




















to detect these changes non-intrusively and therefore estimate the positions of the conduits, we
collected nearly 2 months of time-series ERT data. These data sets were inverted using a time
lapse inversion algorithm recently introduced by [Karaoulis et al., 2011], providing visualization
of resistivity changes through time. This inversion process is a finite element approach where
resistivity changes are modeled in areas where significant changes are expected.

3.2.2 Geophysical Experiment Setup and Processing

At both sites, ERT electrodes were emplaced with bentonite clay (to decrease the contact
resistance of the ground electrode contacts) at 5 m spacing for the duration of the time-lapse
experiment. Measurements for ERT were made with an ABEM system using a Wenner array.

Data was processed using MATLAB®. Raw resistance data were filtered to within
acceptable ranges that were seen in field observations of conductivity. The inversion process is
described in the supplementary material file. Data sets were considered to be acceptable when
the errors were < 10%. The filtered data were then inverted simultaneously and a time-lapse
inversion model output error was ~5%.
3.3 Results and Discussion

We compare here the electrical resistivity tomography observations that were collected
over a 2-week time period (July 27" to August 8"™) when rain events changed electrical
conductivity at the sampling and observation locations (Figure 3.2a). Rain during this time
averaged from 20-50 millimeters per day (Figure 3.2a) reducing surface water conductivity by
~15% at both the Santa Fe River Sink and Santa Fe River Rise. These changes in conductivity
reflect allogenic recharge from the confined portion of the basin and flow through the conduit
system [Martin and Dean, 2001] Groundwater conductivity varies by less than 10 pS/cm in Well

4 with no response to the rain events (Figure 3.2a). Well 4 is used to estimate the regional

42



specific conductivity of groundwater because it has the smallest variance in composition of all
the monitoring wells, which is interpreted to indicate little mixing with allogenic water [Moore et
al., 2010a] and due to its proximity to our electrical resistivity tomography lines. During our
entire study period there is discharge from the Santa Fe River Rise; however, there is only
discharge at the sink between July 31% and August 10™ (Figure 3.2b.). The difference in
discharge between the rise and sink is shown on Figure 3.2, where a negative difference reflects
draining of groundwater matrix and a positive difference reflects a recharge event. During our
electrical resistivity tomography data collection period, groundwater consistently drains into the
karst conduits until a recharge event occurs (August 1* to August 5™). Other large rain events
have been observed during this time frame, however these events did not generated flow at the
sink or a subsequent recharge event. Using an estimate of a 20-meter conduit, 20% porosity and
an even distribution of recharge a mixing depth of conduit water can be estimated. For this rain
storm low conductivity water could penetrate the groundwater matrix out to a distance of 8
meters.

Subsurface resistivity for both Sites A and B are shown in Figure 3.3 at six times during
the time period of July 27" through August 8. Locations of conduits mapped during cave-dive
exploration are projected on the cross-sections of electrical resistivity (plain closed lines, Figure
3.3). These projections are scaled to be 20 m in diameter. This corresponds to the average size
of the conduits estimated by Screaton et al. [2004], although cave diver descriptions of the
conduits indicate conduit diameters are locally variable [Poucher, 2004]. A highly resistive
shallow layer is seen on all surveys (>4000 ohm m), which corresponds to an approximately 1 to
3 m thick layer of drained undifferentiated Plio-pleistocene sands overlaying the limestone of the

Upper Floridan Aquifer. Distinct resistivity anomalies occur at the estimated locations of the
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Figure 3.2 -(a) Precipitation and conductivity in O’Leno State Park, conductivity is shown for
groundwater at well 4, River Sink and Rise (b) discharge from the River Sink and Rise and the
difference between these flows for the time period of June 23™ through August 15™
projected conduits at both ERT lines. These anomalies reflect contrasts in electrical resistivity,
which we interpret to be caused by the differences between the resistivity of the water in the

conduits and the water in the matrix porosity. Similar anomalies in resistivity occur in locations

that have no known conduits and may represent unidentified conduits. The same magnitude of



resistivity changes are not seen in these other locations, suggesting they may be minor flow
pathways of smaller conduit size or less well connected to the main conduit, limiting the amount
of low-conductivity water that enters them. A clearer signal is seen at Site B than at Site A,
likely due to the proximity of the karst conduit to the highly resistive layer at Site A. This
proximity may cause some distortion and smearing of the resistivity signal.

Both sites show responses to changes in the resistivity of the Santa Fe River Sink water
resulting from the August 1* rain event (Figure 3.2), but their magnitudes are different (Figure
3.4 and Figure 3.5). The resistivity value increases by nearly 150 ohm-m at Site A; point C is
located in the middle of the projected conduit (Figure 3.4). The surrounding area also has
increased resistivity, but by only 50 to 75 ohm-m. Resistivity also increases at all of the points
selected from Site B, but the increases are smaller than at Site A and each point increases by only
around 20 ohm-m (Figure 3.5). The larger differences in variations in resistivity at Site A than
Site B may result from the proximity of Site A to the Santa Fe River Sink and the source of low
conductivity rain water. Alternatively, differences in the size of the conduits, or increased
dissolution surrounding the conduits [Moore et al., 2010a] may alter the way that conduit and
matrix waters mix. Figure 3.5c shows point resistivity values through time for interpreted minor
flow pathways at Site B (Area 2), in a pattern similar to those at known conduit locations (Figure
3.4b and Figure 3.5b). However, these locations show a smaller magnitude change (~10 ohm-m)
in resistivity compared to other pathways, indicating they receive less of the low-conductivity
water. The smaller increase in resistivity with distance from the estimated location of the
conduit may reflect propagation into the surrounding matrix porosity of allogenically recharged
low-conductivity water in the conduit. The minimum change in resistivity occurs about 20

meters on either side of the maximum change; this distance may reflect the penetration depth of
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Figure 3.3 - Electrical Resistivity Tomography inversions for Site A and Site B. Spatial distribution of resistance (ohm m) over time
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locations is unknown, recharge distribution may not be constant along the karst conduit, and
preferential flow may change mixing penetration. By these assumptions, mixing out to 20 meters
is possible. The distance water flows into the matrix will depend on the magnitude of
precipitation, antecedent elevations of the water table, and thus variations in head gradients
between the conduit and the matrix porosity. However, due to inversion processing and
smoothing this decrease in resistivity with distance may be an artifact of the model and has yet to
be verified. Although both locations show a similar increase in electrical resistivity, the peak
resistivity at Site A occurs on August 2™ (Figure 3.5) while the peak at Site B occurs three days
later on August 5™ (Figure 3.5). This lag may represent the transit time for the pulse of low
conductivity water from the August 1* rainstorm to pass through the system. The three day lag
estimated here matches very well with thermal tracer measurements of flow time for the sink-rise
system at these river stages [Martin and Dean, 1999]. Once the pulse of rainwater has discharged
from the conduit network, the conduits begin to drain the matrix again and the conduit water
would be comprised of a mixture of groundwater and surface water (Figure 3.3 and Figure 3.4).
A different temporal signal is seen at the minor flow paths (Figure 3.5c). Here, peak resistivity is
seen around Aug 8", which lags by 3 days the peak resistivity observed at the known location of
the conduit (Figure 3.5a). This delay could reflect the poor hydrologic connection with the main
conduit and thus a longer residence time for the low-conductivity water to reach this location.

3.4 Conclusions

In this study, we used time-lapse ERT observations in an area with known locations of water-
filled conduits to quantify temporal and spatial changes in electrical resistivity to assess
conductivity differences of water between conduits and matrix porosity. During baseflow

conditions we see karst conduits have a mixture of surface water and groundwater, resulting
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Figure 3.4 - Point resistivity (ohm m) measurements through time for Site A. (a) Locations of the points with respect to the subsurface
profile and (b) is a plot of resistivity data. Point C is in the middle of the projected conduit shown on Figure 3, Point B and D are at +/-
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from conduits draining highly conductive matrix water and mixing with less conductive surface
water. After a rain event dilutes the conductivity of the surface water, resistivity increases at the
location of the conduit. This increase in resistivity is seen out to a distance of 20 meters, which
may indicate penetration of conduit water into the groundwater matrix. However, the inversion
processes could cause this resistivity pattern. Conduit water penetration has yet to be verified.
Our time-lapse geophysical experiment visualizes differences in conduit-matrix conductivity and
temporal dynamics of the karst system [Martin and Dean, 1999; Martin and Screaton, 2001],
which is a fundamental advancement in understanding karst systems. Understanding these
dynamics has a direct impact on understanding water flow, quantity and quality (e.g. nutrient
cycling and drinking water resources) in karst systems, which are crucial to the world’s
populations drinking supply.
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3.6 Supplemental Material

Electrical resistivity tomography data was collected in the field using and ABEM-
SAS4000 resistivity meter. A Wenner array was used with 64 electrodes and 5 meter spacing.
During the resistivity measurements, replicate measurements were collected and stacked obtain a
standard deviation of 0.01% was achieved or a maximum measurement of eight was reached.
MATLAB® was used to filter raw resistance data to acceptable ranges that were seen in field
observations of conductivity. An inversion software written in MATLAB® was used to invert

each day independently using an Occam inversion with full Jacobian calculations to determine
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the root mean square error in the model inversion. Our inversion model contains 819 subsurface
blocks ranging from 2-8m dy and 5m dx discretization. Each inversion was considered to be
acceptable when the inversion RMS errors were < ~10 %. If independent inversion errors were
larger than the acceptable range, the raw resistance data were filtered again. At site A, ~8% of
the data was filtered, and at Site B ~7% of the data was filtered. Minimizing independent
inversion error resulted in reduced errors in the time-lapse inversion process. Once filtered data
was inverted to this acceptable limit for each day, each complete data set, for Site A and B, was
inverted simultaneously through a time-lapse inversion algorithm developed by Karaoulis et al.,
[2011]. The time-lapse inversion process allows for resistivity changes through time in areas
where changes may be expected [Karaoulis et al., 2011]. For the two data sets, Site A and Site
B, and RMS time-lapse inversion model output error was around 5 percent. Figure 3.6a shows
the RMS error for each inversion iteration at Site A and Site B. Figure 3.6, plot (b) and (c) shows
the inversion resistivity sensitivity for both Site A and Site B. The most sensitive locations in the
inversion process are located near the land surface, where the electrodes were emplaced. The
deepest part of the inversion (greater than 40 meters depth) has the least sensitivity. The
sensitivity plot (Figure 3.6¢) for Site A shows karst locations in high sensitivity areas. For Site B
karst locations are in medium sensitivity areas. Figure 3.7 shows the residuals histogram (a) for
Site A and (b) Site B. For both Site A and Site B more than 95 % of the measurements have

<10% error between field and inversion measurements and 80% having <5% error.
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CHAPTER 4
CHARACTERIZATION OF GROUNDWATER AND SURFACE WATER MIXING IN A
SEMI-CONFINED KARST AQUIFER USING TIME-LAPSE ELECTRICAL RESISTIVITY
A paper in preparation for publication in Water Resources Research
Steven B. Meyerhoffm, Reed M. Maxwell***, André Revil®, Jonathan B. Martin®, Marios
Karaoulis’, and Wendy D. Graham’

4.1 Introduction

Karstic systems are dominated by subsurface fractures and conduits. These flow paths
control surface water and groundwater interactions, resulting in varying flow conditions through
time that are poorly described by macro-scale, effective approaches [Ford and Williams, 2007,
Rosenberry and LaBaugh, 2008]. This variation leads to uncertainty in flow paths locations,
travel times, cycling of reactive elements such as nutrients, and dissolution of the soluble
minerals comprising the aquifer. Understanding these interactions and the degree and timing
mixing of surface water and groundwater between flow in conduits and storage in matrix
porosity is crucial to understanding flow dynamics in karstic systems.

Karst hydrologic processes have long been studied in the Upper Floridan Aquifer of the
Santa Fe River basin (Figure 4.1a and 4.1b) in Florida, the field site for this work. These studies

have investigated varying water electrical conductivity, thermal or chemical data, most
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commonly using springs to directly observe variations in flow and chemistry of water in the
aquifer [Martin and Dean, 1999; 2001; Martin and Screaton, 2001; Martin, 2003; Screaton et
al., 2004; Martin et al., 2006; Ritorto et al., 2009; Bailly-Comte et al., 2010; Bailly-Comte et al.,
2011; Langston et al., 2012]. Tracer studies in the Upper Floridian Aquifer determined that
conduits have rapid velocities (up to thousands of meters a day) and can vary widely in size and
shape [Martin and Dean, 1999]. Martin and Dean [1999] also linked temporal and spatial
variations in water composition to the exchange between karst conduits and matrices in the Santa
Fe River basin. Martin and Screaton [2001] showed how exchange of water between the
conduit-matrix varied the chemical composition of water along the flow path at high flow and
baseflow. At baseflow, conduit flow is controlled by discharge from matrix porosity and
exhibits high electrical conductivity (up to ~500 uS/cm) as a result of equilibration with soluble
minerals of the aquifer. At high flow, surface water with low electrical conductivity (~50 puS/cm,
in situ temperature) as a result of dilution by rainwater can drain into the subsurface through
sinkholes and reversing springs [Gulley et al., 2011]. Differences in electrical conductivity of
surface water and groundwater result in mixed water within the conduits characterized by
variable conductivity depending on the fraction from each source [Hess and White, 1988; Grasso
and Jeannin, 2002]. Determining fractions of source water has long been studied through the
use of End Member Mixing Analysis (EMMA) [Burns et al., 2001; Doctor et al., 2006]
commonly using discrete samples collected at streams or springs. In this paper, we explore the
use of geophysical methods to determine variations in electrical conductivity of inaccessible
conduits in order to estimate fractions of groundwater and surface water through time and within

conduits and matrix porosity.
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The use of hydrogeophysics to study karst aquifers has grown in recent years [Moore and
Stewart, 1983; Gueérin and Benderitter, 1995; Gautam et al., 2000; Sumanovac and Weisser,
2001; McGrath et al., 2002; Guérin et al., 2009; Chalikakis et al., 2011; Meyerhoff et al., 2012].
Early studies used electrical resistivity tomography to determine resistivity anomalies in karst
regions [Smith and Randazzo, 1975; Denahan and Smith, 1984]. Hydrogeophysics has more
recently been used to determine locations of sinkholes [van Schoor, 2002; Jardani et al., 2006;
Jardani et al., 2007] and both air and water-filled subsurface voids [Smith and Randazzo, 1975;
Vouillamoz et al., 2003; Legchenko et al., 2008; Tripathi, 2009; Zhu et al., 2011; Vadillo et al.,
2012]. Currently, electromagnetics, gravity, and ground penetrating radar are considered the
most suitable methods for detecting karst conduits and other large cavities [Thomas and Roth,
1999; Chalikakis et al., 2011] although some studies have used electrical resistivity tomography
to determine locations of subsurface conduits [Smith and Randazzo, 1975; Denahan and Smith,
1984; Gueérin and Benderitter, 1995; Gautam et al., 2000; Vouillamoz et al., 2003; Guérin et al.,
2009; Tripathi, 2009; Zhu et al., 2011; Meyerhoff et al., 2012; Vadillo et al., 2012]. Denahan
and Smith, [1984] found that fluid filled voids in karstic regions have low resistivity anomalies
compared to the background resistivity, due to the high electrical conductivity of groundwater.
Guérin et al., [2009] furthered this work and concluded that the boundary between conduits and
matrices is not very well-defined, which may reflect a reaction halo surrounding conduits [Moore
et al., 2010b]. Recent work by Zhu et al., [2011] confirmed previous observations of low
resistivity anomalies at karst locations discovered by [Denahan and Smith, 1984], but also found
these anomalies could result from water-filled zones of high matrix porosity rather than true
conduits. To determine whether these anomalies are conduits or other high porosity pockets,

previous studies required the need for drilling to check the origin of the resistivity anomalies
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[Zhu et al., 2011; Vadillo et al., 2012]. Recently, Meyerhoff et al. [2012] used electrical
resistivity to identify karst conduits and matrix and used time-lapse geophysics to visualize
groundwater and surface water resistivity differences over time.

Time-lapse geophysical methods have been used to characterize changes in resistivity
through time and varying hydrologic conditions related to recharge [French et al., 2002; French
and Binley, 2004; Descloitres et al., 2008], soil moisture [Zhou et al., 2001; Binley et al., 2002a;
Binley et al., 2002b; Miller et al., 2008] and other changing hydrogeochemical and
hydrogeological conditions [Legaz et al., 2009; Johnson et al., 2010]. In our study, we use this
time-lapse electrical resistivity tomographic approach to non-invasively investigate karst
groundwater-surface water mixing and exchange over an eight-week period.

We use electrical resistivity tomography to investigate karstic zones, where inflow of low
electrical conductivity surface water to the subsurface creates high resistivity anomalies in the
time lapse inversion. We confirm our results using subsurface observations and (1) determine
how changing electrical conductivity is related to changing fluid source waters; (2) use flow,
end-member mixing and forward numerical models to address variations in flow and
hydrodynamic dispersion; and (3) determine the influence of inversion methods on observations
of conduit-matrix exchange and changing hydrologic conditions. While studies have looked at
quantifying temporal patterns of mixing in stream and groundwater, to our knowledge no study
has ever quantified mixing spatially and temporally in the subsurface around a karst conduit
using electrical resistivity data with an end member mixing model. In this study, we present two
time series of electrical resistivity tomography data collected during an eight-week geophysical

field campaign in the summer 2011 in Florida.
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4.2 Methods

Below the field, geophysical, inversion and modeling setup are described in detail.

4.2.1 Field Site

We deployed two electrical resistivity arrays in the Santa Fe River Basin, O’leno State
Park, Figure 4.1c (see the two red lines). One location (Site A) was upstream near the Santa Fe
River Sink, and the other (Site B) was downstream near the Santa Fe River Rise. Two separate
locations were chosen to compare spatial mixing dynamics upstream and downstream and to
determine temporal mixing signatures between the Santa Fe River Sink and River Rise.
Observations were made at Site A and Site B for six weeks (Time Series A) and for two
weeks (Time Series B). After the initial six weeks the lines were shifted to better orient over the
karst conduits. At both sites, 64 stainless steel electrodes were placed at 5 m spacing along each
transect for the duration of the time-lapse experiment. The electrodes were connected to the
surrounding soil using bentonite to ensure that the electrodes remain in their location and
configuration for the duration of the experiment. During the experiment, electrical resistivity
tomography measurements were made with an ABEM SAS4000 system using a Wenner array.
During collection, duplicate measurements were taken and stacked, so that the standard deviation
of the measurements was less than 0.1%. For the entire dataset, a minimum of three to a
maximum of ten stacked measurements were taken to reach this level of confidence.

4.2.2 Geophysical Setup

We deployed two electrical resistivity arrays in the Santa Fe River Basin, O’leno State
Park, Figure 4.1c (see the two red lines). One location (Site A) was upstream near the Santa Fe
River Sink, and the other (Site B) was downstream near the Santa Fe River Rise. Two separate

locations were chosen to compare spatial mixing dynamics upstream and downstream and to
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determine temporal mixing signatures between the Santa Fe River Sink and River Rise.

Observations were made at Site A and Site B for six weeks (Time Series A) and for two weeks
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Figure 4.1 -(a) Region of the United States of the study area in blue and (b) the Santa Fe River
basin in the green region of Florida. (c) Santa Fe River Sink-Rise system, with the Santa Fe
River shown in blue. The Santa Fe River is captured by a karst window and follows a network of
karst conduit (denoted by dashed lines) until it reappears five kilometers downstream. ERT study
locations are shown with red lines and denoted by Site A and Site B. Used with permission from
Wiley Publishing.
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(Time Series B). After the initial six weeks the lines were shifted to better orient over the karst
conduits. At both sites, 64 stainless steel electrodes were placed at 5 m spacing along each
transect for the duration of the time-lapse experiment. The electrodes were connected to the
surrounding soil using bentonite to ensure that the electrodes remain in their location and
configuration for the duration of the experiment. During the experiment, electrical resistivity
tomography measurements were made with an ABEM SAS4000 system using a Wenner array.
During collection, duplicate measurements were taken and stacked, so that the standard deviation
of the measurements was less than 0.1%. For the entire dataset, a minimum of three to a
maximum of ten stacked measurements were taken to reach this level of confidence.

4.2.3 Data Processing and Inversion

Data was processed and inverted using ATC-Time Lapse inversion [Karaoulis et al.,
2011]. The ATC approach allows for the creation of a sensitivity matrix of resistivity changes.
This matrix is used to inform and aid the time-lapse inversion process and allows for abrupt
changes in resistivity where the tomogram is most sensitive. Raw resistance data was filtered to
within acceptable ranges; acceptable ranges were determined by percent change of electrical
conductivity in the field (e.g. maximum percent change allowed in resistivity is equal to
maximum change in field electrical conductivity). Inversion software [Karaoulis et al., 2011]
was used to invert individual day-long measurements independently using an Occam inversion
with full Jacobian calculations to determine root mean square in the model inversion [Karaoulis
etal,2011]. A Lagrangian value of 0.0457 was used for Time Series A and B. For each data
set the same grid was used for the inversion where blocks sizes were 5 m horizontal and 2 to 8m
vertical. Since results may be sensitive to inversion parameters and grid shape and size, the same

inversion parameters and grid were used for each time step and time-lapse inversion. Each
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inversion was deemed acceptable when inversion RMS was around 10%. If a single day
inversion RMS was larger than acceptable ranges, raw resistance data was filtered again.
Processing the data was achieved by smoothing the resistivity data or larger anomalies were
removed from the data set. From Site A 0 % of the data was removed and 7.6% was smoothed.
For Site B 0% of the data was removed and 7.5% was smoothed. Greater than 95 % of the
smoothed data occurred in the top 5 meters of the tomogram, due to high resistivity values within
the soil horizon. Recurring measurements that induced large residuals errors were filtered from
the data set. Minimizing independent inversion error results in reduced errors in the time-lapse
inversion process. Once filtered data was inverted to this acceptable limit for each day, each
complete data set, was inverted simultaneously through a time-lapse inversion process for both
Time Series A and B [Karaoulis et al., 2011].

4.2.4 Synthetic Modeling

We used ParFlow [Ashby and Falgout, 1996; Jones and Woodward, 2001; Kollet and
Maxwell, 2006; Kollet et al., 2010; Maxwell, 2013] and SLIM-FAST [Maxwell and Kastenberg,
1999; Maxwell et al., 2007; Maxwell, 2010; de Rooij et al., 2013] to simulate flow, mixing, and
the electrical resistivity experiments reported here. ParFlow is a fully-coupled hydrologic model
that simulates variably saturated Richards’ equation for subsurface flow. SLIM-FAST is a
Lagrangian particle tracking code that was used here to determine mixing of groundwater and
surface water. For all synthetic experiments the following method was used as shown in Figure
4.2. The flow and transport domains were x=420m, y=25m and z=100m, and were configured to
be larger than the electrical resistivity line to minimize the effects of boundary conditions on
flow and geophysical experiments (Figure 4.3a). Figure 4.3a is a sketch of the ParFlow modeled

domain diagram and Figure 4.3b is a cross section of the model domain and 4.3c is the
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Figure 4.2 -(a) Schematic of synthetic and field data collection and processing. Steps where a
direct comparison is made between field and synthetic data is denoted by compare. (b) XZ plane
schematic of numerical flow simulation domain used from synthetic experiments. Note Y plane is
continuous for 25 meters.

geophysical model setup. Cell dimensions were Ax=1m, 4y=2m and 4z=2m. No flow domains
are used on the Ymin, Ymax, Zmin and Zmax faces (Figure 4.3a). The Xmin and Xmax faces had
constant heads at the land surface to insure that the model domain remains fully saturated. Karst
conduits were modeled as high hydraulic conductivity. Other approaches to modeling karst
conduit have been used, such as pipe flow [Springer, 2004], continuum pipe flow [Cornaton and
Perrorchet, 2002; Liedel et al., 2003], fracture and porous media flow [Kaufmann, 2003] or
drainage cells [Quinn et al., 2006] and could be employed in the future. Hydraulic conductivity

values were based on those estimated for the Santa Fe River Basin [Martin and Dean, 1999;

Martin and Screaton, 2001; Martin, 2003]. Hydraulic conductivity was estimated to be on the
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Figure 4.3- (a) Synthetic karst conduit and matrix model domain, (b) cross section AA’ of
injection of water into conduit to simulate conduit matrix exchange, (c) example conductivity
profile and wenner array geophysical setup.

low end of these estimates with the matrix and conduit having values of 10m/d and 150m/d
respectively. Varying flow scenarios were generated using ParFlow; water was injected and
withdrawn from the karst conduit using injections (Figure 4.3b) and four separate exchange rates
between conduit and matrix (24m3/d, 40m’/d, 56m’/d, 72 m3/d). In the field (Figure 4.4,
discharge), assuming constant volumetric flux, porosity, even distribution of recharge and
conduit size, an exchange rate of from conduit to matrix was estimated at ~73 m’/d. This

calculation and estimates of discharge from 9m*/d to 65m’/d [Martin and Dean, 2001] was used

as a basis for the exchange rates in the synthetic experiment. These flow results were used to
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generate time-varying velocity fields for a particle tracking code, SLIM-FAST, to determine
fractions of groundwater and surface water conductivity mixing at different dispersivities (6
different dispersivity were simulated: 0.01 m, 0.25 m, 0.81 m, 1.69 m, 2.89 m and 4.41 m). Flow
simulations assumed that lateral and transverse dispersivity were identical. Each case was
simulated for 7 days, where the first day was an initial condition of entirely groundwater, then 3
days of increased surface water influx and 3 days of groundwater draining to initial conditions.
The fractions of groundwater and surface water were used to create 3-dimensional profiles of
conductivity distributions. Conductivity profiles included a high resistivity layer at the land
surface to correspond with the high resistive layer seen in the field [Meyerhoff et al., 2012]. A
summary of the synthetic simulations and model parameters are described in Table 4.1. These
profiles give us a spatial and temporal representation of conductivity around a karst conduit and
matrix for a seven-day period of high and baseflow conditions.

Table 4.1 - Summary of the synthetic modeling parameters and cases.

Synthetic Modeling Parameters and Cases

x (m) 420 Ax (m) 1
y (m) 25 Ay (m) 2
z (m) 100 Az (m) 2
0 (m’/d) 24,40,56,72 D (m) 0.01, 0.25, 0.81, 1.69, 2.89, 4.41

A synthetic geophysical experiment is then run using ParFlow. Due to ParFlow solving
Darcy’s Law during saturated conditions, we are able to relate Darcy’s law and Ohm’s Law
during these conditions (Equation 4.1 and 4.2).

dh

—
=0 4.2)
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Flow (g) is related to current (i), head change (dh) to voltage change (dv) and permeability (o) to
conductivity (¢). Using this relationship, we use the conductivity maps (k to o relationship)
generated in SLIM-FAST in ParFlow and inject and withdraw current using wells (electrodes).
Current was injected below the land surface, as would be the case in a typical field experiment
surface array. Geophysical experiments were collected in the middle of the domain (y=12.0m, x
starting at 50m to 370m, Figure 4.3a). For everyday of each case, for a total of 168 days, a
synthetic geophysical experiment was performed. 2-dimensional synthetic electrical resistivity
experiments were then collected using a Wenner array (Figure 4.3c) on these 2-dimensional
conductivity representations and inverted through time using the same algorithm used on the
field observations; an Occam ATC time-lapse inversion with full Jacobian calculations using the
same inversions parameters as the field experiment [Karaoulis et al., 2011]. The same grid and
inversion settings as the field case were used to minimize errors that may arise in using different
inversion parameters. Synthetic inversions were compared with observed conductivity profiles
to determine (1) how well the mixing is resolved by the electrical resistivity (2) the effects of
dispersion and flow on resistivity responses. Synthetic experiments were then compared directly
with field data at two different steps, 1) field and synthetic time-lapse inversions were compared
and 2) mixing fractions from End Member Mixing Analysis and SLIM-FAST (Figure 4.2). A
further description of the synthetic experiment setup and process is described in the appendix.
4.2.5 End Member Mixing Analysis
End member mixing analysis has long been used in determining fractions of water sources based
on chemical and thermal data [Burns et al., 2001]. In this study, we use electrical resistivity
tomography and field data in an EMMA. For our electrical resistivity tomography field data, we

convert resistivity to electrical conductivity. These spatial and temporal electrical conductivity
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time slices were used in an EMMA. Where we compare the electrical conductivity of water (e.g.
groundwater and surface water) measured at our field site with the electrical conductivity
measured with electrical resistivity tomography. We used groundwater, (1200 uS/cm, largest
groundwater source) and surface water (rainwater) as our two end members to separate the
fractions of groundwater and surface water through space and time for each time slice using
X(R-W)=(F-W), (4.1)
where R is the rainwater concentration [uS/cm], W is the well concentration [uS/cm], F is the
field resistivity data [ohm m] and X [-] is the surface water percentage. While EMMA is
typically applied to fluid conductivity data collected from surface and ground water samples, we
apply it to electrical conductivity data collected from time-lapse electrical resistivity
tomography. This comparison allows us to look at subsurface mixing spatially and temporally at
two locations in karst environments. To our knowledge, this is the first time an EMMA has been
used on ERT.
4.3 Results and Discussion

In this study we present two time series, the first is six day set of upstream data, Site A
(Time Series A), and the second set is six day set of downstream data, Site B (Time Series B). A
portion of Time Series B data was previously published [Meyerhoff et al., 2012], but is expanded
through time to improve the visualization of interactions at varying flow conditions and to
incorporate the synthetic modeling comparison with the data (e.g., Figure 4.2). For both time
series, data was collected, filtered, and inverted through time for the entire data set. In this study,
we interrogate our resistivity changes to (1) draw conclusions on mixing, exchange and recharge

and (2) compare with forward flow mixing simulations.
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Figure 4.4 - (a) Precipitation and discharge from the Santa Fe River Sink and Santa Fe Rise and

the difference between these flows for the time period of June 231 through August 15", (b)

conductivity is shown for groundwater at well 4, Santa Fe River Sink and Santa Fe River Rise.
Figure 4.4a shows measured rainfall, discharge at the River Rise and River Sink, and

difference between discharge at these two points, and Figure 4.4b shows the progression of

electrical conductivity. The difference between the discharge at the River Sink and River Rise

67



shows a period from around July 30 to August 6 during which more water flowed into the River
Sink that from the River Rise, reflecting loss of water from the conduit to the matrix porosity
[Screaton et al., 2004]. Convective thunderstorms occurred over the region throughout the
study, but did not always affect the flow conditions in the river (e.g July 9"™), likely because the
rain gauge measures spot discharge (our study presents data at O’leno State Park), which can be
smaller or large magnitude when averaged over a large area. Discharge can also be affected by
previous rainfall, whereby river flow may increase for smaller magnitude storms if additional
storms occurred prior to the large rain event. For Time Series A, we focus on an electrical
conductivity change from June 29" through July 12th. While there was no increase in discharge
upstream that reflected this change in conductivity, this change in groundwater-surface water
fractions may have come from a mixture of diffuse and allogenic recharge. For Time Series B,
we focus on a rainstorm that occurred on August 2", when a reversal of discharge in the Santa
Fe River Sink-Rise system occurred (Figure 4.4a) and specific conductivity decreased at the
River Sink, but not at the River Rise (Figure 4.4b). These observations are consistent with
surface water flowing through conduits and mixing with groundwater to discharge at the Santa
Fe River Rise. Mixing with the groundwater minimizes the magnitude of the conductivity
response at the River Rise. It is during this storm and the allogenic recharge event, that we
analyze changes in electrical conductivity to determine mixing spatially and temporally using an
EMMA.
Here, we present resistivity data collected at Site A from June 29" to July 11 for Time

Series A. For Time Series B we investigate data at Site B from July 27th to August 8th. Each
data set and time series was filtered and inverted through a time-lapse process described above in

Section 4.2.3. Figure 4.5 plots the model inversion RMS for each iteration for Time Series A and
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B. Our time-lapse inversion error is ~7% for Site A, and ~3% for Site B. In Figure 4.6, the
model residuals (i.e. model versus field data) are shown for each day. Time Series A has the
nosiest data set. While a majority, ~ 85 % fall within in 10% error, large amounts of data falls
outside of this range. The effect of this noise can be seen in resistivity data plots. For Time
Series B data set, greater than 90 % of the residuals fall within 10 % error. The largest residuals
at Site A and B are in the shallow subsurface; this is due to the highly resistivity and variable
thickness of an unconsolidated surficial sand which quickly drains. Our time-lapse process
enhances our model.

25

Time Series A

Time Series B

20 |

10

Inversion RMS

Iteration
Figure 4.5 - Model time-lapse inversion RMS for each iteration for Time Series A and B.
sensitivity through time [Meyerhoff et al., 2012]. Figure 4.7 shows a sensitivity plot for the time
lapse inversion for Site A and Site B. The most sensitive locations in the inversion process are
located near the land surface, where the electrodes were emplaced. The deepest part of the
inversion (greater than 40 meters depth) has the least sensitivity.
In Figure 4.8, we show the initial resistivity on June 29" for Site A (Time Series A) and

the change in resistivity through time until July 11", Resistivity increases through time in places
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on the cross section July 6™, when resistivity begins to return to the conditions prior to June 29™.
The inversion data for Time Series A contained larger residuals (e.g. error, Figure 4.6) and could
relate to the cross section having noisy conditions. The greatest change in resistivity occurs in
the region of a conduit, which was mapped by cave diving (black rectangle, Figure. 4.8). This
region is in a high sensitivity area (Figure 4.7). Resistivity time slices are converted to electrical

conductivity to compare with field data of electrical conductivity. These electrical conductivity
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Figure 4.6 - Residuals of field inversion for Time Series A Site A (a) and Time Series B Site B
(b). Note: small number measurements are shallow and high number measurements are deep

values are used to determine fractions of groundwater and surface water using an EMMA (Figure
4.9). The greatest fraction of surface water occurs within the location of the mapped conduit as
expected from the increase in resistivity shown in Figure 4.7. In this region, groundwater

comprises of 90% of the electrical conductivity signal, but decreases to about 60% groundwater.
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on July 6™ although during this time, no water was flowing into the River Sink (Figure 4.4).
Low conductivity rainwater from other sinks may have diluted the groundwater in the conduit, or
low conductivity water diluted flow in the River Sink but did not raise the stage enough to cause
discharge. At the peak of this event groundwater only comprises 60% and lasts for a couple
days. Mixing fractions after July 6™ return to initial conditions. The top panel in Figure 4.10
shows the resistivity profile on July 27" and panel below the top one indicate the percentage
change through time for Site B. Black rectangles denote subsurface regions where a karst conduit
is located. The black rectangle is located in a medium to high sensitivity area (Figure 4.7). The
greatest change in resistivity occurs on August Sth at Site B. For the conduit location in Site B on
July 27", prior to the storm that increased flow to the River Sink, groundwater comprises about
80 % of the signal (Figure 4.11). At peak resistivity on August 5™ the fraction of groundwater
increases to around 50%. While Martin and Dean [2001] showed that the composition of water
during flooding does not change from the River Sink to the River Rise during a major flood,
groundwater appears to have remained in the conduit during the rain event monitored during this
study. The elevated fraction of groundwater may reflect the difference in the amount of flow to
the River Sink between the two events. Martin and Dean [2001] came to their conclusions at
higher stage levels than those seen during these field experiments, which may explain the
different conclusions seen in this study. Mixing is seen to spread laterally from the center of the
approximate location of the conduit to a maximum distance of 20-25 meters on either side of the
conduit at the peak of the rainstorm. A second region of mixing to the right of the location of the
conduit, but which retains ~75-80 % of groundwater based on the conductivity. This zone was
previously identified by Meyerhoff et al. [2012] to be a region with a smaller conduit, or possibly

one with limited connection to the rest of the system. To confirm our visualization of mixing and
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resistivity changes in our field results, we simulated numerous flow, mixing and forward model
simulations to compare directly with our field results (Section 4.2.4, Figure 4.4, Table 4.1).
From these sets of numerical experiments, we try to determine (1) the effects of changing flow
rates and dispersivity on the inversion process, and (2) if our time-lapse inversion process has
enough model sensitivity to distinguish between the changing hydrologic conditions (flow or
dispersivity).

Figure 4.12 shows the initial resistivity (synthetic case with a flow rate = 56 m*/day and a
dispersivity of 1.69 m) and percentage change in resistivity in the left column, and the
corresponding conductivity profile used in the synthetic geophysical experiment. Day 4 shows
the lowest conductivity values and corresponds to the day of peak mixing. The lowest
conductivity values occur throughout the entire exchange but the model results do not show a
single minimum in conductivity. Resistivity peak is smaller than the conductivity peak; an under
prediction from the synthetic model. The inversion process smoothes changes in conductivity
and peak conductivity through time, resulting in lower peak conductivity. The resistivity
response is also spatially larger than the conductivity anomaly. This is due to the inversion
method smoothing an anomaly in space. While this method can determine with some accuracy
these changes in time, we are interested in how the inversion method predicts dynamic
hydrologic conditions.

In Figure 4.13, we show the percentage change in resistivity from background at the peak
storm (Day 4) for 4 different flow cases at 3 different dispersivities (e.g. 0.25 m, 0.81 m and 1.69
m). A subsection of the entire model domain is shown to highlight the changes in dispersivity
and flux for the region of groundwater and surface water exchange in a karst conduit. Row 1 is a

flow rate of 24 m*/d with increasing flow rate downward, with Row 4 having a flow of 72 m*/d.
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Figure 4.13 - Model inversion of peak day for four different 4 cases (24m’/d, 40 m*/d, 56 m*/d
and 72m’/d) and 3 different dispersions (0.25m, 0.81m, 1.69m). Peak day, for each time-lapse
inversion, is plotted in percent change in resistivity from Day 1.

Column 1 has the smallest dispersivity (0.25m) and Column 3 has the largest dispersivity
(1.69m). Our synthetic inversion results show that the resistivity anomaly increases as flow rates
increase between conduit and matrix and as dispersivity increases. This increase in resistivity of
the low hydraulic conductivity portion of the model domain reflects highly resistive surface
water mixing with less resistive groundwater. These model results match the resistivity anomaly

patterns seen in our field data (e.g. Figure 4.8 and 4.10), where the size of resistivity anomaly

and peak resistivity increase. While the inversion method may be able to determine the



hydrologic conditions are changing, to some extent the inversion process still has a haloing effect
around the resistivity anomalies.

Figure 4.14 illustrates this by showing the peak-mixing day for all flow cases and
dispersion of 1.69 m. The inversion process deciphers the low electrical conductivity body (Row
2) in the middle of the karst conduit and determines a high resistivity anomaly (Row 1) at this
location. A distinct resistivity anomaly is seen for these flow rates, with an increasing resistivity
magnitude with increasing flow rate. The spatial extent and location of the resistivity anomaly is
less certain. While the conductivity body (Row 2) has mixing out to a distance of 10 meters in
all directions, the inversion process smears these distances out to 20-25m. With increasing flow
rate we see a larger resistivity anomaly in the x-direction and less in the z-direction. The
inversion process tends to smooth out the resistivity anomaly in the x-direction rather than the z-
direction. This is due to horizontal structures being better predicted by a Wenner array (which is
more sensitive to vertical changes). A combination of different resistivity array types could more
adequately predict mixing around a karst conduit (both in the field and in synthetic models).
While the inversion process determines a larger resistivity anomaly with larger flow rates, the
magnitude of the anomaly in the inversion process does not represent the exact magnitude of the
conductivity anomaly (an under prediction). We show the limitations of our inversion to predict
changes the exact mixing dimensions, however, these same synthetic resistivity patterns are seen
in our field data. We directly compared each one of our synthetic cases with our field site during
the period of July 27" and August 8" for Site B. To determine the best possible flow and
dispersivity that matches our field conditions, we calculated the RMSE between the model and
the field data (for the peak day). The field case (Time Series B) closely resembles the synthetic

case shown in Figure 4.12, which has a flow rate of 56 m®/day and dispersivity of 1.69 m. This
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Figure 4.14 - Resistivity at peak day for 4 different flow rates is plotted in the Row 1 (24m’/d, 40 m*/d, 56 m*/d and 72m’/d) and

conductivity profiles (uS/cm) for that day is plotted in Row 2.
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flow rate of 56m’/d is smaller than the rate calculated assuming constant flux, porosity in a karst
conduit. This flux rate is 77% of the estimate discharge from conduit to matrix and could
penetrate a distance ~5m assuming constant flux and porosity around a conduit. Even though
our field estimates differ from our synthetic comparison, it is entirely possible that our field
conditions were close to this flow rate due to the assumptions made in calculating the estimated
flux. An average RMSE ~8% was seen for this flow and dispersion case. Figure 4.15 shows the
mixing model results from our field case and flow mixing results from our synthetic case and the

percent change in resistivity response from Day 1 for both field and synthetic case.
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Figure 4.15 - Row 1 plots the (a) end member model mixing for our field site B at the peak day,
(b) percent change for the peak day from Day 1 for O’leno State Park field data. Row 2 plots the
(a) SLIM-FAST conductivity profiles peak day, (b) the percent change in the inversion from Day
1.
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In the field, a minimum of 50 % groundwater occurs at the time of peak flow while the model
cases shows some locations contain all surface water. However, the resistivity responses look
spatially similar. To compare the differences in our resistivity responses we calculate the
residual and the RMSE between our field and synthetic case. Figure 4.16 shows the RMSE and
the residual when comparing the field and synthetic case. We see that based on the residuals, our
synthetic model generally over predicts the resistivity response, which corresponds to the
difference we see in the mixing peak. These differences could be related to the time-lapse
inversion process smoothing out resistivity peaks or that our synthetic model was forced to have
pure surface water or groundwater. While these differences may be present, our synthetic model

approach successfully replicates field conditions, resistivity anomalies, and mixing seen in the
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Figure 4.16 - (a) Plots the residual mean square error between the karst region of the field and
synthetic data and (b) residual between the field and synthetic data.
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4.4 Conclusions

Results of two sets of time-lapse electrical resistivity data from a semi-confined karst
aquifer were used to investigate 1) changing patterns of electrical conductivity and mixing, 2)
flow, mixing and forward models to synthetically investigate groundwater and surface water
mixing between karst conduit and matrix, and 3) influence of inversion methods on results.
Specifically in this study, we came to the following conclusions:

1. Different fractions of groundwater and surface water occur near the location of a
known conduit based on an EMMA model through time as specific conductivity of the water in
the conduit varies with flow. During low flow conditions groundwater comprises greater than
75% of the water in karst regions. However, during high flow conditions the fraction of
groundwater decreases to less than 50%.

2. Synthetic mixing and forward ERT results determined that the field-based observations
and time-lapse inversion process can distinguish differences between changing hydrologic
conditions of flow and dispersivity. Larger resistivity anomalies occur when flow rate is
increased, due to more penetration of low-conductivity surface water into the groundwater
matrix. Similar increases in resistivity anomalies occur when dispersivity increases. The best
match between the observed ERT data and model data occurred when the volumetric flux was
56m’/d and the dispersivity was ~1.69 m.

3. While inversion methods are prone to having the so called “halo” effect, our synthetic
conductivity profiles are closely reproduced through geophysical experiments and inversion
process. X-direction mixing was more smoothed out in the inversion process than Z-direction.

Determining both lateral and horizontal mixing is difficult using the standard Wenner array
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(better at determining horizontal structures). A mixture of different resistivity arrays may
provide better resolution of mixing around a karst conduit.

4. A comparison of synthetic and field results show that the same type of patterns seen in
our synthetic mixing cases are seen in the field. The resistivity anomalies through time result
directly from groundwater and surface water mixing, and the movement of low conductivity
water from karst conduit to matrix porosity during a high flow event.

While our study was idealized and simplified to show only one flow process occurring in
the subsurface and karst are well known for complicated flow, nevertheless it provides
significant confidence in our field observations that leads us to believe that this type of surface
and groundwater mixing (i.e. flow from conduit to matrix) was occurring. The Wenner array
was used for simplicity in the field, however our synthetic results showed that the ability of this
array to determine x-direction and z-direction is minimal. This is due to the sensitivity of this
array to detect changes in resistivity vertically versus horizontally. Determining whether a
mixed array is necessary to collect more resistance data around karst structure may be crucial in
predicting these sorts of interactions. The combined framework of observed electrical resistivity
data with flow models could be used in a wide range of geophysical investigations and

comparisons of varying hydrologic conditions.
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CHAPTER 5
GENERAL CONCLUSIONS

Due to vast abundance of karst water resources, characterization of groundwater and
surface water mixing and varying subsurface properties is crucial to understanding overall karst
water quality and quantity. Martin and Dean [2001] developed a conduit-matrix exchange
hypothesis to describe how groundwater and surface water interact in the karst aquifer during
high flow and baseflow. At baseflow, conduit flow is controlled by discharge from matrix
porosity. At high flow, surface water can drain into the subsurface through sinkholes and
reversing springs [Gulley et al., 2011]. This work presents three approaches, 1) conditioned
hydrologic modeling, 2) geophysical field data and 3) synthetic geophysical numerical modeling,
to characterize this conduit matrix mixing and groundwater surface water interactions in karst
environments.

ParFlow was used to condition two separate flow regimes (e.g. Dunne and Hortonian).
Surface runoff, saturation and pressure head are affected by the conditioning of subsurface
hydraulic conductivity. A reduction in uncertainty in the subsurface resulted in a substantial
reduction in uncertainty in Hortonian outflow and less of a reduction in Dunne outflow. While
conditioning of hydrologic models has been used in numerous other studies, here it is shown how
conditioning the subsurface propagates through a coupled flow system. This study provides a
framework of investigating how subsurface information affects coupled groundwater surface
water model’s prediction. This is a first step in determining how we can improve coupled flow
model prediction.

While it is important to improve our model prediction, it is also important to determine
whether our hydrologic models mimic the physical flow processes seen in the field. A

geophysical field campaign was conducted in O’leno State Park, Florida (Figure 2.1). Here, an
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electrical resistivity tomography geophysical experiment was used to visualize how groundwater
and surface water interact in karstic environments. Eight weeks of data were collected,
processed and inverted to look at changes of resistivity through time based upon the electrical
conductivity of water. Significant changes in resistivity are seen through time at two locations in
O’leno State Park. It was hypothesized that these changes were related to fluid source water (e.g
groundwater or surface) changes and mixing.

To determine whether these resistivity anomalies visualized in the field campaign were
related to groundwater surface water mixing, an ensemble of synthetic forward models were
simulated, inverted and compared directly with field observations and field EMMA. These
forward models consisted of creating flow gradients from karst conduit to karst matrix and
inputting these gradients into a Lagragian particle tracking code to look at how groundwater and
surface water mix. Synthetic models were inverted at day intervals (to mimic field data
collection) and compared directly with field observations. For both field observations and
synthetic models the same type of resistivity anomalies, and mixing fractions were seen. From
this it was determined that 1) electrical resistivity may be used to visualize the mixing of
groundwater and surface water, 2) resistivity time slices may be used in an EMMA to look at
fractions of groundwater and surface and 3) synthetic flow and mixing models mimic the field
conditions of flow and mixing and confirm our field campaign results of subsurface groundwater
and surface water mixing.

This work was designed to look at the interactions of groundwater and surface water in
karstic environments. The three approaches, each different, showed the complexity of
groundwater and surface water in karst systems. Karstic systems are driven by subsurface flow

(e.g conduit flow or large fracture flow). Chapter 1 showed that the characterization of
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subsurface properties (e.g hydraulic conductivity) reduces uncertainty in surface runoff,
saturation and pressure. Geophysical field data (Chapter 3) and synthetic modeling (Chapter 4)
showed the complexity of mixing in and around a karst conduit in varying flows and how
geophysics can be used to aid in the visualization of groundwater surface mixing.
Characterization of this subsurface flow and mixing is essential to understanding karst water
quality and quantity. In this study, resistivity results were comparable between field and
synthetic data; however, a conditioning approach may have yielded better prediction and reduce
uncertainty in the results. Currently, O’leno State Park is monitored real-time for electrical
conductivity, which would provide data for subsurface conditioning of electrical conductivity.
Conditioning electrical conductivity (or resistivity) in the inversion process could enhance the
prediction of karst groundwater surface water mixing between matrix and conduit. These
interactions however, are neither spatially or temporally constant nor consistent. Using the field
approach established here, the monitoring of subsurface karst conduit mixing could be achieved
1) for longer time periods, 2) in different flow conditions and 3) in a 3-dimensional electrical
resistivity tomography array. This would allow for a better characterization of the complexity of
conduit matrix dynamics spatially beyond the 2-dimensional approach used in this study.
Understanding these complexities spatially and temporally is important in understanding karst
aquifers, which are vital to worldwide water resources.

These approaches (e.g. conditioning and geophysics) are not mutually exclusive to karst
environments. While these approaches were used in karst environments in this study,
geophysical method, synthetic modeling and conditioning can be expanded to a wide range of
changing hydrologic conditions. It has been shown how geophysical methods and synthetic

modeling can be used to validate results and how a better prediction can be achieved with the use
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of conditioning. Combing these methods could enhance our understanding and improve our
prediction of groundwater and surface water quality and quantity in a variety of environments

(e.g karst, hyporheic exchange, salt water intrusion) and changing hydrologic conditions.
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