonparametric statistical test (Spearman’s rho) was
used to divide the 26 wells into four groups on the basis of cor-
relation of specific conductance of well water to streamflow or
spring discharge, or both. Potential relations between conduit
intersection by wells and ground-water geochemistry were
investigated through analysis of historical major ion and nitrate
geochemistry for wells in each of the four groups. Specific
conductance at nine wells was negatively correlated with both
streamflow and spring discharge, or streamflow only. These
correlations were interpreted as evidence of an influx of sur-
face-water recharge during periods of high streamflow and the
influence at the wells of water from a large, upgradient part of
the aquifer; and further interpreted as indicating that four wells
intersect major aquifer flow paths and five wells intersect minor
aquifer flow paths (short, tributary conduits). Specific conduc-
tance at six wells was positively correlated with spring dis-

charge, which was interpreted as not intersecting a flow path
(conduit). Of the 11 wells for which specific conductance did
not correlate with either streamflow or spring discharge, no
interpretations regarding flow-path intersection by wells

were made. In some cases, specific conductance data might not
have indicated intersection with a flow path because of small
sample sets. Water in the Barton Springs segment generally is a
calcium-magnesium-bicarbonate type, although some water
compositions deviate from this. Multiple geochemical pro-
cesses were identified that might affect geochemistry at the
wells, but in general the geochemical composition of ground
water, except for dilution by surface-water recharge, was not
related to intersection of a well with a flow path. Some samples
from wells indicate inflow of water from the saline zone to the
east; this inflow is associated with low streamflow and spring
discharge. Other samples indicate that the aquifer at some wells
might be receiving water that has been in contact with rocks of
the Trinity aquifer; this mixing is most evident when spring dis-
charge is high. Occurrence of nitrate in ground water was unre-
lated to intersection of flow paths by wells and appeared to be
the result of localized contamination. However, most of the
wells with one or more samples contaminated by nitrate are in
the more densely populated parts of the study area.

Introduction

Understanding of karst aquifer flow systems can be com-
plicated by the presence of solution-enlarged conduits. If
present, conduits can transmit large volumes of water through
the aquifer rapidly and likely constitute the major flow paths.
Some water in conduits can be recent surface-water recharge,
and this recharge can have a markedly different geochemical
signature than longer-residence-time ground water. As such,
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ground water at wells that intersect conduits (and thus major
flow paths) can be characterized by temporally variable
geochemistry that is related to surface-water processes. If the
geochemistry at a well can be related to streamflow or spring
discharge (springflow), or both, the relations can indicate the
presence of recent recharge in water at the well, which in turn
might indicate that the well intersects a conduit. Increasing
knowledge of the occurrence and distribution of conduits in the
aquifer can contribute to better understanding of aquifer frame-
work and function.

In the Barton Springs segment of the Edwards aquifer at
Austin, Tex. (fig. 1), temporal variability of geochemistry at
wells has been documented previously (Andrews and others,
1984; City of Austin, 1997). From 1978 through 2003, the
U.S. Geological Survey (USGS), in cooperation with the City
of Austin, sampled wells in the aquifer for a variety of water-
quality constituents. For this report, the USGS, again in cooper-
ation with the City of Austin, analyzed this historical water-
quality dataset and contemporaneous datasets of streamflow
and spring discharge to identify wells that intersect conduits.

Purpose and Scope

The primary purpose of this report is to identify wells that
intersect conduits (major flow paths) in the Barton Springs seg-
ment of the Edwards aquifer by relating the geochemistry of
water (specifically the geochemical signature of recent surface-
water recharge) at wells to streamflow and spring discharge. A
secondary purpose is to determine whether major ion geochem-
istry, which can indicate geochemical processes and other
sources of water in addition to recent recharge, is related to
intersection of flow paths by wells; a third purpose is to deter-
mine whether nitrate nitrogen occurrence is related to intersec-
tion of flow paths by wells. The data also yield information that
allows hypotheses about which wells might intersect minor or
tributary flow paths. The datasets used for the analysis, col-
lected by the USGS from 1978 through 2003, comprise specific
conductance, major ion, and nitrate data collected from 26
wells, streamflow from five creeks that provide recharge to the
Barton Springs segment of the Edwards aquifer, and spring dis-
charge from Barton Springs. The principal tool used to hypoth-
esize recent recharge in the water, and thus the intersection of a
well with a conduit, was correlation of specific conductance of
water at wells with streamflow and spring discharge. Major ion
geochemistry provided evidence to identify sources of water at
the wells other than recent recharge, and nitrate geochemistry
also was used to evaluate potential sources of nitrate.

Description of the Barton Springs Segment of the
Edwards Aquifer

The Barton Springs segment of the Edwards aquifer (here-
inafter, the Barton Springs segment) is a karst aquifer that
extends south-southwest of Austin. It is bounded on the north

by the Colorado River (Town Lake in Austin), on the south by
a ground-water divide, on the west by with the fault-controlled
outcrop of the Trinity aquifer, and on the east by a zone of low
permeability containing saline water (greater than 1,000 milli-
grams per liter [mg/L] dissolved solids concentration) known
as the saline zone (fig. 1) (Abbott, 1975; Sharp and Banner,
1997; Slade and others, 1986).

Previous studies have characterized the lithology, struc-
ture, and physical and chemical hydrogeology of the Barton
Springs segment. The aquifer material primarily is limestone of
Cretaceous age that has undergone multiple episodes of karsti-
fication (Maclay, 1995; Rose, 1972; Small and others, 1996). In
the Miocene Epoch, tectonic activity caused faulting, which
enhanced karstification and affected the aquifer structure that
exists today (Slade and others, 1986). The aquifer generally is
highly transmissive, with some measured straight-line transit
times exceeding 6 miles per day (Hauwert and others, 2004).
The Barton Springs segment comprises rocks of the Edwards
Group and Georgetown Formation, as shown in the correlation
chart in figure 2. In the recharge zone, which is essentially coin-
cident with the outcrop of the aquifer, the aquifer is unconfined.

Water in the Barton Springs segment generally is a
calcium-bicarbonate (Ca-HCOj3) to calcium-magnesium-
bicarbonate (Ca-Mg-HCOj3) type that contains less than
500 mg/L dissolved solids, although appreciable variation in
dissolved constituents and molar ratios have been observed
(Senger and Kreitler, 1984). Studies such as Andrews and
others (1984) have shown that some geochemical variability is
attributable to episodic recharge of meteoric water in response
to storms.

About 85 percent of the recharge to the aquifer is estimated
to occur through karst features (fractures, faults, and sinkholes)
in the beds of Barton, Williamson, Slaughter, Bear, and Onion
Creeks (Slade and others, 1986), ephemeral creeks that cross
the recharge zone from the west to the east (fig. 1). Additional
potential sources of recharge include interstream infiltration
through sinkholes and fractures, urban infrastructure, the saline
zone, and the Trinity aquifer (Sharp and Banner, 1997). Flow in
the aquifer generally is to the north-northeast, although direc-
tion of flow varies with changes in aquifer flow conditions and
resulting changes in the potentiometric surface (Slade and
others, 1986).

Discharge from the aquifer is from springs and wells. The
primary discharge point is Barton Springs, which comprises
several orifices. Combined long-term mean discharge from the
three major orifices is about 50 cubic feet per second (Slade and
others, 1986). Additional discharge is from domestic, livestock,
and public-supply wells. In 2004 there were an estimated 970
active wells in the Barton Springs segment, which accounted for
withdrawals of about 2.5 billion gallons per year (Smith and
Hunt, 2004), or a continuous average discharge of about 11
cubic feet per second.
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Figure 1. Location of Barton Springs segment of the Edwards aquifer, Austin, Texas, major creeks, and data-collection sites, 1978-2003.
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HYDROGEOLOGIC STRATIGRAPHIC
UNIT UNIT
Upper confining unit Del Rio Clay

Georgetown Formation

Cyclic and marine members

Leached and collapsed members

Edwards Regional dense member
Group

Grainstone member

Kirschberg evaporite
and dolomitic members

Basal nodular member

Trinity aquifer Glen Rose Limestone

EXPLANATION Correlation between hydrogeologic and stratigraphics units

1-0A0

Infiltration and

recharge

NOT TO SCALE

associated with the Barton Springs segment of the Edwards

. . aquifer (modified from Maclay, 1995, fig. 11)
Upper confining unit
Edwards aquifer g;ﬁgirgzsrt,gs

/

Trinity aquifer

Solution-enlarged conduit
Flow direction

Creek flows over surface exposure
of Trinity aquifer rocks upstream
from the recharge zone

Generalized
flow direction

Preferential flow
along solution-enlarged
conduits

Water flows across the surface exposure of Trinity aquifer rocks toward the recharge zone. Over the recharge zone, water
enters the aquifer through the beds of creeks. Water in the aquifer flows north-northeast, likely along solution-enlarged
conduits that create highly preferential flow paths. Most flow eventually discharges at the northeastern corner of the
aquifer at Barton Springs.

Figure 2. Schematic diagram of Barton Springs segment of the Edwards aquifer, Austin, Texas.



Karst Aquifer Geochemistry and lts Relation to the
Barton Springs Segment

The Barton Springs segment is a karst aquifer. In karst
aquifers, surface water can enter the aquifer as focused recharge
through fractures, cavities, or sinkholes and move rapidly
through the aquifer by way of solution-enlarged fractures or
conduits to discharge at a spring or well. Although ground water
is stored throughout the pore spaces in the carbonate rock, most
ground-water transport occurs through solution-enlarged
cavities and conduits. As a result, recently recharged water
moving through conduits has little time to equilibrate with the
rock matrix and thus bears a geochemical signature similar to
that of surface water.

Surface water, in general, has lower concentrations of
dissolved solids than ground water and therefore has lower
specific conductance. Specific conductance is a measure of the
amount of electrical current water can transmit and a direct
reflection of the ionic strength, or amount of dissolved solids, in
the water (Hem, 1982). Typically, 95 percent or more of the dis-
solved solids in natural waters are a combination of calcium
(Ca), magnesium (Mg), sodium (Na), potassium (K), bicarbon-
ate (HCOy), chloride (Cl), sulfate (SO,), and nitrate (NO3)
(Herczeg and Edmunds, 2000). Rainfall has very low specific
conductance (Herczeg and Edmunds, 2000); surface water has
higher specific conductance than rainfall because of chemical
reactions with the land surface, soils, and streambed; ground
water typically has a higher specific conductance than surface
water because of the dissolution of the rock matrix of the
aquifer.

The geochemical signature of ground water reflects the
initial geochemical signature of the recharging surface water,
over which is imprinted the interaction of the water with the
rock through which it flows (Kehew, 2001). Rainfall and
recharging surface water contain carbonic acid, a weak acid that
forms from the interaction of water with carbon dioxide in the
atmosphere and in soils. In karst terrane, the acid dissolves the
carbonate rock matrix, releasing Ca and HCO5 ions (and Mg, if
present in the rock) until an equilibrium concentration is
reached, resulting in a Ca-HCO5 water or a Ca-Mg-HCOj5
water. This process is not instantaneous; several days or more
are required to approach within 90 percent of equilibrium
(White, 1988). Therefore, water that has recharged the aquifer
recently will have a lower dissolved solids concentration and
specific conductance than water that has been in contact with
the rock longer (Freeze and Cherry, 1979). In addition, water
moving through conduits is likely to have a lower specific
conductance than water moving through the rock matrix or
microfractures because of the smaller surface area available, on
a per volume basis, for water-rock interaction and shorter resi-
dence time. Other ions in karst ground water can come from
trace elements in the limestone (for example, strontium) or from
other minerals sometimes associated with limestone deposits,
such as gypsum (CaSQOy), pyrite (FeS,), and clay with iron or
manganese oxide coatings. Surface recharge is an additional
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source of major ion species, as it contains ions associated with
the soil zone through which the water has moved or with which
the water has reacted. In agricultural or urbanized areas, an
thropogenic contaminants such as fertilizers and wastewater
effluent also might be sources of major ion species (Freeze
and Cherry, 1979). In the Barton Springs segment, the saline
zone to the east and the underlying Trinity aquifer both are
potential sources of several ion species, including Na, CI, and
SO4. Under some hydrologic conditions, water from the saline
zone and Trinity aquifer has been hypothesized to flow into
the Barton Springs segment (City of Austin, 1997; Slade and
others, 1986; Smith and Hunt, 2004).

Because of their close connection with the surface-water
system, karst springs can have extremely variable specific con-
ductance (Shuster and White, 1971). In response to rain events,
focused recharge (recharge entering into the subsurface through
discrete openings such as fractures, sinkholes, and swallets)
moves rapidly through fractures and conduits in the aquifer to
springs. As a result, a rapid decrease in specific conductance
commonly is observed at springs after a rain event, followed by
a gradual increase to a value more representative of interaction
with the rock matrix. Specific conductance thus can be consid-
ered as a tracer of recently infiltrated surface water; and the
travel time of stormwater from a known recharge point to a dis-
charge point along a flow path is reflected by the time it takes
for specific conductance at a spring to decrease following a rain
event (for example, Desmarais and Rojstaczer, 2002; Ryan and
Meiman, 1996). This phenomenon is observed at Barton
Springs after rain events, with specific conductance typically
decreasing about 12 hours after rainfall (City of Austin, 1997;
Mabhler and others, 2006). For this report, the concept of spe-
cific conductance as a tracer is extended to wells, with the
hypothesis that the geochemistry of water at a well intersecting
a fracture or conduit connected to the surface should respond in
a similar manner—that is, specific conductance should decrease
in response to the influx of recharge.

Several approaches can be used to identify wells that inter-
sect flow paths. Aquifer tests can identify very high transmis-
sivity at a well, which might be related to intersection of large
conduits. Monitoring of physical, chemical, and biological
properties and constituents during stormflow conditions might
also identify wells that intersect flow paths (Andrews and
others, 1984; Mahler and others, 2000). Dye-trace studies that
monitor the arrival or non-arrival of a dye injected at the surface
in nearby wells provide information to map connections
between specific recharge sites and wells (Hauwert and others,
2004). These methods are labor and resource intensive. If long-
term datasets exist, it is useful to determine if those datasets
contain some information concerning potential intersection of
wells with flow paths, even if the data were not collected with
that objective. The analysis in this report uses an existing long-
term historical geochemical dataset and a statistical and
geochemical approach to identify wells that intersect flow
paths. Historical data on major ion and nitrate concentrations
are examined to indicate whether flow-path intersection
influences either major ion geochemistry or susceptibility to
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Table 1. Wells sampled, range of sampling dates, and number of analyses available for each well, Barton Springs segment of the
Edwards aquifer, Austin, Texas, 1978-2003.

[--, not available]

Number of
id(\e/r\:fil:er State well . USG.S (fegteE;Tow yF;Z?S ;an specific I\rlnuaTobreiLﬁf
(fig. 1) number identifier land surface) was sampled conductance water analyses
measurements
BCK YD-58-50-101 301317097513801 217 1978-83 6 3
BDW LR-58-57-311  300646097533202 - 1990-2003 23 14
BPS LR-58-58-403  300453097503301 390 1978-2003 53 35
CNE LR-58-58-704  300138097511501 532 1978-83 6 5
FMW YD-58-50-412 301106097520501 295 1981-94 31 19
FOW! YD-58-50-408 301031097515801 439 1978-2003 43 27
GHW! LR-58-57-202  300639097571001 200 1978-89 24 14
HND YD-58-50-502  301113097485401 300 1978-87 15
HWD YD-58-50-401 301038097500401 404 1978-83
ISD LR-58-57-901  300148097532101 575 1978-83
JBS YD-58-42-926  301634097470001 190 1978-83 13
KCH YD-58-50-406  301148097503501 360 1978-99 60 38
LWK LR-58-58-105  300640097513501 477 1978-83 6 5
MCH YD-58-50-704 300813097512101 345 1978-2003 48 31
PLS YD-58-50-520 301226097480701 315 1988-2003 32 20
RAB YD-58-42-915 301526097463201 295 1993-2003 16 11
ROL YD-58-42-813  301628097474001 300 1978-94 39 23
SLR! LR-58-49-903  300847097545801 200 1978-89 18 11
SNL YD-58-42-809 301553097482801 340 1978-83 6 6
SVE YD-58-50-216  301356097473301 582 1978-2003 49 29
SVN YD-58-50-217 301432097480001 214 1978-2003 35 20
SVS YD-58-50-215 301339097483701 675 1978-2003 51 31
SVW YD-58-50-211 301423097495901 282 1978-2003 65 46
TNR LR-58-57-303  300646097533201 315 1978-92 26 15
WBG YD-58-50-810 300803097483801 359 1978-83 5
WGF YD-58-50-206 301414097483601 257 1978-83 6
"Drilled partly into the Trinity aquifer.

nitrate contamination in ground water in the Barton Springs Methods

segment.
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streamflow-gaging stations on Barton, Williamson, Slaughter,
Bear, and Onion Creeks (fig. 1) were used to indicate rainfall
events and associated recharge. The discharge of Barton
Springs was used to indicate aquifer flow condition—that is,
whether flow and storage in the aquifer were relatively high or
low. Senger (1983) showed that the discharge of Barton Springs
is controlled directly by the amount of water stored in the
Barton Springs segment. Major ion and nitrate concentrations
for samples from the 26 wells were interpreted in relation to
intersection of conduits or major flow paths, other potential
sources of water, and potential sources of nitrate.

Data Sources and Description

A large record of geochemical samples from wells, stream-
flow, and spring discharge (1978 through 2003) exists for
the Barton Springs segment. These data were compiled from
several USGS studies with various objectives and are in appen-
dixes 1, 2, and 4.

The USGS study that produced much of the geochemical
data used in this study began in 1978 (Slade and others, 1979).
From 1978 through 1983, about 30 water wells were sampled
several times a year for numerous water-quality properties and
constituents, including specific conductance, major ions, and
nitrate. After 1983, about 11 of the original 30 wells continued
to be sampled periodically. Summaries of these data have been
published (Senger, 1983; Slade and others, 1986), and most of
the data are available from published USGS annual water-data
reports (Barbie, 2001-04; Gandara and Barbie, 1999-2000;
Gandara, Buckner, and Jones, 1993; Gandara and Jones, 1994—
96; Gandara, Jones, and Barbie, 1997-98; Gordon, Pate, and
Dorsey, 1985-87; Gordon, Pate, and Slagle, 1988; Slade,
Dorsey, Gordon, and Mitchell, 1980; Slade, Dorsey, and others,
1981; Slade, Gaylord, and others, 1982; Slade, Gordon, and
Mitchell, 1979; Slade, Veenhuis, Dorsey, Gardiner, and Smith,
1983; Slade, Veenhuis, Dorsey, Stewart, and Ruiz, 1984). Data
for 1987-91 were not previously published and are included in
appendixes 1 and 4.

The specific conductance dataset for the 26 wells of this
report consists of 679 values ranging from 388 to 1,530 micro-
siemens per centimeter at 25 degrees Celsius (WS/cm) (appen-
dix 1). Eight wells have only six specific conductance values,
the minimum number required for inclusion in this report, and
four wells have more than 50 values. The largest range (445
to 1,530 uS/cm) occurs at well SVE, and the smallest range
(480 to 495 uS/cm) occurs at well ISD. One-half of the wells
had less than 100 uS/cm variation. The median coefficient of
variation (C,), a statistic that reflects the degree of variation
from the mean of numbers in a dataset and is defined as the stan-
dard deviation divided by the mean, for specific conductance
for all wells is 0.035, with a range of 0.011 to 0.28 (table 2).

Streamflow has been measured by the USGS since 1978 at
gaging stations on five creeks (fig. 1), the flow of which
recharges the aquifer: Barton, Williamson, Slaughter, Bear, and
Onion Creeks. Streamflow is computed from stage-discharge
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Table 2. Coefficient of variation (C,) for specific conductance of
wells, Barton Springs segment of the Edwards aquifer, Austin,
Texas, 1978-2003.

Group! WeI:fiiZ?r;;(ifier c,
C1
FMW 0.033
KCH .033
SLR 074
SVE 23
Median..........coooviviininnnnn. 053
C2
BDW .015
HWD 015
MCH .042
SVN 13
SVwW .057
Median..........cooeeviviininnnnnn. 042
P
FOW .106
GHW 022
LWK .015
ROL 17
SVS .028
WGF .038
Median..........coovoviviiniinnnnn. 033
N
BCK .069
BPS .029
CNE 024
HND .065
ISD .011
JBS .020
PLS .025
RAB 28
SNL 054
TNR .026
WBG .055
Median.........cooovviiiiennnnnn. 029
Median, allwells .................. .035

]Group classifications shown in table 3.
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relations that have been developed for each of the sites and that
are updated regularly by manual discharge measurements.
Although occasional gaps are in the data, in most cases the flow
of recharging creeks for the 10 days preceding the date of col-
lection of a water sample from a well is available. The stream-
flow dataset consists of about 9,000 daily mean streamflow val-
ues for each of the five creeks (appendix 2). The entire 1978—
2003 period of streamflow measurements is available for Will-
iamson Creek (two stations—08158920 Williamson Creek at
Oak Hill, Tex., 1978-92 and 2003; 08158922 Williamson
Creek at Brush Country Blvd., Oak Hill, Tex., 1993-2002) and
for Slaughter Creek (station 08158840 Slaughter Creek at FM
1826 near Austin, Tex.); 94 percent of the 1978-2003 period is
available for Bear Creek (station 08158810 Bear Creek below
FM 1826 near Driftwood, Tex., 1979-2003) and for Onion
Creek (station 08158700 Onion Creek near Driftwood, Tex.,
1979-2003); and 76 percent of this period is available for Bar-
ton Creek (two stations—08155200 Barton Creek at SH 71 near
Oak Hill, Tex., 1978-82; 08155240 Barton Creek at Lost Creek
Blvd., Austin, Tex., 1989-2003). Streamflow for 1983-88 was
not available for either of the two Barton Creek stations, thus 31
percent of specific conductance measurements could not be
tested against Barton Creek streamflow.

Discharge from Barton Springs, used as an indicator of
aquifer flow condition, has been measured by the USGS contin-
uously since 1978. Discharge from Barton Springs is computed
on the basis of water levels in a nearby well, similar to use of a
stage-discharge relation to compute streamflow. Barton Springs
discharges from four orifices, and the discharge reported by the
USGS reflects the sum of the discharge from all but the smallest
orifice (Upper Barton Spring). The largest orifice, Main Spring,
discharges into Barton Springs Pool, a public swimming pool
formed by dams upstream and downstream from Main Spring.
The relation between the water level in the well and spring dis-
charge is well defined provided that the water level in Barton
Springs Pool remains constant. When the water level in the pool
changes—for example if it decreases when the gates to the dam
downstream from the pool are opened or rises when the dam
upstream from the pool is overtopped by Barton Creek—the
established rating cannot be used. The relation is verified
periodically and refined through the use of manual discharge
measurements.

The Barton Springs discharge dataset consists of about
9,000 daily mean discharge values (appendix 2). Data are avail-
able for the entire 1978-2003 period, beginning in March 1978.
The largest spring discharges (in particular those from 1991 and
1992) are associated with record-setting rainfall events and
major surface-water flooding; these discharges likely are under-
estimated, as flooding in Barton Creek reduces the accuracy of
the stage-discharge relation used to compute Barton Springs
discharge. However, because nonparametric methods (based on
ranks) were used for interpretation of spring discharge, consis-
tent underestimation does not affect the findings of this report.

Water-Quality Sample Collection

Sampled wells (table 1) were privately owned domestic
and livestock wells and municipal wells. All wells except three
were cased into and completed in the Edwards aquifer. Almost
all of the wells were completed as open hole, and most wells do
not penetrate the full thickness of the aquifer (Maclay, 1995).
Three wells in the recharge zone (FOW, GHW, SLR) were
drilled partly into the Trinity aquifer (N.A. Houston, U.S. Geo-
logical Survey, written commun., 2005).

Samples were collected from wells at points in the plumb-
ing upstream from pressure tanks or treatment equipment to
obtain a sample representative of aquifer water. Before June
2001, a bailer was used for sample collection at well sites where
a down-hole pump was not installed. Beginning in June 2001, a
submersible pump was used at those sites. Samples were col-
lected after purging at least three casing volumes of water and
after field measurements of properties (temperature, pH, and
specific conductance) had stabilized. Before 1992, field proper-
ties were obtained by placing meter probes in a plastic bucket
and filling the bucket from the bottom. Beginning in 1993, a
flow-through cell was used to limit aeration and atmospheric
exposure. Beginning in 2001, USGS National Water Quality
Assessment Program sampling protocols and analytical sched-
ules (Koterba and others, 1995) were incorporated into the sam-
pling program.

Specific conductance was measured and recorded during
all USGS sampling at wells. The instruments used to measure
specific conductance changed over the years, but standard pro-
cedures were followed consistently (Radtke and others, 1998).
Instruments were calibrated using at least two standard solu-
tions of known specific conductance and calibration was docu-
mented. Specific conductance measurements were made after at
least three casing volumes of water were pumped or bailed from
wells. The final reported specific conductance typically was the
median of five readings taken over a 15-minute period.

Water samples for major ion analysis were collected and
filtered through 0.45-micrometer cellulose filters. Anion sam-
ples were dispensed into pre-rinsed polyethylene bottles. Cation
samples were placed in pre-rinsed, acid-cleaned polyethylene
bottles, and samples were preserved in the field with a strong
acid to a pH of less than 2. Samples were chilled on ice, held
in dark conditions, and shipped to the USGS National Water
Quality Laboratory (NWQL) for analysis.

Analytical Methods

Analytical methods at the NWQL changed over the
period of the historical dataset. Major cations were analyzed
by atomic absorption spectroscopy (Fishman and Friedman,
1989), by atomic emission spectroscopy (Fishman, 1993),
and most recently by inductively-coupled plasma mass
spectroscopy. Before 1990, chloride concentration was mea-
sured using titrimetric or colorimetric methods (Fishman and
Friedman, 1989), and sulfate concentration was measured using



turbidimetric analysis by formation of barium sulfate. After
1990, chloride and sulfate were measured using ion chromatog-
raphy (Fishman, 1993). Nitrate was analyzed using ion chroma-
tography or cadmium reduction-diazotization colorimetry
(Fishman, 1993). On the basis of the findings of Andrews and
others (1984), concentration of nitrite was assumed to be negli-
gible, thus measured nitrite plus nitrate nitrogen was assumed to
indicate solely nitrate concentration. Trace elements such as
strontium were assumed to be of negligible concentration, and
ion complexation was assumed to be negligible. Despite varia-
tions in analytical methods, the authors assume for this report
that methods have been sufficiently consistent to allow side-by-
side comparison of major ion and nitrate concentrations.

Quality Assurance

Specific Conductance Data

The quality of specific conductance data was monitored
through the USGS National Field Quality Assurance program,
which began in 1979. For a summary of results from 1979
through 1997, see Stanley and others (1998). Because quality
control is maintained across the years and across different
instruments, long-term measurement uncertainty is estimated at
+5 percent, and measurements made after 1999 should have
uncertainties of +3 percent (Wagner and others, 2000).

Analytical Methods

Field blanks and field replicates for major ion and nitrate
analyses were collected infrequently until 2001 (M.E. Dorsey,
U.S. Geological Survey, oral commun., 2005). However, the
data record contains instances where multiple water samples
were collected within several days of each other, with no inter-
vening change in hydrologic condition. These samples, which
can be considered sequential replicates, indicate that field tech-
niques were carried out appropriately. From 2001 onward,
results of quality-assurance results (appendix 5) indicate that
analytical techniques were carried out appropriately.

Throughout the period of sample collection, the USGS
NWQL engaged in ongoing internal quality control, including
the use of standard reference materials, laboratory replicates,
data review, blind samples, and performance evaluation studies
(Pritt and Raese, 1995). The results of internal NWQL quality
control are not part of the published USGS data record.

Data Screening

For this report, two criteria were used to screen some ana-
Iytical results from the large historical record. First, water anal-
yses with a charge balance error greater than +5 percent were
excluded. Second, wells with fewer than six specific conduc-
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tance measurements were excluded, as they did not provide a
sufficient record for statistical analysis.

Specific Conductance Related to
Intersection of Flow Paths by Wells

Data for each well were tested to indicate whether there
was a statistical relation between specific conductance and
streamflow and a relation between specific conductance and
aquifer flow (spring discharge) condition. The underlying
hypothesis was that the specific conductance of water in those
wells that intersect flow paths or conduits would decrease from
a baseline value within 10 days following a rain event resulting
in streamflow; thus for samples from those wells, there should
be a relation between specific conductance and streamflow. It
also was hypothesized that there might be a relation between
specific conductance and spring discharge. For each specific
conductance value, data for the previous 10 days of streamflow
in the five creeks were inspected, and the maximum daily mean
streamflow for each creek for the 10-day period (hereinafter,
maximum 10-day streamflow) was recorded (appendix 1). The
relation between the specific conductance and the correspond-
ing maximum 10-day streamflow was tested using the nonpara-
metric Spearman’s rho correlation coefficient (Helsel and
Hirsch, 1995). The test measures the strength of association
between two variables. Similarly, for the comparison of specific
conductance and spring discharge, Spearman’s rho was used
to test the relation between each specific conductance value
and the maximum daily mean discharge for Barton Springs
for the preceding 10-day period (hereinafter, maximum 10-day
discharge) (appendix 1). A nonparametric correlation test was
used because the streamflow and spring discharge are not nor-
mally distributed.

The statistical analyses produced some spurious correla-
tions resulting from autocorrelation between the flow in the dif-
ferent creeks. Autocorrelation occurs when a widespread rain-
fall produces proportional changes in flow on all five creeks; the
geochemistry in a well might be influenced by flow in only one
or two of the creeks, but will be correlated to flow in all five.
For example, the specific conductance of samples from well
MCH (near the Travis-Hays County line, fig. 1) is correlated
with flow in Barton, Williamson, and Slaughter Creeks, but as
MCH is far upgradient from (south of) these creeks, it is
unlikely that flow in these creeks has an influence on the
geochemistry of the well. Spurious correlations were identified
on the basis of location of the wells and creeks and existing
information on direction of flow and then removed from further
consideration. These identifications were made conservatively
and with caution, as direction of flow in karst terrane often is
difficult to ascertain and can vary temporally.
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Figure 3. Specific conductance at well SVW and streamflow in Barton and Williamson Creeks during several days following a rain
event, Barton Springs segment of the Edwards aquifer, Austin, Texas, October 1994,

Specific Conductance Variability at the Event Scale

A high sampling frequency (hours to days) is desirable for
investigating the relation between surface water and ground
water in a karst aquifer (for example, Dreiss, 1989; Lakey and
Krothe 1996). However, as the dataset available for this report
generally does not contain high-frequency sampling intervals, it
was hypothesized that data obtained from infrequent and arbi-
trarily timed sampling carried out over a long period contain
some of the same information as data obtained from high-
frequency sampling. To provide a frame of reference for consid-
ering this hypothesis, a high-frequency sampling event dataset
for this report is considered in this section.

In October 1994, well SVW was sampled at 6- to 12-hour
intervals beginning 2 days after a rain event. The results of this
sampling provide an opportunity to investigate how the specific
conductance of a well changes in response to rainfall and result-
ing streamflow in a nearby creek at a short time scale. Flow in
all five recharging creeks increased on October 9, 1994; the
highest daily mean flow for that day was recorded at Barton
Creek (476 cubic feet per second), followed by Slaughter Creek
(99 cubic feet per second), Williamson Creek (73 cubic feet per
second), Bear Creek (33 cubic feet per second), and Onion

Creek (30 cubic feet per second). Sixteen samples were col-
lected at well SVW from October 9 at 7:00 a.m. to October 15
at 12:30 p.m.

Over the sampling period, specific conductance in samples
from well SVW ranged from 570 to 678 uS/cm (fig. 3). The
large variation in specific conductance over such a short time
period in response to rainfall and streamflow indicates that this
well intersects a conduit or conduits. The rapid (less than 2
days) response to streamflow indicates that the 10-day criterion
for response to streamflow for the statistical comparison of spe-
cific conductance to peak streamflow is reasonable.The lowest
specific conductance was measured in the first sample, which
was collected 2 days after maximum streamflow. From a com-
parison of flow in Barton and Williamson Creeks and specific
conductance in well SVW (fig. 3), it appears that the well
responded rapidly to an influx of recharge from one of the
nearby creeks (Barton or Williamson, fig. 1). The data indicate
that specific conductance probably had reached a minimum
already and then had begun to rise before the first sample was
collected. Thus, the lowest specific conductance and its timing
in response to streamflow for this event is unknown.

The increase in specific conductance in well SVW was
followed by a subsequent decrease, which indicates that the
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aquifer near the well might receive recharge from more than
one creek; the first decrease occurred less than 2 days after rain-
fall, and the second decrease occurred about 4 days after rainfall
(fig. 3). Although Hauwert and others (2004) indicate that

this well is in a small subbasin where the aquifer would not
receive recharge from multiple creeks, it is possible that tran-
sient flow paths are activated during periods of high recharge.
Alternatively, the aquifer could have received recharge from
two different recharge points in the same creek.

Correlation Between Specific Conductance,
Streamflow, and Spring Discharge

Results of Spearman’s rho correlation tests between
Edwards aquifer specific conductance and streamflow and
between Edwards aquifer specific conductance and spring
discharge were used to divide the 26 wells into four groups
(fig. 4; table 3). Group C1 comprises those wells from which
samples showed a significant (p < .05) negative correlation
between specific conductance and both streamflow and spring
discharge. Group C2 comprises those wells from which samples
showed a significant negative correlation between specific con-
ductance and streamflow only. Group P comprises those wells
from which samples showed a significant positive correlation
between specific conductance and spring discharge. Group N
comprises those wells from which samples showed no signifi-
cant correlation between specific conductance and either
streamflow or spring discharge. Complete results of the statisti-
cal tests are in appendix 3.

Specific Conductance Negatively Correlated With
Streamflow and Spring Discharge

Four wells in Group C1 (FMW, KCH, SLR, SVE) (fig. 4;
table 3) yielded specific conductances that are negatively corre-
lated with streamflow in one or more of the five recharging
creeks and also are negatively correlated with discharge from
Barton Springs. That is, when streamflow and spring discharge
are high, specific conductance at the four wells is more likely
to be lower than when streamflow and spring discharge are
low. As an example, correlations between specific conductance
at one of the wells in Group C1 (FMW) and maximum 10-day
streamflow of Slaughter Creek and between specific conduc-
tance at well FMW and maximum 10-day discharge of Barton
Springs are shown in figure 5. These correlations are interpreted
as an indication that the four Group C1 wells intersect major
flow paths or conduits that transport recharge from the surface
through the aquifer and that these flow paths respond to overall
aquifer flow conditions by transporting large amounts of water.
The major flow paths likely integrate water from a large volume
of the aquifer.

The Spearman’s rho correlation coefficients associated
with wells in Group C1 are among the highest for the samples
in any of the four groups of wells tested; 43 percent of all cor-

relation coefficients equal to or greater than .5 are from Group
C1 (table 3). Except for well KCH, the negative correlations
between specific conductance at the wells in Group C1 and
spring discharge are at least as high as the negative correlations
between specific conductance and streamflow, which again is
interpreted as an indication that these wells intersect major flow
paths that integrate flow from a large part of the aquifer. Of note
is a strong correlation (rho = -.63) between specific conduc-
tance at well SLR and streamflow in Bear Creek. Specific con-
ductance at well SLR decreases in response to increases in
streamflow in Bear Creek to the north of that well (fig. 1), which
is inconsistent with dye traces that have demonstrated eastward
ground-water flow in the area of well SLR (Hauwert and others,
2004). One explanation for this inconsistency could be that
north-south flow paths in the unsaturated zone transport water
only when streamflow is high.

Specific conductance at Group C1 wells ranges from 445
to 1,530 uS/cm, with a median of 653 uS/cm. (Medians for
groups of wells were computed using a two-step process. First,
the median for each well was computed. Then, the median of
these median values was computed, and this is the number
reported. This two-step process was necessary to avoid sam-
pling bias arising from variable numbers of samples taken from
each well.) Specific conductances at wells in this group vary
more than those at wells in the three other groups, with a median
C, of 0.053 (table 2). Within Group C1, well SVE yielded both
the minimum and maximum specific conductances and the
highest C,, (0.23) among the four wells.

Specific Conductance Negatively Correlated With
Streamflow

At the five wells in Group C2 (BDW, HWD, MCH, SVN,
SVW) (fig. 4; table 3), specific conductance is negatively cor-
related with streamflow in one or more recharging creeks but is
not correlated with spring discharge. This finding is interpreted
as indicating that these wells intersect surface water recharging
from creeks, probably by way of short, tributary conduits with
relatively small catchment areas, but are not connected to a
major aquifer flow path or conduit in the aquifer.

Specific conductance at Group C2 wells ranges from 388
to 710 uS/cm, with a median of 560 uS/cm for the five wells.
The minimum, maximum, and median for this group of wells
are the lowest of the four groups, indicating that water at these
wells is less mineralized than that at wells in the other groups.
The median C, for Group C2 specific conductance is 0.042
(table 2), second-highest variability after Group C1 wells. The
minimum and maximum specific conductance was recorded at
well SVN, and the C, for well SVN specific conductance is the
highest of Group C2 wells (0.13). Large changes in water level
occur at well SVN. The well occasionally goes dry (M.E.
Dorsey, U.S. Geological Survey, oral commun., 2005), and its
water level changes rapidly in response to flow.
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Figure 5.

Specific conductance at well FMW as a function of (A) maximum 10-day streamflow of Slaughter Creek and (B) maximum

10-day discharge of Barton Springs, Barton Springs segment of the Edwards aquifer, Austin, Texas, 1978-2003.

Specific Conductance Positively Correlated With
Spring Discharge

Six wells in Group P (FOW, GHW, LWK, ROL, SVS,
WGF) (fig. 4; table 3) yielded specific conductances that were
positively correlated with spring discharge. When spring dis-
charge is high, specific conductance at these wells is more
likely to be high than when spring discharge is low. This
response is the inverse of that seen for water at Group C1 and
C2 wells, where high aquifer flow conditions or streamflows are

correlated with low specific conductance of ground water, and
is interpreted to indicate that wells in Group P do not intersect
major flow paths or conduits. Except for wells FOW and ROL,
specific conductance at Group P wells is not correlated with
streamflow. Only six specific conductance measurements each
were available at wells LWK and WGF, the minimum for inclu-
sion in the statistical analysis.

Specific conductance at Group P wells ranges from 480
to 1,160 uS/cm, with a median of 603 uS/cm. The median C,,
for specific conductance at the six wells in Group P is 0.033
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Table 3. Spearman’s rho for significant (p < .05) correlations between ground-water specific conductance and streamflow and
between ground-water specific conductance and Barton Springs discharge, for wells grouped on the basis of negative, positive, or no
significant correlation, Barton Springs segment of the Edwards aquifer, Austin, Texas, 1978-2003.

[--, correlation not significant]

Spearman’s rho correlation coefficient

Well
Group' identifier Streamflow Barton
(fig. 1) Springs
Barton Creek Williamson Creek Slaughter Creek Bear Creek Onion Creek discharge
Cl
FMW -- -- -.55 -- -47 =71
KCH -- - -26 - -47 -39
SLR -- -- -- -.63 - -.63
SVE -.50 -- -44 -.39 -.40 -.69
C2
BDW - - - -47 - -
HWD -- -- - -90 -- --
MCH -.46 -42 -43 -44 -42 --
SVN -50 -.63 -54 -35 -41 --
SVW -39 -28 -41 -47 -31 --
P
FOW 32 - - - - 50
GHW - - - - - 41
LWK - - - - - .88
ROL .53 -- 33 -- -- 46
SVS -- -- -- -- -- 29
WGF -- -- -- -- -- 94
N
BCK - - - - - -
BPS - - - - - -
CNE - - - - - -
HND - - - - - -
ISD - - - - - -
IBS - - - - - -
PLS - - - - - -
RAB - - - - - -
SNL - - - - - -
TNR - - - - - -
WBG - - - - - -

Ict, negative correlation between specific conductance and both streamflow and spring discharge;
C2, negative correlation between specific conductance and streamflow;

P, positive correlation between specific conductance and spring discharge;

N, no correlation between specific conductance and either streamflow or spring discharge.



(table 2), the lowest among Groups C1, C2, and P. The range of
specific conductance at four of the wells (GHW, LWK, SVS,
WGF) was less than 100 uS/cm. The range in specific conduc-
tance at well ROL (480 to 1,160 uS/cm) was the widest of any
well in Group P and encompassed the full range of variation
for this group of wells. The wide range in specific conductance
at this well indicates that the well might be connected to an
aquifer flow path, despite its lack of a negative correlation with
streamflow or spring discharge. Wells ROL and FOW are the
only wells in any group for which specific conductance is posi-
tively correlated to streamflow (Barton and Slaughter Creeks)
(table 3). Well ROL is in a subbasin thought to be hydrologi-
cally isolated from Barton Springs and most of the aquifer
(Hauwert and others, 2004). Well FOW is upgradient from
Barton Creek, and specific conductance at this well is not cor-
related with flow in either Williamson or Slaughter Creek. The
positive correlation between specific conductance at these two
wells and streamflow likely is the result of autocorrelation
between streamflow, spring discharge, and interstream
recharge. The wells that yielded specific conductances with the
strongest positive correlation with spring discharge in Group P
are LWK (rho = .88) and WGF (rho = .94) (table 3). Correla-
tions for specific conductance at wells LWK and WGF are
based on the minimum six data points and less than 60 uS/cm
of variation in specific conductance.

Specific Conductance Not Correlated With Streamflow
or Spring Discharge

Specific conductance of water at the 11 wells in Group N
(BCK, BPS, CNE, HND, ISD, JBS, PLS, RAB, SNL, TNR, and
WBG) (fig. 4; table 3) does not show a statistically significant
correlation with streamflow or spring discharge, so the interpre-
tation is that none of these wells intersects a major flow path.
However, of the 11 wells in Group N, five wells had the mini-
mum number of specific conductance measurements for testing
(six), and eight wells had fewer than the median number of
specific conductance measurements for this study (23). Only
three other wells from other groups had the minimum number
of six conductance measurements. In effect, many of the wells
in Group N might be in this group because the number and tim-
ing of samples was insufficient to correlate significantly with
streamflow or spring discharge.

Specific conductance for water at wells in Group N ranges
from 460 to 1,190 uS/cm, with a median of 581 uS/cm. The
median C,, for specific conductance for Group N is 0.029 (table
2), the lowest of any group. This group also contains the well for
which C,, was highest among all wells in this report (well RAB,
C, =0.28). Cs for specific conductance at wells BPS, PLS, and
TNR were 0.029, 0.025, and 0.026 respectively; these low val-
ues are consistent with the hypothesis that the wells in Group N
do not intersect flow paths.
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Synthesis—Intersection of Flow Paths by Wells

This section synthesizes the evidence for the intersection
of aquifer flow paths by wells (table 4). A conceptual model
of the aquifer as developed here is shown schematically in
figure 6. Some wells intersect major flow paths (Group C1).
The specific conductance at these wells is influenced by
recharging surface water and by water from a large upgradient
part of the aquifer, as reflected by a negative correlation
between specific conductance and both streamflow in one or
more recharging streams and Barton Springs discharge. Other
wells (Group C2) intersect short, tributary flow paths that are
well connected to the surface. The specific conductance at these
wells is influenced by recharging surface water and water from
a small, localized part of the aquifer, as reflected by a negative
correlation with streamflow but not with spring discharge.
Water in a third set of wells (Group P) is affected by an uniden-
tified process that results in a positive correlation between spe-
cific conductance and spring discharge; these wells likely do
not intersect a major flow path or conduit. A fourth set of wells
(Group N) likely do not intersect a major flow path or conduit,
as water at these wells shows no relation between specific con-
ductance and either streamflow or spring discharge. Some wells
might be classified in this group, however, because of small
sample sizes rather than lack of intersection of a flow path or
conduit.

Major lon Geochemistry

Major ion geochemistry of the 26 wells was investigated to
determine whether hydrochemical facies, major ion ratios, or
variation in major ion concentrations were related to intersec-
tion of flow paths by wells, as classified by the specific conduc-
tance analysis. Three tools were used for this analysis: Trilinear
diagrams, which indicate hydrogeochemical facies; graphs of
concentration ratios of two major cations and two major anions;
and Mg/Ca molar ratios.

The overall geochemical character, or facies, of a water
sample can be represented visually with a trilinear diagram,
which is a group of two triangle-shaped diagrams (one for cat-
ions and one for anions) and a diamond-shaped diagram repre-
senting the composition of the water for both cations and anions
(Freeze and Cherry, 1979; Piper, 1944). The triangles and dia-
mond are subdivided into smaller areas that indicate which
groups of ions dominate the aqueous geochemistry. The trilin-
ear diagram allows classification through visual inspection of
the hydrochemical facies corresponding to each water sample.
Trilinear diagrams have the advantage of allowing comparison
of multiple water samples on the same diagram, so that mixing
and evolution of waters is visually evident (fig. 7). Because tri-
linear diagrams display only relative proportions of ions, they
are independent of the effects of dilution.

Changes in ratios of major ions sometimes are evidence of
water sources and geochemical processes. An ion ratio often is
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(Controls on wells in Groups P and N are unknown. See table 3 footnote for description of groups.)

Figure 6. Schematic diagram of conceptual model of the Barton Springs segment of the Edwards aquifer, Austin, Texas, showing wells

and hypothesized controls on water at the wells.

more useful than ion concentrations alone when identifying
water sources and geochemical processes because ion ratios are
independent of the effects of dilution. In the Barton Springs
segment, temporal changes in ion ratios at a well or spring
might indicate an influx of water from the surface, the saline
zone, or the Trinity aquifer, or might indicate the variable
effects of geochemical processes in the aquifer. Saline zone
water is distinguished by a higher CI concentration relative to
SO, and a higher Na concentration relative to Mg than either
Edwards aquifer freshwater or Trinity aquifer water (Sharp and
Clement, 1988) (fig. 7). Trinity aquifer water is characterized

by a higher SO4 concentration relative to Cl and a higher Mg
concentration relative to Na than freshwater from the Barton
Springs segment (fig. 7). If major ion data for samples from
the Barton Springs segment, Trinity aquifer, and saline zone
are viewed on graphs of 1og(SO4/C1 concentration) relative to
log(SO,4 concentration) and log(Mg/Na concentration) relative
to log(Mg concentration), saline zone data points will plot

in the lower-right region of both graphs, Trinity aquifer data
points will plot in the upper-right region, and Barton Springs
segment freshwater data points will plot in the middle. If water
from a well in the Barton Springs segment has a geochemical
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Figure 7. Trilinear diagram showing relations between compositions of major ions in water sampled from Main Barton Spring (1987-96)
and wells completed in the saline zone of the Edwards aquifer and the underlying Trinity aquifer (1978-2003), Austin, Texas.

composition such that data points plot toward the lower-right
regions of both graphs, it is interpreted as evidence of mixing
with saline zone water; if the data points plot near the upper-
right region of both graphs, it is interpreted as being affected by
inflow of water from the Trinity aquifer. Multiple sources and
geochemical processes can produce similar ion ratios. For
example, elevated SO4/CI concentration ratios can arise from

the dissolution of gypsum or oxidation of pyrite, and elevated
Mg/Na concentration ratios can be the result of longer ground-
water residence times in limestone (Musgrove and Banner,

2004).

In a karst aquifer with relatively uniform lithology, the
Mg/Ca molar ratio can be used as an indicator of ground-water
residence time (Musgrove and Banner, 2004). Recharging
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Table 4. Summary of findings regarding intersection of flow paths by wells and Edwards aquifer water mixing with water from Trinity
aquifer and saline zone, Barton Springs segment of the Edwards aquifer, Austin, Texas, 1978-2003.

i(\il\e!r?l:- State well ; qr Iur:ll‘tgr Szecl)l:zee Comments
fier number o ..
(fig. 1) mixing? mixing?
Wells intersecting major flow paths
FMW YD-58-50-412 No No Residence time variation is source of geochemical variability.
KCH YD-58-50-406 No Small Saline zone mixing indicated, although well KCH not near saline zone. High nitrate concentrations.
SLR LR-58-49-903 Yes No Shallow well drilled into Trinity aquifer along western edge of study area.
SVE YD-58-50-216 Small Yes Saline zone mixing at low aquifer flow conditions and streamflow.
Wells intersecting minor flow paths
BDW LR-58-57-311 No No Residence time variation is source of geochemical variability.
HWD YD-58-50-401 No No Small dataset.
MCH YD-58-50-704 Small No None.
SVN YD-58-50-217 No No Can’t be sampled under low aquifer water levels. Probably gets water directly from Barton Creek.
SVW YD-58-50-211 No Small High nitrate concentrations. Identified as a flow-path well by another study.
Unknown/no conclusions regarding flow paths
BCK YD-58-50-101 Yes No Small dataset.
BPS LR-58-58-403 No No Large, unvarying water-quality record. High residence time. No saline zone mixing despite
proximity to saline zone.
CNE LR-58-58-704 No Yes Small dataset. Pronounced mixing with nearby saline zone.
FOW YD-58-50-408 Yes No Drilled into Trinity aquifer. Mixing from Trinity aquifer during high aquifer water levels.
GHW LR-58-57-202 Yes No Shallow well, small dataset, drilled into Trinity aquifer at western edge of study area.
HND YD-58-50-502 No No Small dataset.
ISD LR-58-57-901 No No Small dataset.
JBS YD-58-42-926 No No Relatively small dataset. High bacteria and nitrate levels, indicating local contamination source.
LWK LR-58-58-105 No No Small dataset. Slight calcium and bicarbonate increases during high aquifer flow conditions.
PLS YD-58-50-520 No No Large, unvarying water-quality record.
RAB YD-58-42-915 Maybe No Unusual geochemistry controlled by unidentified processes.
ROL YD-58-42-813 No No Unusual geochemistry. Excess chloride might be anthropogenic. Well was plugged because of
bacterial contamination.
SNL YD-58-42-809 No No Small dataset.
SVS  YD-58-50-215 Yes No Mixing with Trinity aquifer water during high aquifer water levels.
TNR LR-58-57-303 Yes No Located 50 feet from well BDW but different geochemistry.
WBG YD-58-50-810 No Yes Small dataset. Pronounced mixing with nearby saline zone.
WGF YD-58-50-206 No No Small dataset. Slight calcium and bicarbonate increase during high aquifer water levels.




water that is undersaturated with respect to calcite will dissolve
calcite and undergo a rapid increase in Ca concentration until
calcite saturation is reached (Palmer, 1991). Subsequently,
incongruent dissolution of meta-stable minerals such as high-
magnesium calcite and dolomite (CaMg(COs),) will increase
dissolved Mg concentrations, while Ca concentrations will
remain essentially constant owing to the simultaneous reprecip-
itation of more stable minerals such as low-magnesium calcite
(James and Choquette, 1984). Thus ground waters with a longer
residence time will have a higher Mg/Ca molar ratio than those
with a shorter residence time, as they have undergone more
rock-water interaction.

Maijor lon Geochemistry of 26 Wells by Group

The hydrochemical facies of water at Group C1 wells
(FMW, KCH, SLR, SVE), except for well SVE, are Ca-HCO;
to Ca-Mg-HCO5 (fig. 8A). Water at well SVE trends toward a
mixed-SO, or Na-mixed hydrochemical facies. Water at Group
C1 wells, which were interpreted as intersecting major flow
paths or conduits on the basis of specific conductance response
to streamflow, shows some evidence of mixing with saline zone
water and Trinity aquifer water (fig. 8B, C). Water at well SVE
had the greatest range of SO,/CI and Mg/Na concentration
ratios among Group C1 wells; during periods of low streamflow
and spring discharge, water at well SVE appears to mix with
water from the saline zone. Although SO, concentration at well
SVE is not linearly correlated with streamflow, SO, concentra-
tions greater than 100 mg/L occur almost exclusively during
periods of low flow (less than 4 cubic feet per second) (fig. 9A)
in all of the creeks except Onion Creek, and SO, concentration
is inversely proportional to Barton Springs discharge (fig. 9B).
These relations indicate that the source of the SO, at well SVE
is inflow from the saline zone, which is suppressed when spring
discharge and streamflow are high. This hypothesis is supported
by the relative increase in Na concentration with respect to Mg
(fig. 8C), and it is consistent with reports by Senger (1983) and
Slade and others (1986) that the aquifer in the area of well SVE
might receive some water from the saline zone. The aquifer at
well SLR appears to be receiving some water from the Trinity
aquifer, on the basis of slight enrichment in SO, relative to CI
(fig. 8B) and Mg relative to Na (fig. 8C). This likely is because
well SLR is completed in the Trinity aquifer underlying the
Barton Springs segment, as indicated by the driller’s logs. Sam-
ples from wells KCH and FMW show little variability in their
S0O4/Cl and Mg/Na concentration ratios, which indicates that
variations in their geochemical composition is caused primarily
by dilution from surface water during periods of high stream-
flow and spring discharge.

The Mg/Ca molar ratio for water at Group C1 wells ranges
from about 0.3 to about 0.9 (fig. 8D). Medians of Mg/Ca gener-
ally increase from southwest to northeast, following the general
gradient of flow in the aquifer (fig. 2). This is consistent with
the concept of Mg/Ca increasing as a function of residence time;
as ground water flows downgradient, its residence time, and
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thus its Mg/Ca molar ratio, increases. Water at wells SVE and,
to a lesser extent, SLR show a correlation between Mg/Ca
molar ratios and specific conductance when the highest 70 per-
cent of specific conductances is considered. This correlation
indicates that ionic strength is proportional to residence time for
wells SVE and SLR during periods when there is little recharge
(that is, during base-flow conditions). Wells FMW and KCH do
not show this correlation.

The hydrochemical facies of water at Group C2 wells
(BDW, HWD, MCH, SVN, SVW) are Ca-HCO; to Ca-Mg-
HCOj5 (fig. 10A), which are similar to those at Group C1 wells
(fig. 8A) but with less of a tendency toward a SO, facies. Gen-
erally, Group C2 well geochemical variability is more tightly
constrained than that of Group C1 (fig. 10B, compared to
fig. 8B, C), which is interpreted as an indication that fewer pro-
cesses affect the geochemical composition of water at Group C2
wells; dilution by low-ionic-strength surface recharge appears
to be a dominant process at most wells in Group C2. The major
ion geochemistry of water from wells in Group C2 shows little
or no evidence for mixing with water from the saline zone or
Trinity aquifer (fig. 10B, C). Samples from wells BDW and
HWD have the smallest variations in SO4/C1 concentration
ratios in this group but some variability in Mg/Na concentration
ratios. These relations indicate that geochemical composition is
affected by dilution from surface water during periods of high
streamflow, as dilution decreases residence time, resulting in a
decrease in Mg concentration. There is a slight evolution of the
water at wells SVN and SVW toward a more CI-SO, type water,
indicating a contribution of ions from a source other than sur-
face water. Water at well SVW is somewhat enriched in SO,
relative to Cl, but its Mg/Na concentration ratio is relatively
constant, which indicates that the SO, has a source other than
the Trinity aquifer or the saline zone, possibly dissolution of
gypsum. Thus the geochemistry of water from the Group C2
wells is consistent with the interpretation that wells in this group
receive water from the surrounding Edwards aquifer matrix and
short tributary conduits but are not connected to a major aquifer
flow path or conduit in the aquifer.

Water at the wells in Group C2 has about the same range
of Mg/Ca molar ratio as water at wells in Group C1; maximum
range is at well BDW (fig. 10D). There is no apparent relation
between Mg/Ca molar ratios and location for water at Group C2
wells, which is consistent with the hypothesis that Group C2
wells intersect minor flow paths with relatively small catchment
areas. Unlike water at Group C1 wells, there is no apparent rela-
tion between Mg/Ca molar ratio and specific conductance at
any Group C2 wells.

The hydrochemical facies of water at Group P (FOW,
GHW, LWK, ROL, SVS, WGF) wells varies from Ca-HCO; to
Ca-Mg-HCOj5 to Ca-Mg-SOy (fig. 11A). The specific conduc-
tance of water from Group P wells was positively correlated
with aquifer flow condition, meaning that specific conductance
was high when spring discharge was high. The process con-
trolling this relation has not been identified. Four of the six
Group P wells (GHW, LWK, SVS, WGF) contain Ca-HCOj5 to
Ca-Mg-HCOj5 waters, similar to the dominant hydrochemical
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Figure 8. Trilinear diagram and graphs showing geochemistry for wells in Group C1 (specific conductance negatively correlated with
both streamflow and spring discharge), Barton Springs segment of the Edwards aquifer, Austin, Texas, 1978-2003.
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facies of Groups C1 and C2. Although the driller’s logs indicate
that well GHW is completed in the Trinity aquifer, its Ca-Mg-
HCO3 chemistry indicates Edwards aquifer water. Most of the
variation in relative proportions of major ions is accounted for
by Ca and Mg. In contrast, water at wells FOW and ROL trends
toward SOy4- and Cl-type facies, respectively. These two wells
also have the largest C, for specific conductance in Group P
(table 2).

The water at some wells in Group P shows evidence of
mixing with Trinity aquifer water; at other wells, there is no
clear explanation for the geochemical variability. The water

at wells FOW and SVS is enriched with SOy relative to Cl and
Mg relative to Na under high-flow conditions, which is the
geochemical signature of the underlying Trinity aquifer

(fig. 11B, C). Sulfate concentrations at well FOW can increase
to about four times the baseline maximum concentration

(70 mg/L), but this occurs only when Barton Springs discharge
exceeds about 85 cubic feet per second (fig. 12). Other studies
also have indicated that sulfate-rich water from the Trinity
aquifer enters the aquifer near well FOW when aquifer flow
conditions are high (City of Austin, 1997; Hauwert and Vickers,
1994), and these findings are consistent with a driller’s log



indicating that well FOW is completed in the Trinity aquifer
(N.A. Houston, U.S. Geological Survey, written commun.,
2005). Similar mixing with Trinity aquifer water is apparent at
well SVS and is seen at well GHW to a lesser extent. Thus the
positive correlation between specific conductance and spring
discharge might be the result of mixing with high-sulfate Trin-
ity aquifer water when aquifer flow conditions are high; this
would result if, under high-flow conditions, hydraulic heads in
the Trinity aquifer are proportionately higher than those in the
Edwards aquifer, but the respective head differences have not
been investigated. In contrast, water at well ROL has propor-
tions of SOy relative to Cl (fig. 11B) and Mg relative to Na
(fig. 11C) that are more or less constant, with perhaps a slight
enrichment in Cl. This geochemical signature corresponds to
neither the Trinity aquifer nor the saline zone. One explanation
for excess Cl and increased specific conductance with high
aquifer flow conditions is contamination from surface water;
the use of well ROL was discontinued several years ago because
of defective well casing that allowed contaminated surface
water to reach the water table (City of Austin, 1997). Only small
datasets are available for wells LWK and WGF, and they do not
indicate a clear source of geochemical variability.

Given the positive correlation between specific conduc-
tance in water at Group P wells and spring discharge, an inverse
relation between specific conductance and residence time (as
indicated by Mg/Ca molar ratio) might be expected for wells in
this group. However, Mg/Ca molar ratios generally are inde-
pendent of specific conductance for water at most wells in
Group P (fig. 11D). Well ROL is an exception in that Mg/Ca
molar ratios at that well decrease as specific conductance
increases. The fact that this is only observed at well ROL indi-
cates that some process other than mixing might be occurring.
The aquifer at well ROL is known to have a local source of
anthropogenic contamination (City of Austin, 1997), which
might be responsible for the inverse relation between specific
conductance and Mg/Ca molar ratios. Water at well FOW has a
direct relation between Mg/Ca molar ratios and specific con-
ductance, but this is most likely because of mixing with Trinity
aquifer water during high aquifer flow conditions.

Ground water represented by Group N (BCK, BPS, CNE,
HND, ISD, JBS, PLS, RAB, SNL, TNR, and WBG) has diverse
hydrochemical facies, from Ca-HCO; to Na-K-CI-SO,4 (mixed)
water types (fig. 13A). The waters at this group of wells do not
fall into any of the other three groups, rather they are in a sepa-
rate group by default, and therefore are not expected necessarily
to have similar geochemical compositions or to be controlled by
similar geochemical processes. Water at most of the wells is a
Ca-HCOj5 to Ca-Mg-HCOj5 type, similar to that at most of the
other wells in this report; but two wells, CNE and WBG, have
hydrochemical facies unlike those of waters from any other
wells in this report, which might be a result of their proximity
to the saline zone. The geochemical compositions at wells CNE
and WBG approach the geochemical composition of saline
zone wells (fig. 7), indicating saline zone influence. Well RAB
has variable hydrochemical facies that are similar to those of
well SVE (Group C1).
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On the basis of ion ratios (fig. 13B, C), water at some wells
in Group N shows evidence of mixing with water from the
saline zone. Water at well CNE is enriched with Cl relative to
SO, and enriched with Na relative to Mg, indicating geochem-
ical influence from the saline zone. Well WBG has a cation sig-
nature corresponding to saline zone influence (fig. 13C), but the
anion signature is less conclusive (fig. 13B). The geochemistry
of well RAB is extremely variable (fig. 13A, C, D). Although
the concentration of SOy is elevated relative to Cl, the Mg/Na
concentration ratio is not indicative of either a Trinity aquifer or
saline zone source, which might indicate an alternative source
of SO, such as dissolution of gypsum. Well TNR is only 50 feet
from Group C2 well BDW, yet water at each well has a different
geochemical composition. Such spatial heterogeneity often is
observed in karst aquifers (for example, Mahler and others,
2000) and is a reminder that geographic patterns in karst aqui-
fers are difficult to generalize.

Few generalizations can be made about water at the wells
in Group N. Most of the wells in this group have fewer specific
conductance measurements than the wells in the other groups,
which decreases the likelihood that the samples would reflect
periods when ground-water chemistry was influenced by
recharge through streambeds. In other words, their sample sets
might be too small to adequately capture the range of geochem-
ical changes that occur. In other cases, unidentified processes
might be affecting the geochemical composition of well water;
for example, well RAB is thought to intersect a highly transmis-
sive conduit system of the aquifer (Senger, 1983), but changes
in geochemical composition of water at well RAB apparently
are not correlated with streamflow or spring discharge.

Water at Group N wells has the largest range of Mg/Ca
molar ratios (0.3 to 1.1) of the four groups (fig. 13D), indicating
a wide range of residence times among the wells. Water at indi-
vidual wells in Group N reflects smaller individual Mg/Ca
molar ratio ranges than water of the groups as a whole; the
greatest range occurs in water at well TNR (0.3-0.7). Water
with the largest mean ratios is from wells CNE and WBG, fur-
ther evidence that water at these wells has a different geochem-
ical signature. The Mg/Ca molar ratio of water at well RAB is
almost unvarying despite its range in hydrochemical facies.

Relation Between Major lon Geochemistry and
Intersection of Flow Paths by Wells

The major ion geochemistry of the well waters is not
inconsistent with the interpretations regarding flow-path
intersection by wells based on specific conductance analysis,
but the geochemistry alone cannot be used to make those inter-
pretations. The wells that were interpreted as intersecting only
minor flow paths or conduits but otherwise receiving Edwards
matrix water (Group C2) had the most typical carbonate
geochemistry, the least variability, and the least evidence for
contribution from water sources other than the Edwards. Some
of the wells interpreted as intersecting a major flow path or
conduit (Group C1) had waters with a geochemistry indicating
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Fig