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ABSTRACT

Cave streams provide an ideal location for sampling waters transported
through a karst system because they integrate basin-wide sources ranging from fast
flow in conduits to slow flow through the bedrock matrix. Although numerous
studies have monitored cave streams to characterize these process, most have
infrequent sampling intervals and/or a limited number of measured parameters.
This study used a large dataset that includes high frequency sampling and
comprehensive stormwater analyses of surface and cave stream water from five
storm events between July 2014 and July 2015 at Cave Without A Name (CWAN) in
central Texas. The objectives were to 1) determine which environmental factors
influence the timing and proportions of stormwater and pre-event water moving
through the system and 2) to quantify relationships between discharge and
sediment, nutrient, and ion concentrations within and across storm events. Results
show that evapotranspiration (summed over prior 12 weeks to each storm), soil
moisture (at 10-40cm), and cave-stream discharge prior to each storm affects the
timing of the peak ratio of stormwater/pre-event water flow through the cave. As
antecedent conditions became wetter from July 2014 to July 2015, peak stormwater
arrival times dropped from days to hours. Progressively faster stormwater arrival
times, heterogeneity within and across storm chemographs and sediment graphs,

and water isotope data all indicate a flushing of accumulated solutes in the upper



unsaturated zone during Events 1 and 2, and progressive wetting of unsaturated
portions of the system from July 2014 to July 2015. Taken together, these data
reveal complex hydrologic and mass transport dynamics, variable rainfall-runoff
and rainfall-recharge relationships, and highlight that a single storm cannot be used
to accurately describe how a karstic groundwater system responds to storm events
under a wide range of hydrologic conditions. These data may also help explain
inconstancies between findings from other studies in which contaminant or nutrient
concentrations varied from storm-to-storm. This better understanding of recharge
processes at CWAN will help guide future research on transport dynamics in karst
systems, as well as contribute to better surface water/groundwater management in

karst regions.
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I. INTRODUCTION

As surface water infiltrates and moves down through the unsaturated zone it
transports natural tracers including sediment, nutrients, cations, and anions. These waters
also have event-specific characteristics such as liquid water stable isotope ratios,
temperature, specific conductivity, and pH. In karst settings, cave stream and karst
springs are useful sites for monitoring and sampling infiltrating water and tracers, as
these sites integrate both slow moving matrix water and fast conduit flows. Cave streams
and karst springs thus have the potential to serve as a source of information that can be
used to determine basin-scale hydrogeologic responses, as well as to quantify the
dynamics of natural tracers (nutrients, ions, and sediment) as they are transported through
a system.

For decades, scientists have recognized that storm events play an ecological,
geomorphic, and speleogenetic role in moving water and materials through karst systems
as they induce sudden and transient changes in the relatively stable karst subsurface
(Hawes 1939). Studies have measured and monitored natural environmental tracers to
provide insights into the timing, quantity, and quality of water entering, cycling through,
and leaving karst systems. Shuster and White (1971) sampled for Mg?*/Ca?* ratios,
temperature, hardness, and pH every two weeks for one year to group 14 springs into
conduit dominated vs matrix dominated springs. Martin and Dean (1999) used
temperature data collected at 90-second intervals to calculate the fluctuations in the short
residence times in Florida karst aquifers. More recently, in a study that utilized high
frequency sampling of waters during storm events, Toran and Reisch (2012) analyzed

Mg?*/Ca?" ratios at 30 minute intervals for 12 hours during four separate storm events.



These data suggested heterogeneity in timing and volume of stormwater vs pre-event
water both within and across the four events arriving at a single spring discharge point.

Because Kkarst systems have the potential to evolve rapidly in response to large
storm events there is a need to understand how different natural tracers enter, move
through, and exit the system at fine time scales. Previous studies have been limited to a
small number of tracers (Toran and Reisch 2012; Martin and Dean 1999) and/or
infrequent sampling intervals (Shuster and White 1971). Utilizing a large number of
water quality parameters at more frequent time scales is required to more fully
understand storm responses in karst systems. This necessity is due to the fact that the
movement of water and natural tracers are controlled by dynamic environmental factors
that may change considerably over short time scales within a single event (Toran and
Reisch 2012). A few recent studies have used multiple tracers at short (1 hour or less)
time intervals in various karst settings (Cholet et al. 2015; Yang et al. 2013; Mudarra et
al. 2013; Vanderhoff 2011).

Periodic grab samples for 630 and &°H stable isotopes and ions were collected at
each site during two previous storm events to build a preliminary dataset (Gerard 2012).
Prior work from this study and Schwartz et al. (2013) suggest that a combination of
precipitation, antecedent soil moisture, potential evapotranspiration (PET), and
vegetation cover above the cave can be used to predict the response at in-cave sites, and
that these responses vary after different magnitude precipitation events. However,
relatively infrequent water sampling limited the ability of prior work to understand

detailed interactions between suspended and dissolved loads and the proportions of event



water and pre-event water across rapidly evolving storm hydrographs under varying
antecedent conditions.

Past studies that monitored a large number of natural tracers in karst systems have
distinguished between ionic tracers sourced from local carbonates and those sourced in
the soil (Yang et al. 2013; Cholet et al. 2015; Mudarra et al. 2013). lons such as Ca?",
Mg?*, Sr¥*, HCO* and SO4> mainly result from the dissolution of local carbonates, but
may also be derived from soil weathering. Tracers including NOs™, CI-, K, Na*, and
PO4>~ are deposited atmospherically or have local anthropogenic sources in settings
similar to CWAN, and can be further concentrated in the soil by evapotranspiration. Also,
in the soil, NOs™ is produced from the biological fixation of atmospheric N2 and
dissolved organic carbon (DOC) is sourced from the incomplete degradation of organic
matter. In similar systems, total suspended solids (TSS) and non-volatile suspended
solids (NVSS) have been shown to be both a combination of autochthonous and
allochthonous sediment (Fournier et al. 2007; Massei et al. 2003; Pronk et al. 2009;
Goldscheider et al. 2010; Mahler and Lynch 1999). 580 and §2H ratios in precipitation
can change over single rain events (Dansguard 1964) and have different seasonal
variations (Blavoux 1978).

In addition to having spatially distinct sources that may vary in concentration
episodically or seasonally, different natural tracers behave as conservative or non-
conservative. Under oxidizing conditions generally present in unsaturated zones of
upland karst systems, DOC is considered as a non-conservative tracer as it quickly
mineralizes into inorganic carbon within a few weeks (Batiot 2002; Ford and Williams

2007). Under similar conditions, Ca?* and specific conductivity (SC) can only be



considered conservative for 12 to 24 hours following rainfall due to calcite dissolution
kinetics (Mahler and Garner 2009). NOgz" is conservative under the same oxidizing
conditions (Perrin et al. 2007). All anions and Mg?* are considered conservative for time
scales in this study. 5'80 and %H ratios do not change due to reactions in the subsurface
but are susceptible to fractionation caused by evapotranspiration near the surface.

The purpose of this study was to determine the factors which influence the timing
and quantity of stormwater and pre-event water, and the dissolved and particulate loads
that are carried by stormwaters, as a storm hydrograph moves through a karst system.
This study was also designed to quantify changes in and relationships between nutrients,
dissolved ions, sediment, and liquid water stable isotopes across multiple storm
hydrographs, and to determine how the loadings of these parameters vary across multiple
storm events.

| predicted that:

1) Antecedent conditions and rainfall amount would control the timing and

quantity of stormwater and pre-event water that moves through a cave stream.
Wetter antecedent conditions and higher rainfall magnitudes should cause
higher amounts of stormwater to move through the system faster than under
dry antecedent conditions.

2) Assuming the system is nutrient limited and that nutrient uptake rates are

relatively slow, peak concentrations of nutrients (P, N, and C) will coincide
with peaks in stormwater flushing though the system. This flushing will also

coincide with low concentrations of cations and anions.



3) I also predicted that sediment concentrations moving through the system will
primarily be from remobilization of sediment in conduits during peak
discharge, rather than import of new sediment from the surface, and that these
concentrations will consist of primarily of non-volatile suspended sediment,

rather than organic detritus imported from the surface.



I1. METHODS
Study Site

Cave Without A Name (CWAN) (29°53°10.88N, 98°37°02.78W) is a commercial
cave located about 35 km northwest of San Antonio, Texas and near the southern extent
of the Trinity Aquifer where average yearly rainfall since 1885 is 737 mm. (NOAA
2012). CWAN offers easy access to a large stream conduit and several drip-sites and is
owned by an individual who encourages scientific study of the cave. Due to its location
and the fact that the stream integrates discharge from a relatively large area, CWAN is an
ideal environment in which to study infiltration and recharge processes. The known cave
IS an active branchwork stream that lies 20-50 m below the surface and likely began
forming approximately 880 ka B.P. in the Lower Glen Rose Formation of the Trinity
Group (Veni 1994).

The Trinity Aquifer in Central Texas is a regionally extensive Cretaceous carbonate
aquifer of more than 200,000 km? and stretches from the northwestern boundary of the
Balcones Fault Zone from southern Oklahoma and Arkansas to West Texas (Ryder 1996)
(Figure 1). The Trinity Aquifer is also a main source of water for residents on the Edwards
Plateau, where surface streams are uncommon and fed almost exclusively by karst spring
discharges during baseflow conditions. Rapid population growth in this region and
increasing groundwater extraction have recently caused conflicts over groundwater use and

have highlighted how little we know about the Trinity Aquifer (Mace 2000).

Data Collection

At CWAN, continuous data have been collected at 10-minute intervals since 2009

at five sites in the cave and at one surface site above the cave. At the main cave stream



(Main Stream) a CTD Diver data logger (Schlumberger Limited, Tucson, AZ, USA)
recorded pressure, temperature, and conductivity at 10 minute intervals. An adjacent
barometric pressure logger (Schlumberger Limited, Tucson, AZ, USA) was used to
calculate stage at the Main Stream site and a small v-notch weir allows discharge to be
measured during low-flow conditions and estimated during flood-discharges.

Other in-cave sites where data are collected but not used in my study include an
ephemeral spring (Rimstone Spring), equipped with a CTD Diver, and three speleothem
drip sites (White Grapes, Last Switch, and Near Stream) (Figure 2). At the drip sites a
small plastic tarp collects and funnels water to a tipping bucket rain gauge that logs drip
rate via a micro-station data logger (HOBO H21-002, ONSET Computer Corp, Bourne,
MA, USA). Water temperature and SC data are collected using a
Conductivity/Temperature Data Logger (HOBO U24-001 ONSET Computer Corp,
Bourne, MA, USA) situated in a collection cup on top of the rain gauge.

A weather station (HOBO H21-001) records meteorological data adjacent to the
cave’s entrance, including precipitation, temperature, barometric pressure, solar radiation,
and wind speed and direction at ten minute intervals. A direct recharge site on the
surface, called Joe’s Diet Cave, is a vertical shaft cave entrance and is located in a
roadside drainage ditch several hundred meters from the CWAN entrance. During storms
that cause runoff, nearly all the water in the ditch flows directly into the cave entrance.
The site was used as a collection site for recharging stormwaters that are assumed to
drain into CWAN (to-date, no dye-trace has confirmed this connection, though proximity
to a known tributary passages in the cave suggests that this is a direct recharge point for

waters entering CWAN).



High frequency water sampling at the main cave stream and at the surface
runoff/direct recharge site was carried out during and after five storm events. Discrete
water samples were collected using an automated water sample collector (ISCO 6700
Series Water Sampler) at Main Stream and at Joe’s Diet Cave. Water samples were
collected at varying intervals at each site, with higher frequency during the rising limb
and peak of the hydrographs. Sampling intervals for sequential sampling across a storm
hydrograph in Main Steam were typically as follows: the first sample was collected at the
initial rise in stream stage, 6 samples thereafter at 5-minute intervals, then 6 samples at
15-minute intervals, then 6 samples at 30-minute intervals, then 18 samples at 60-minute
intervals, then 12 samples at-2 hour intervals, then 24 samples at 6-hour intervals, and
then 24 samples at 12-hour intervals. Extended sampling was performed on the fifth
storm event, and samples continued to be collected at either 12-hour intervals, or 24-hour
intervals. Sampling duration at Joe’s Diet cave varied depending on the available surface
runoff, but samples were collected across the run-off hydrographs at intervals similar to
the Main Stream site. Direct discharge measurements were taken in Main Stream and
adjacent to Joe’s Diet Cave at different stream stages to establish stage-discharge rating
curves to relate stream stage to discharge. Precipitation samples were collected using a
collector that minimizes evaporation at the weather station rain gauge, and periodically
from a bucket during and immediately after each storm event. Events 1 and 4 lack surface
runoff samples and precipitation samples because no one was present at the CWAN site
during these two storms.

After collection, water samples were placed on ice and transported to the lab as

soon as possible. Each water sample was processed using established methods. Samples



analyzed for isotopes, ions, and dissolved nutrients were filtered in the lab with Pall A/E
(1pm nominal pore size) ashed filters. Both dissolved nutrient samples and total nutrient
samples were preserved with H>SO4 and stored in 125 mL high-density polyethylene
(HDPE) bottles and refrigerated. Water samples for analysis of liquid water stable
isotopes (8!80 and §2H) and ions were filtered and stored in 60 mL HDPE bottles and
refrigerated. Separate 40 mL glass vials were used to hold filtered water samples for
analysis of DOC.

Liquid water stable isotopes, major ions, TSS, NVSS, and nutrient concentrations
were measured for each sample in-house in Dr. Schwartz’s lab at Texas State University.
Liquid water stable isotopes were analyzed using a Los Gatos Research DLT 100 Liquid
Water Isotope Analyzer (Los Gatos Research, Inc., Mountain View, CA, USA). Major
ions were analyzed with a Dionex ICS 1600 Liquid lon Chromatographs (Thermo Fischer
Scientific, Walther, MA, USA). Total Phosphorus (TP) and soluble reactive phosphorus
(SRP) concentrations were determined utilizing the ascorbic acid method (Wetzel and
Likens 2000). Total nitrogen (TN) and nitrate (NO3z™-N) were determined using second-
derivative spectroscopy on a Varian Cary 50 UV/VIS Spectrophotometer (Crumpton et
al. 1992). Ammonium was determined using methods modified from the phenate method
(Wetzel and Likens 2000). Total suspended solids (TSS) and total nonvolatile suspended
solids (NVSS) were determined by weighing the dried (at 50°C) and muffled (550°C)
Pall A/E filters and taking into account volume of water filtered. (Standard Methods
Online 2012).

Initial spikes in nutrient data over the first few samples, especially in DOC and

TP, were suspiciously high, often 10x that of background levels, and occurred well before



the event-water arrival. | suspected that these anomalous values resulted from biofilm
buildup inside the intake hose of the ISCO. To test this hypothesis in the field, |
performed an experiment in which the ISCO autosampler that was still deployed in the
field was also used to collect Milli-Q deionized water for six one-liter samples. The
expectation was that nutrient levels in the DI samples would be high if they resulted from
biofilm accumulations, rather than an initial pulse of nutrients in the conduit water. The
resulting analyses confirmed that these initial spikes in nutrients were artifacts — and most
likely were the result of biofilms building up in the ISCO sampling tube — and that initial
spikes in nutrients did not represent actual nutrient levels in the stream waters. | am
unaware of any previous studies that have addressed this specific problem of
contamination buildup in permanent sampling setups over time, although a few studies

have attempted for to quantify contamination between samples (Robert and Eads 1983).

Data Analysis

A two end-member hydrograph separation analysis was performed for the five
storm events using both 580 and Mg?*. 80 and Mg?* were selected since both are
considered stable over the time scale of days to weeks in an underground oxidizing
environment similar to CWAN. Mg?* end-member models were used in the final analysis
because 5180 values in rainfall and runoff samples varied greatly within single storm
events and also the majority of water samples collected had 580 values outside the range
of the two established 5'%0 endmembers for each event. Mg?* and 5'80 concentrations in
surface runoff entering the direct recharge site and in pre-event water from Main Stream

were used as stormwater and pre-event water end-members, respectively. Discharge

10



weighted Mg?* averages of 11-12 samples were used to establish one surface runoff end-
member per storm event (Equation 1).

L, MgiPi

M gwavg = 1)

Mgi is the concentration of Mg?* (or 5120) at the i sample, 2 is the sum of runoff of the
ith sample, n is the number of samples used, and Mgwavg IS the discharge weighted
average of samples. At the beginning of an increase in stage resulting from a storm event,
the first ISCO sample collected at the Main Stream site, or a manual sample collected just
prior to an increase in stage, was used to establish a pre-event end-member magnesium
concentration or stable isotope ratio.

The following (Equation 2) was used to separate the hydrograph at Main Stream,

using the two end-members defined above.

Qe — QtCs—Cpe (2)

Ce—Cpe
Qe is the stage of event water in Main Stream, Q:is the total volume of water at Main
Stream, Cs is the tracer (Mg?* or 5'80) concentration of Main Stream at a given time, Cpe
is the pre-event tracer concentration in Main Stream, and Ce is the event surface runoff
water tracer concentration.

Hysteresis plots of different tracers at Main Stream were used to understand in
more detail how the system responds to storm events. Hysteresis plots can be used to
visualize changes in tracer concentrations at different points along a hydrograph. Toran
and Reisch (2013) used hysteresis plots of Mg?*/Ca?* ratios to infer different source-

waters in a spring both within and between storm events.
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Statistical Analysis

Statistical analyses were performed using the program, R (R Core Team 2015).
Relationships between multiple environmental predictors (PET, soil moisture, pre-event
stage) and rainfall characteristics (rainfall intensity, rainfall duration, rainfall amount)
were used to predict timing of maximum event/pre-event water ratios and maximum and
minimum tracer concentrations in Main Stream. A Pearson r value was calculated for
each linear combination of variables using a correlation matrix. An ordinary least-squares
linear regression was used to assess the influence of difference environmental variables
and rainfall characteristics on Main Stream response variables. Logarithmic regressions
were also used when appropriate to describe several relationships.

Potential evapotranspiration values were determined using the Penman-Monteith
equation with a short grass (Allen 2005). Because of on-site sensor failure and
insufficient funds to replace them, soil moisture data were obtained online from the
Goddard Earth Sciences Data and Information Services Center (NASA 2015). A LOESS
smoothing function (0=0.33) was applied to smooth the TSS and NVSS data. This
function is a locally weighted polynomial regression that uses weighted least squares
fitting (Cleveland and Devlin 1988). Once smoothed, the data were used to obtain times

of maximum sediment concentrations prior to running statistical analysis.
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1. RESULTS

Precipitation and Hydrographs

From July 17, 2014 to July 18, 2015 five major rain events (Events 1-5) of similar
magnitude (43.9-72.6 mm) caused responses at Main Stream in CWAN. The five events
occurred during different times of the year and under different antecedent conditions.
Events 1-4 resulted from single precipitation events of varying intensity lasting from < h
to > 24 h in length. Event 5 is comprised of an initial event of 48 hours followed by 7
additional responses that occurred consecutively during an 18 day period with a cumulative
total of 330 mm of rainfall (Figure 3). Because the automated water sample collector failed
to initiate sampling properly in Event 4 sampling began about 6 hours after the initial
response in Main Stream and sampling was discontinued after only 48 hours. Event 4 data
also does not include dissolved or total nutrients or sediment.

Prior to the first rain event, and due to a multi-year cumulative precipitation
deficit in precipitation, hydrologic drought conditions existed at the cave site. During the
366 day study period (July 17, 2014- July, 18 2014) 934.2 mm of precipitation was
recorded at the surface weather station. During each event, the Main Stream stage
increased from baseflow conditions of 2.7 cm (prior to Event 1) to 6.1 cm (prior to Event
5) and stage peaks ranging from 25.3 cm (Event 1) to 88.7 cm during the first peak of

Event 5. Subsequent stage peaks during the prolonged Event 5 reached up to 260.0 cm.

Hydrograph Separation

All events showed no event water during the initial portion of the rising limb of
the hydrograph. After the initial pulse of pre-event water, event water arrived and

geochemical and thermal changes occurred. The initial pulse of older water is

13



characterized by event water values of less than 0% (Figure 4). Maximum event-water
contributions varied from 47.1% during Event 1 to 82.0% during Event 5 and occurred at
after a maximum of 113.3 hours (Event 2) and minimum of 9.4 hours (Event 5) after
initial stage rise. For all events, event-water contributions remained through the sampling
period.
Sediment

Figure 5 shows TSS, NVSS, and stage at Main Stream. The timing of peak
sediment concentration relative to maximum discharge varies across events. TSS and
NVSS peaks arrive after (Event 1, 2), during (Event 3), and before (Event 5) Main
Stream peak stage. TSS and NVSS peaks arrive before peak stormwater/pre-event water
ratios in all events. Peak sediment concentrations vary significantly across events. Event
2 has peak TSS and NVSS concentrations of 3.03 mg/L and 1.89 mg/L while Event 5 has

TSS and NVSS peaks of 32.07mg/L and 26.59mg/L.

Nutrients

TP and SRP (Figure 6), TN and NOs™ (Figure 7), and DOC and NH4* (Figure 8)
are plotted in time series for Events 1, 2, 3, and 5. For all storm events, DOC responded
with an overall increase and then recovery towards the background DOC concentration of
~1.0 mg/L. Events 1, 2, 3 had similar DOC peak concentrations of ~5.0 mg/L; Event 5
had a peak concentration of 7.8mg/L. DOC peaks appeared to be closely associated with
peaks in maximum event-/pre-event water ratios at Main Stream. DOC peaks occur after
peak stage in Events 1-3 and coincide with peak stage in Event 5. As with peaks in
event/pre-event water ratio arrivals, DOC peaks also occurred earlier with each

subsequent storm event, peaking in 113.73 hours after initial Main Stream stage rise in

14



Event 1 and only 9.0 hours after initial rise in Event 5. Background TP concentrations for
all storm events were low (<10ug/L). Similar to DOC, TP concentrations generally peak
earlier with each subsequent event, from 36.06 and 42.67 hours in Event 1 and 2
respectively, to 6.0 hours in Event 5. SRP concentrations in general followed the same
patterns as TP.

TN, NOs", and NH4 concentrations showed different patterns across storm events.
Events 3 and 5 showed the inverse behavior of DOC and TP. After an initial lag and
increase in concentration, TN and NO3™ decreased, reached a minimum, and later
gradually recovered to near pre-event concentrations. Event 1 and 2 initially had small
dips followed by small peaks and a subsequent return to background concentrations. A
much later delayed decrease in TN and NOgz™ occurred in Event 1 was likely the result of
additional rainfall. Most of the nitrogen cycling through CWAN was in the form of NOs/,
but mean ratios of TN to NO3z™within storm events did vary: the minimum was 1.05

during Event 2 and the maximum was 1.34 during Event 3.

Temperature and Specific Conductivity

Temperature signals were distinct across events (Figure 9). Temperature initially
decreased and then recovered in Events 1 and 2. During Event 3 temperature initially
increased and then had a larger decrease and recovery. Event 4 temperature initially
decreased and then had a larger increase and recovery. Event 5 had a small initial
increase and larger decrease and recovery for the first storm. The next two responses in
Event 5 had overall decreases and the final five responses had overall increases and
recoveries. The arrival times of temperature maximum/minimum concentrations varied

greatly relative to other tracers. Temperature maximum occurred before any other tracer

15



maximum/minimum concentration in Event 2 and temperature was the last tracer in
Event 5 to show a maximum or minimum.

Overall, conductivity responses were similar across events (Figure 9). For each
event there was an initial rise followed by a large dilution curve and recovery. The time
between initial rises in a hydrograph and the conductivity minimums varied from over 6
days during Event 2 to only 8 hours for Event 5. Conductivity minimums happened after
temperature minimums for Events 2 to 5 and before temperature maximums in Events 1

and 2.

lons

The behavior of ions across the five event hydrographs can be placed into two
general categories. Ca?*, Mg?*, F*, and K* all showed overall concentration dilutions and
subsequent recoveries during all five events. CI, Na*, NOg", and SO4> show overall
concentration dilutions for Events 3-5, and only small decreases or increases of
concentration for Events 1 and 2. Two hysteresis plots show Mg?* and Na* plotted with
stage (Figure 10). Event 4 was excluded due to the incomplete data across the
hydrograph. The hysteresis plot of Mg?* showed that Mg?* concentrations change in a
uniform way but at different times of the hydrograph. For example concentrations
increased initially, decreased and then slowly recovered. Minimum Mg?* concentrations
occurred from the tail end of the hydrograph when stage had returned to near baseflow
conditions (Event 1 and 2) to the peak of the hydrograph in Event 5.

The hysteresis plot of Na* shows two types of responses. Events 1 and 2 showed

overlap in Na concentrations on the rising and falling limb of the stage curve. Event 2 has
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multiple figure eight loops. Event 3 and the first response of Event 5 show single loops
similar to the Mg®* loops.
Isotopes

Time series 580 and 5°H data at Main Steam for Events 1, 2, 3, and 5 are shown
in Figure 11 and Figure 12 respectively with the units per mil (%o) deviations relative to
Vienna Standard Mean Ocean Water (VSMOW). Pre-event background levels of 820 in
Main Stream are similar to the observed long term local weighted precipitation average (-
4.1%o) by Pape et al. (2010) from 1999-2007 in Austin, Texas. Table 3. Range of 62H
and 6180 ratios in Main Stream (left) and surface runoff (right) for Events 1, 2, 3, and
5.summarizes the ranges of 5180 and &%H ratios observed in Main Stream for Events 1, 2,
3, and 5. These ranges for a single event increase with successive events with the
exception of 5180 ratios between Events 1 and 2.

Figure 13 and Figure 14 show both the data at the surface recharge site and Main
Stream plotted with the Global Meteoric Water Line (GMWL) represented by §°H =
8580 + 10. To provide a sense of changes through time, the data points were given a size
weight with the first data point and last data point from each event having the smallest
and largest points on the graph respectively. Figure 14 shows the clustering of isotope
values decreased with successive events. Events 1, 3, and 5 have data points that plot
beneath the GMWL. This is indicative of an evaporative fractionation of §'80/32H ratios.
All of these points that plot beneath the GMWL in Event 3 are immediately following a
secondary smaller rain event. In Event 2 these points of enriched isotope ratios are
following a secondary smaller rain event with the exception of a few at the onset of the

event. In Event 5 all of these enriched points are at the very start of the event.
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Two endmember mixing models using 580 were not effective at predicting
event/pre-event water ratios. One limitation of these models was the wide range in values
of 880 in runoff waters. For example in Events 2, 3, and 5, 80 values in surface runoff
are were well above and below the background levels recorded at Main Steam prior to
each storm. Using a volume weighted surface runoff value for §*80 in a two end member
mixing model indicated no event water reached Main Stream in Event 3. The model
suggested only 15 samples of any event with and maximum event water contribution at
Main Stream of 4.1% in Event 2. The 580 mixing model for Event 5 had a maximum
event water contribution of 48.2% compared to 82.0% with the Mg?* model. Comparing
the two ratios of event/pre-event water over the entire hydrograph for the Mg?* model

against the $'80 model gave an R? value of only 0.33.

Comparing tracer responses

Response times for tracer maximum and minimum concentrations at Main Stream
in Events 1 and 2 are generally much slower, often >10x that of Events 3-5, and tracer
concentration and dilution curves are flashier in Events 3-5. Some tracers (Ca%*, Mg?*
DOC, TSS, NVSS and SC) show consistent overall patterns across all storm events, while
other tracers (NOs", Na*, CI, and SO4%, 880, §2H, and temperature) have responses that
are not generally consistent across events. For example, during the first two events, ions
that are not sourced from the dissolution of carbonate rock (NOs", Na*, ClI-, and SO4?)
showed both small concentration increases and dilutions of ions over the storm
hydrographs. In Events 3-5 these same ions showed one large dilution in concentration
followed by a recovery to the background levels. lons sourced from the dissolution of the

local carbonates (Ca?* and Mg?*) showed an overall dilution and recovery during all five
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storm events. Similarly, DOC also showed a general concentration and recovery during
all five storm events (Figure 1. Location of CWAN (blue dot) relative to the Trinity

Formation (modified from Clarke et al. 2014).

Relationship between parameters

Soil moisture, cumulative 12 week PET total, and pre-event stage at Main Stream
were statistically significant predictors of the timing of peak stormwater/pre-event water
ratios at Main Stream based on Mg?* ion hydrograph separation analysis. The timing of
minimum Mg?* ion concentration had a significant linear relationship (p<0.05) with PET.
The timing of minimum Mg?* ion concentration and had a logarithmic relationship with
both pre-event stage and soil moisture (Figure 15. Relationships between various
environmental parameters across the five storm events..

Timing of minimum conductivity and pre-event stage also had a logarithmic
relationship. A least squares linear regression indicates two predictor variables, soil
moisture and pre-event stage, had a significant linear correlation. Rainfall total and
average rainfall intensity were not significant in describing stormwater and pre-event
water at Main Stream. Rainfall duration was significantly correlated with the timing of
total peak stage (p<0.05) Figure 15.

| hypothesized that TSS and NVSS concentrations were both controlled by the
total discharge of Main Stream. The timing of TSS and NVSS peaks had significant
linear correlation with the timing of conductivity minimums (p<0.05) (Figure 15).
Contrary to my hypothesis, no significant correlations were found between the timing and

magnitude of TSS and NVSS peaks and Main Stream discharge.
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The minimum concentration of Mg?* and the maximum DOC and TP
concentrations were all significantly correlated with each other (p<0.05). Figure 16
shows the relationship of different tracers for each storm event. These data are

summarized in Table 3, which shows the timing and order of arrival of different tracers.
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V. DICUSSION

It was predicted that rainfall magnitude and antecedent conditions would control
the timing and quantity of stormwater and pre-event water that moved through CWAN.
Previous work showed that both antecedent conditions (Mudarra et al. 2013; Polk et al.
2013; Wong et al. 2012) and rainfall magnitude (Mudarra et al. 2013; Savoy et al. 2011)
can affect the timing and amount of stormwater versus pre-event water moving through a
karst system after a storm event. In this study, 12 month prior cumulative PET measured
at the surface, soil moisture at 10-40 cm depth, and the Main Stream’s pre-event stage
were all significant predictors in the timing of maximum event water/pre-event water
ratios in Main Stream. The significance of these environmental factors to the timing of
event water and pre-event water moving through CWAN, as well as analysis of the
variation in dissolved and particulate loads in Main Steam within and across storm events
suggests: 1) a change in storage components and flow paths across storm events and 2)

changing tracer source concentrations across events.

Storage components and flow paths

As antecedent conditions became wetter, data from this study suggests a threshold
was reached after Event 2 where event water began to move through CWAN over hours
rather than days. Successively decreasing event/pre-event water ratio lag times in Main
Stream across Events 1-5 (108, 113, 16, 11, and 9 h) may be explained by shifting flow
paths from different storage components as antecedent conditions progressed out of
drought conditions. Perrin et al. (2003) proposed a conceptual model of karst system
storage in the soil, epikarst, unsaturated, and phreatic zone. After a specific wetting

threshold is reached water can bypass the soil and epikarst storage units and infiltrate
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more rapidly through open conduits and factures. The fact that there were similar rainfall
magnitudes and different rainfall intensities for Events 1-5, and that these factors showed
no significant control on event water/pre-event water ratio time lags further suggests it is
the antecedent conditions that primarily control event water and pre-event timing moving
through CWAN.

At Main Stream peak event/pre-event water ratios occur closer to the peak in total
discharge in later events. Compared to peak discharge, peak event/pre-event water ratios
lagged by 103, 96, 9, 26, and 0.4 hours for Events 1-5. Not only is the stormwater
arriving at Main Stream sooner in Events 3-5, but more stormwater volume is arriving as
its peak concentration nearly coincides with the peak in overall discharge. Main Stream
stage was back to baseflow levels in Events 1 and 2 when maximum event/pre-event
contribution occurred, which suggests that more stormwater in Events 1 and 2 was stored
in the soil, epikarst, and even in low gradient conduits (pools) instead of being
transmitted to the monitoring site, while in Events 3-5 more event water bypassed these
already wetted storage compartments and contributed more event water during the stage
rise in Main Stream.

The flashiness of storm hydrographs and chemographs of karst springs has been
understood to suggest how the system is conduit vs matrix dominated (Shuster and White
1972; Dreiss 1982; White 1988). In this study the general increased flashiness of the
chemographs indicate a more conduit dominated system in the latter events. For example
DOC peaks about 114, 71, 13, and 9 hours after the initial stage rise for Events 1-5
respectively. The recovery curves of DOC are steeper with each successive event (Figure

8). Similar trends are in most tracers. Mg?* minimums occur about 108, 113, 16 and 9
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hours after initial stage rise for Events 1, 2, 3, and 5, and also have steeper recovery
curves with each successive event. Several studies have suggested a suppression of
matrix flow in favor of conduit flow during storm events due to increased hydraulic head
in conduits (Onder 1986; Goldscheider 2005, Wong et al. 2009). As antecedent
conditions become more saturated the conduits may fill quicker after a storm and in effect
act more efficiently to move stormwater. However, the physical arrangement and
properties of the geologic system that is transmitting the water is not changing from event
to event, which means that variable storage in different compartments in the unsaturated
zone must be influencing flow and contributing to the changing signals over time.

Isotope data further supports shifting contributions from different storage
components. Table 3 shows the ranges in 520 and §2H ratios across storm events. The
range of values for a given storm response increased sharply in later events. This increase
in the range of values is likely due to the increased efficiency that the system transited
water during wet antecedent conditions. Also the majority of Main Stream samples from
Event 1 plot along an evaporative trend line. This is likely because much of the Main
Stream water in Event 1 is sourced from water in the soil and epikarst.

A leaky bucket conceptual of the different storage and flow components in a karst
system similar to CWAN (Figure 17) illustrates with varying proportions of storage and
different thicknesses of flowlines the probable evolution of storage and flow from the
surface to Main Stream as antecedent conditions transition from wet to dry. As data from
this study suggests, storage in the soil, epikarst, and vadose filled in Events 1 and 2. In
subsequent events these storage compartments were bypassed in favor of more efficient

transport via large fractures and conduits.
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Tracer source concentrations

A conceptual model of a vertical cross section of CWAN (Figure 19) illustrates
the source locations and concentrations of different tracers and how they vary within and
across events with varying antecedent conditions. For example, the consistency in the
overall behavior of DOC curves indicates water contribution to Main Stream from the
soil and upper epikarst for all storm events. An explanation for the overall response
differences of NO3", Na*, Cl', and SO4* relative to DOC in Events 1 and 2 is likely
because the soil and epikarst that concentrates these ions in the dry summer months were
being flushed by precipitation in Events 1 and 2. Similarly, Mudarra et al. (2013)
observed NOsincreases at springs in Malaga (southern Spain) during autumn recharge
events only, and NOs concentrations declined through the rest of the year during recharge
events. Unlike these ions, DOC continues to concentrate in the soil as organic matter is
degraded through the fall and winter months. Large concentrations of DOC are flushed
from the soil through the karst system during Events 3-5, while relatively few NO3", Na*,
Cl, and SO4* ions remain in the soil to be flushed. Consequently these ions show overall
dilution curves for Events 3-5 after autumn flushing.

NO3", Na*, CI-, and SO+ continued to increase in concentration and DOC
remained high in Main Stream at the end of Event 2 sampling, 15 days after the initial
storm. 9 weeks later at the start of Event 3, initial concentrations of NOs", Na*, CI, and
SO4? are higher than the peak concentrations in Event 2. These waters with relatively
high NOs", Na*, CI, and SO4? are likely waters remaining from Events 1 and 2 that were
still moving through the system at the onset of Event 3. DOC and SC have low and high

values respectively and are indicative of older water, not relatively recent stormwater.
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These older water signatures in DOC and SC are likely due to the non-conservative
nature of DOC and SC over the 9 weeks between storms. Figure shows the relationship
between, DOC, Mg?*, NOs", CI, and event/pre-event water totals for Events 1, 2, 3 and 5.

Isotope data further supports a cyclical flushing of water through CWAN. Figure
14 shows the majority of samples (50 of 91) from Event 1 plot on an evaporitic trend
away from the GMWL, indicating these waters had3'80/6°H ratios indicative of
evaporative fractionation. It is likely that during Event 1 a large amount of water was
flushed from and through the shallow soil and epikarst, where it had been subjected to
evaporative losses and isotopic fractionation, especially after a dry, hot summer.
Sediment

Recent studies have highlighted the susceptibility of karst systems to large
sediment fluxes during storm events (Klimchouk 2004, Williams 2008). Storm events
mobilize sediments that act as reservoirs for various contaminants and metals (Mahler et
al. 2000; Vesper and White 2003). Also recent studies have distinguished two distinct
turbidity peaks, first pulse-through turbidity from re-suspension of autochthonous
sediment followed by flow-through turbidity of allochthonous sediment have been
documented in several studies (Massei et al. 2003; Pronk et al. 2009; Goldscheider et al.
2010). TSS and NVSS peak times were significantly correlated with conductivity
minimum times. This gives a clue that sediment flux through CWAN is likely more
dependent on allochthonous input from stormwater than from resuspension of sediment
in the cave. This is consistent with results from Barton Springs in Austin Texas (Mahler
and Lynch 1999.) Maximum sediment concentrations were not significantly correlated

with any antecedent environmental predictors or rainfall predictors. This is not surprising
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as sediment transport likely depends on a number of factors which could not be modeled

given the limited number of storm events.

26



V. CONCLUSIONS

The analysis of data representing a large number of natural environmental tracers
at frequent time intervals over five storm events with differing seasons and antecedent
conditions has given insight into kart recharge processes. This study highlights the
complexities in interpreting data from different tracers, and shows that it may be
impossible to physically characterize a karstic hydrologic system from one or even a few
storm events. As antecedent conditions transitioned from dry to wet, peak event water
moved through CWAN on time scales from several days to only hours. Dissolved and
particulate loads varied in concentration within and across multiple storm events. These
differences depended on the antecedent conditions, which also affected evolving storage
components and flow paths as well as changing source concentrations through time. This
study highlights the caution that must be taken when analyzing a system based on few
tracers as infiltrating surface water and groundwater may have varying concentrations of
natural tracers and display quite different behaviors across different hydrographs. All of

these factors must be considered in any hydrologic model of similar karst systems.
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Figure 1. Location of CWAN (blue dot) relative to the Trinity Formation (modified from
Clarke et al. 2014).
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Figure 2. Vertical (top) and horizontal (bottom) cross sectional view of the commercial
section of CWAN with five permanent monitoring sites.
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Figure 3. Cumulative precipitation (mm) and Main Stream Stage response for Events 1-5.

Initial surface runoff Initial stage rise to

Event to initial stage rise stage peak
1 2:31 4:15
2 10:26 17:40
3 8:42 7:00
4 1:22 7:09
5 1:10 9:00

Table 1. Compares lags from initial surface runoff to initial Main Stream Stage response

and Main Stream stage peak.
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Initial stage riseto  Initial stage rise to

Event stage peak event water peak %
1 4:15 107:44
2 17:40 113:20
3 7:00 16:24
4 7:09 10:39
5 9:00 9:25

Table 2. Compares lags from initial Main Stream response to stage peak and event water
percentage peak.
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Figure 8. DOC, NH4 and Main Stream stage for Events 1, 2, 3 and 5. Left side shows entire
sampling period, right side shows first 96 hours of sampling period.
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Figure 11. 580 ratio, conductivity, and Main Stream stage for Events 1, 2, 3 and 5. Left

side shows entire sampling period, right side shows first 96 hours of sampling period.
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Figure 12. 8?H ratio, conductivity, and Main Stream stage for Events 1, 2, 3 and 5. Left
side shows entire sampling period, right side shows first 96 hours of sampling period.
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Figure 13. 5°H vs 580 for surface runoff samples (Events 1, 2, 3 and 5). GMLW is

shown as solid blue line.
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as solid blue line.
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Event 1
Event 2
Event 3
Event 5

580 VSMOW (%0) %D VSMOW (%o)

Maximum Minimum Difference Maximum Minimum Difference
-3.41 -4.44 1.03 -19.92 -23.66 3.74
-3.83 -4.47 0.64 -17.97 -25.43 7.46
-1.44 -4.47 3.02 -11.77 -24.89 13.12
2.10 -5.72 7.82 -7.66 -34.76 27.10

Table 3. Range of 5?H and &80 ratios in Main Stream (left) and surface runoff (right) for
Events 1, 2, 3, and 5.
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(kg/m?)

88

84

82

80

78

76

8000

Mg concentration
minimumtime (min})

7000
6000
5000
4000
3000
2000
1000

-1000

1200

Peak Discharge Time
(minutes)

1000
800
600
400
200

0

R2 =0.825
p =0.033
0.05

Main Stream Initial Gauge Height (ft)

0.1

R? =0.793
p = 0.043

100 200
ET (12 weeks prior) (J)

R? =0.849
p=0.027

500

1000

0.15

300 400

1500

0.2

500

2000

Rainfall duration (minutes)

0.25

600

2500

Pre-event stage (ft)

Pre-event stage (ft)

Mg concentration
minimumtime (min}

88
86
84
82
80
78
76

0.25

0.2

0.15

0.1

0.05

0.25

0.2

0.15

0.1

0.05

°
y =-2.615In(x) + 100.78
R?=0.8477
LI
..................... .
o
2000 4000 6000 -

Soil Moisture (kg/m?)

y =-0.029In(x) +0.3399
R? =0.5831

2000 4000 6000 8000 10000 12000
Mg concentration minimum time (min)

® y =-0.032In(x) + 0.3681
. R?=0.6476
® Tt [ X

2000 4000 6000 8000
Conductivity minimum time

Figure 15. Relationships between various environmental parameters across the five storm

events.
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Event Number
Figure 16. Relative timing of maximum or minimum values for select tracers for each
event. Vertical axis is log-scale in minutes since initial increase in stage at the Main
Stream site.

Event 1 Event 2 Event 3 Event4 Event5
Discharge 4:15 Discharge 17:40 Discharge 7:00 Discharge 7:09 TSS 2:30
NVSS 7:30 Temperature 31:40 TSS 8:00 Conductivity 9:09 NVSS 2:30
TSS 11:30 TSS 32:40 NVSS 8:00 Mg 10:39 TP 6:00
Temperature 32:04 NVSS 34:40 TP 8:00 Temperature 25:36 Conductivity 8:00
TP 36.04 TP 42:40 DocC 13:24 Discharge 9:00
Conductivity 56:04 DOC 71:20 Conductivity 13:24 DOC 9:00
Mg 107:44 Mg 113:20 Temperature 14:24 Mg 9:25
DOC 113:44 Conductivity 161:20 Mg 16:24 Temperature 13:55

Table 4. Timing of minimum or maximum values (hours: minutes) for select tracers
relative to initial Main Stream response. These data are shown in graph-format in Figure
15.

41



Event 1 (July) Event 2 (Nov)

Evapotranspiration Evapotranspiration

el —

- 02—

Direct Recharge

Soil/Epikarst Fast Fracture e et

—— /

£\
Perched
Storage

Long Term
Vadose

Short Term
Vadose

Lr.m]Term4 |> Shur!T:nn+ + Perched
Vadose Vadase

Aquifer Conduit ht -Aquer Conduit
System v System \vi
Main Stream - - Groundwater [Main Stream - Grounds

Event 3 (Jan) Event 5 (May)
Evapotranspiration Evapotranspiration
Precipitation l I Precipitation l l
| Soil/Epikarst | Fast Fracture &1“;:‘::; il/Epi i

Perched

v e v M“//J—
Sy
Main Stream| . Groundwater Main Stream] .

Long Term Short Term

Figure 17. Leaky bucket conceptual model showing changes in storage and flow paths
across events as the system moves from dry to wet antecedent conditions.

TSS, NVSS, DOC, TP, SRP, TN, NO5-,Cl-, Na2*

Figure 18. A conceptual vertical cross section of the karst system at CWAN with the
source locations of different tracers.
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