









































































































































































































































































































































































































































































































































































































































































































































































































































Limit

B Background Criteria #1 and #2 only
3 Positive Aspects of all four criteria are partially met, and as a
whole indicate a positive dye recovery.
++ Very Positive All four criteria are met.
+ Extremely All four criteria are met with dye amplitude
Positive (concentration) greater than 10 times above background.
Mass Recovery

Recovery of the injected tracer mass is calculated by using measured spring
concentrations and spring discharge outlined in Field (2002). The percent recovery of dye is
the ratio of recovered tracer mass to the mass of tracer injected. Tracer mass described in this
report refers to pure dye mass and not dye mixture amounts. Breakthrough curves from the
tracer tests were evaluated with spreadsheets and the numerical program Q-Tracer (Field,
2002) to determine mass recovered and some hydraulic parameters. Spring flow for each
Barton Springs orifice was assumed to be 81%, 9%, and 10% for Main, Eliza and Old Mill
springs, respectively, of the total spring flow reported by the USGS (David Johns, personal
communication).

Quality Control

Each dye receptor was handled following standard chain-of-custody protocols. Trip
blanks, consisting of charcoal packets handled by field personnel during the course of
sampling, were analyzed. These samples test for cross contamination between sites or
contamination from other materials, to which field personnel might have been exposed.

Eluent and charcoal blanks were analyzed for quality control measures. Sodium
fluorescein, eosine dye standards, and tap water were also analyzed on the EAA’s
spectrofluorophotometer to confirm operation and consistency of the instrument.

RESULTS

Groundwater dye tracing results from samples collected at Barton Springs are
presented in Table 3. No positive recoveries attributed to these injections were made at San
Marcos Springs. Groundwater dye tracing results from samples collected at wells are
summarized in Tables 4 and 5. Estimated and inferred groundwater flow paths between dye
injection and recovery sites were created using potentiometric surface (water level) maps and
structures from geologic maps (Figure 6). Detections of dye at water-supply wells indicate a
karst system composed of multiple diverging flow paths from these caves, which re-converge
as groundwater flows to the northeast, discharging at Barton Springs. Flow paths were
observed within the unconfined zone and within the hydraulically confined portion of the
aquifer.

Table 3: Barton Springs Dye Recovery Data

Injection Site Antioch Cave Cripple Crawfish Cave
Trace ID M* s
Dye Sodium fluorescein Eosine
25 lbs 35 lbs
Injection Date 8/2/2002 8/6/2002
Spring Flow (cfs) at time of injection g9 98
Minimum Distance from 14.0 mi 17.5 mi
injection to springs 22.6 km 28.2 km
Distance corrected for 18.3 mi 22.8 mi
sinuosity (1.3x)** 29.4 km 36.6 km
Dye First Arrival (hrs)** <84.2
Main 170 <83.5




Eliza 169 <83.2
Old Mill 168

Time to peak tracer concentration (hrs)**

Main 311

Eliza 286

Old Mill 339 N/A
Mean tracer transit time (hrs)**

Main 413

Eliza 261

Old Mill 373 N/A
Mean Tracer Velocity (km/d)**

Main 1.7

Eliza 2.7

0Old Mill 1.9 N/A
Maximum tracer velocity (km/d)**

Main 42

Eliza 42

0Old Mill 4.2 >108
Maximum tracer velocity (mi/d) 2.0 5.0
Dye Mass Recovered (grams):

Main 777 157.4
Eliza 1.90 4.80
Old Mill 7.00 40.4
Minimum Dye Mass Recovery 0.8 % 1.3%*

*First amrival of the dye was not sampled, therefore time and mass parameters represent minimum values.
**Result using the program Q-Tracer (Fields, 2002.

Table 4: Eosine recovery at wells

Qualitative No. Days for
Map No. SWN* DD lat DD long Site Name Result  Recovery first detection

! 5850511 30.17159  -97.82578  Johnson Eos  ++ upto 6

2 5850703 3013813 -97.85522  Marbridge  Fos  ++ upto 6

3 5857606 30.04773  -97.88367  Cindy Barton Eos  +++ 221045

4 5857913 30.03389  -97.89111  HaysHS  Eos  +++ 111to118

5 58507DF __ 30.14830  -97.84378  Figueron _ Eos __ + 61021

6 58575T4  30.05853  -97.92112  Ruby#4 Eos  ++ 61024

7 58576RH  30.04560  -97.89873  RayHolt  Eos  +++ upto 1

Table 5: Sodium fluorescein recovery at wells
Qualitative No. Days for
Map No. SWN* DD lat DD long Site Name Result  Recovery first detection

! 5850511 3017159 -97.82578 _ Johnson FI ++ 10 to 25

8 5850845 3012383 -97.82638 __Arroyo Double Fi + 1010 26

9 5857307 30.09986  -97.88229  Dahlstrom __ Fl + 98 10 129

10 5857903 30.03850  -97.88617  Negley FI ++ 5t012

! 58811l 30.12319  -97.87226  Cityof Hays FI — 101025

12 Leisurewoods

5858121 30.10503  -97.86236  #5 FI ot up to 12

13 5858128 30.08725  -97.85361  Wright FI . upto 12

5 58507DF _ 30.14830  -97.84378 _ Figueroa FI + 421070

14 58507PL 30.14581  -97.84589  Guajado FI -+ 101025

15 Onion Creek

5850835 3014671 -97.81308 _ C.C. FI + 98 to 129

16 58573ES 30.11153  -97.88165  Swanson Fi ++ 101025

17 58581DL _ 30.08587  -97.85644 _ Levin FI et upto 12

18 58581JK 30.08645  -97.85426  Kortan Fi ++ upito 12

19 58581KM__ 30.09347  -97.84483  Marks FI ot 25 1045
20 58-58-209  30.11934 _ -97.81612 _ Onion Creek FI + 7610115




Meadows

21 58584DD 30.07717 -97.86132 Dement Fi ++ upto 12

22 58584L 3007083  -97.87473  Shackelford Fl ++ upto 12
*State Well Number

Breakthrough Curves and Mass Recovery

Breakthrough curves were prepared from the laboratory results, from which the initial
travel time, duration, and peak concentrations were calculated. Breakthrough curves, which
are graphs displaying dye concentrations over time, were evaluated to characterize the dye
response at the springs (Figure 7).

Recovery of the dye mass was calculated using spreadsheets and the program
Q-Tracer (Field, 2002). Both methods resulted in nearly identical mass recovery estimations
for sodium fluorescein (Table 3). Eosine dye mass recovery is a minimum value, because
the initial arrival was not sampled.

Recovery of dye mass at Barton Springs represents a minimum of mass recovered.
Potentially more dye mass could have discharged to the Barton Springs complex below the
detection limit, or through other springs (such as upper Barton Springs). Adsorption of the
dye on sediment could also account for the low mass recovered.

Background Florescence and Potential Contamination

Low levels of background eosine were detected at Upper Barton Springs prior to
injection and throughout the duration of the study. Accordingly, no positive dye trace
recovery at Upper Bartori Springs was noted from this study. No background eosine was
detected at the remaining spring orifices. Sodium fluorescein was not detected at background
levels at any of the spring orifices.

No background concentrations of eosine were detected in any of the well samples
collected prior to the injection. In addition, no false positive detections of eosine were
encountered in well samples. Several well samples did have a false positive detection of
sodium fluorescein that appears to have been the result of contamination or sampling error.
Additionally, several trip blanks (control samples) beginning on 8/12/02 had false positive
sodium fluorescein detections. These control samples appear to have been exposed to sodium
fluorescein during the washing procedure intended to remove the black charcoal dust from
the dry charcoal control samples. Control samples that were not washed did not have any
false positive results.

DISCUSSION

Injection of dyes into Antioch and Cripple Crawfish Caves occurred during high
spring flow conditions of 98 and 99 cfs Barton Springs discharge, respectively. Maximum
groundwater flow velocities were calculated by the first arrival of the dye. Since the first
arrival of eosine arrived before the first sampling event, the flow velocity reported in Table 3
is a minimum value. Additionally, dye travel times and recoveries may underestimate the
actual groundwater flow rates and character of groundwater flow due to adsorption of the dye
underground, the complexity of the actual flow paths (tortuosity), saturated and unsaturated
flow paths, frequency of sampling, and the amount of dye used.

Breakthrough concentrations peak soon after initial arrival, suggesting an aquifer system
strongly influenced by conduit (rapid, pipe-like) flow rather than diffuse (slow) flow. Several
sodium fluorescein breakthrough peaks on Figure 7 suggest arrival of dye via different
(conduit) pathways.

A potentiometric surface map constructed from water-level measurements in about
175 wells during February 2002 represents high-flow aquifer conditions, similar to flow



conditions of this study (shown on Figure 6). A mound in the potentiometric surface around
Antioch Cave and Onion Creek is apparent on the potentiometric surface under these
conditions. Dye was injected into the two caves as recharge was occurring. Under these
conditions the dyes diverged from the caves and flowed in multiple directions away from the
injection points. Flow from Antioch Cave generally followed the mound in the
potentiometric surface in the confined zone and the trough in the potentiometric surface in the
unconfined zone. Flow is interpreted to re-converge at some point or points up-gradient from
Barton Springs (Figure 6). These flow paths are interpreted to be parallel to potentiometric
lines in some areas, reflecting anisotropic flow in the aquifer or perhaps a lack of water-level
control data.

Dyes from each injection site were detected in the same two wells (5850511 and
58507DF), indicating that groundwater flow converges into preferential flow paths (Hauwert
et al., 2002). These wells are generally located within a broad potentiometric-surface trough
in the unconfined zone (Figure 6).

These data demonstrate the dynamic nature of this karst aquifer system with some
aspects of flow reversing under different hydrologic conditions when compared to previous
dye trace studies (Hauwert et al., 2002). Under average flow conditions, groundwater flow is
predominantly from west to east and then northeast. This study also shows that under active
recharge conditions some additional components of flow from these large recharge features
can be to the northwest, southeast, and to the south.

Dye was recovered from wells south of Onion Creek in Mountain City, although no
dye was recovered from San Marcos Springs during the year of monitoring associated with
this study. Hauwert et al. (2004) propose a saline-water flow route along the eastern
boundary of the aquifer to Barton Springs, which could be the flow path for water mounding
during recharge and initially flowing to the south (shown as dashed or inferred flow paths in
Figure 6). Positive recovery of sodium fluorescein in wells 5858209 and 5850835 near the
saline-water zone many weeks after injection (Table 5) could support such a path, although
these results should be verified in future traces due to the relatively low qualitative recovery
of dye at these wells.

Rapid groundwater flow was traced in wells along paths that are parallel to the
dominant and secondary fault and fracture trend presented on geologic maps (Small et al.,
1986) and lineament studies (Alexander, 1990). Therefore, conduit flow within the aquifer
appears to be strongly influenced by the bimodal fault and fracture system with trends of
N40E (dominant) and N45W (secondary) (Figure 8).

CONCLUSIONS

* Groundwater flow velocities from Antioch and Cripple Crawfish Caves to Barton
Springs under high springflow conditions are 2.0 and 5.0 mi/day, respectively. These
rapid velocities indicate that conduits are an important component of groundwater
flow.

e Tracer testing of Antioch and Cripple Crawfish Caves reveal a groundwater flow
system composed of multiple diverging flow paths from the caves as they recharge
surface water. Flow then appears to re-converge as it flows northeast before
discharging at Barton Springs.

o Flow paths appear to coincide with troughs in the potentiometric surface in the
hydraulically unconfined zone, and with ridges in the potentiometric surface in the
hydraulically confined portion of the aquifer.

e Conduit flow within the aquifer appears to be strongly influenced by the bimodal fault
and fracture system.
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Figure 1: Location map of the study area.
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measurements throughout the study area.
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