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Capturing Seismic Signals From Karst Aquifer Injection
Experiments and a Natural Recharge Event

S. L. Bilek! 2/, A. J. Luhmann? (2, R. Grapenthin? ©/, Han Byul Woo', and J. A. Gochenour!

!Earth and Environmental Science Department, New Mexico Institute of Mining and Technology, Socorro, NM, USA,
2Department of Earth and Environmental Science, Wheaton College, Wheaton, IL, USA, *Department of Geosciences,
Geophysical Institute, University of Alaska Fairbanks, Fairbanks, AK, USA

Abstract Variations in subsurface flow processes through a karst aquifer that feeds Bear Spring in
southeastern Minnesota were captured on a temporary seismic network during injection experiments and a
natural recharge event. Each experiment involved injecting ~13,000 L of water into an overflow spring, and
the natural event was triggered by a large rainstorm of ~70 min in duration. During the injection experiments,
the largest amplitude signals in the ground velocity seismograms occurred as the water first fell onto the

rock at the overflow spring and as the large slug of water reached a sump or water-filled passage. During the
natural rainstorm event, the overflow spring began flowing and total spring discharge (perennial emanation
points and the overflow spring) increased from ~100 to 300 L/s. Seismic signals during and following the
rain event include broadband noise from raindrops impacting the ground, as well as large amplitude signals
while water levels rose; the latter occurred over a 5-s period, producing multiple pulses of ground motion

up to ~0.5 mm/s. Based on seismic array analysis, high frequency signals during the natural recharge event
and one of the injection experiments are largely sourced from south of the array, where a sump exists and the
conduit orientation changes, but additional modeling is required to further understand which of a set of possible
mechanisms is mostly likely the cause of these seismic signals.

Plain Language Summary Karst aquifers provide important subsurface water storage and are
dynamic hydrologic systems that can respond quickly to heavy rainfall, yet understanding their subsurface
architecture and how it impacts flow can be difficult. We conducted a joint hydrologic and geophysics study
above a mapped karst aquifer to investigate possible geophysical signals associated with changes in water
levels and flow within the aquifer. Here, we present new observations of seismic signals generated within

a karst aquifer during both human-generated injection experiments as well resulting from a large natural

rain event. We find large amplitude seismic signals associated with water hitting the base of the spring and
impacting a subsurface fluid-filled passage. These seismic observations can form the basis of future studies on
how these signals may be generated within the karst system.

1. Introduction

The expanding field of environmental seismology has provided novel opportunities to study a variety of Earth
surface processes that are complementary to traditional monitoring methods while enabling entirely new obser-
vations that were not previously possible (e.g., Burtin et al., 2016; Cook & Dietz, 2022 for reviews). There are
a wide range of environmental use cases, but we focus here on those applied to aquifer properties and water
flow. Recent seismic data analysis has been used to detect changes in water table, groundwater storage (e.g.,
Almagro Vidal et al., 2021; Clements & Denolle, 2018; Garambois et al., 2019; Kim & Lekic, 2019) and water
saturation in karst systems (Fores et al., 2018) using temporal changes in seismic velocity. Other studies demon-
strate that seismic monitoring of surface rivers and streams enables characterization of bedload transport, turbu-
lence, and other flow processes (e.g., Anthony et al., 2018; Barriére et al., 2015; Burtin et al., 2008, 2010, 2011;
Ronan et al., 2017; Schmandt et al., 2013; Smith & Tape, 2019). In addition, environmental seismology has
been used to identify many glacial processes including subglacial drainage activity (e.g., Aso et al., 2017; Aster
& Winberry, 2017; Bartholomaus et al., 2015; Lindner et al., 2020; Nanni et al., 2020), as well as air dynamics
(Podolskiy, 2020), fracturing (Podolskiy et al., 2018), subglacial flow structure and size (Gimbert et al., 2016;
Vore et al., 2019; Zhan, 2019), and tracking of subglacial flood fronts (Eibl et al., 2020).
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Other possible targets for seismic analysis of flow are karst landscapes, which form when soluble rocks such as
carbonates react with CO,/acid to dissolve (e.g., Ford & Williams, 2007; Hartmann et al., 2014; White, 2002).
This produces features at the surface such as sinking streams, sinkholes, and springs, but the dissolution below the
surface enlarges fractures and bedding planes to produce conduits and caves. Some water may slowly flow through
the soil and rock matrix, but the conduits make karst aquifers dynamic hydrologic systems where water levels may
quickly rise and fall in response to precipitation and snowmelt events. This causes significant variability in flow
and transport (e.g., Ford & Williams, 2007; Herman et al., 2008; Ravbar, 2013; Vesper & White, 2003), including
the activation of additional flow paths (Birk et al., 2014; Mayaud et al., 2014). Karst conduits enable fast flow,
such that maximum velocities on the order of km/day have been reported (e.g., Worthington & Ford, 2009).
Such conduit flow will have similarities to flow in surface streams (velocities, turbulence, open channel flow)
and subglacial systems (full pipe flow, transitions between open channel and full pipe flow, water interacting
with rough conduit walls instead of the streambed). Based on the success of seismic studies to characterize flow
in both streams and glacial systems, studies of flow in karst may also benefit from seismic data collection and
analysis.

When placing all aquifers on a spectrum with respect to water level changes and maximum velocities, karst
aquifers are an extreme endmember because of the conduits (e.g., Ford & Williams, 2007). Flow processes in
the conduits will likely generate a variety of seismic signals, such as seismic pulses or tremor energy associated
with water pressure waves impacting channel walls (e.g., Roeoesli et al., 2016) and tremor signals associated with
changes in discharge (e.g., Bartholomaus et al., 2015; Eibl et al., 2020).

More traditional uses of seismology have focused on characterization of the architecture of a karst system, includ-
ing the thicknesses of soil and regolith as well as the distribution of the conduit network (and other preferen-
tial flow paths), which is typically poorly known. Although conduits are of utmost importance in controlling
flow through the system (e.g., Budd & Vacher, 2004; Worthington, 1999; Worthington et al., 2000), many are
impossible to enter and are incredibly difficult to locate or characterize using other means. Thus, noninvasive
seismic methods have previously been employed to remotely map the location of karst aquifers (e.g., Hiltunen
& Cramer, 2008; James et al., 2017; Sumanovac & Weisser, 2001). However, fewer studies have used seismic
methods to investigate subsurface karst aquifer flow processes.

We conducted a field study to test whether changes in ground water flow in karst conduits would generate distinct
seismic signals recorded on surface seismograph systems. The experiment included controlled water injections
that were conducted by pouring water into a dry overflow spring that is directly connected to a mapped subsur-
face conduit. Additionally, during the experiments, a ~5-cm rainfall event generated large amplitude seismic
(~1-pm ground displacement) and hydrologic (200 L/s increase, or a tripling in discharge) signals. Here, we
document responses to both the injection experiments and the rainstorm event, which provides additional appli-
cations for environmental seismology as an innovative means for noninvasive monitoring of groundwater flow
and other processes in karst aquifers.

2. Study Area

We conducted artificial recharge experiments near Bear Spring, which emanates from the Ordovician Prosser
Limestone of the Galena Group (Mossler, 2008) and is located west of Eyota, Minnesota, USA (4,869,610N,
557,713E, UTM Zone 15; Figure 1). The current estimated springshed size of Bear Spring is 4.4 km? based on
hydrograph analysis (Barry et al., 2020) and ongoing dye tracing work is further refining the springshed extent.
Baseflow discharge is generally 0.017-0.034 m?/s, although high flow events may approach ~1 m3/s (Barry
et al., 2020). The average annual precipitation (1991-2020) for the area of 89 cm (Minnesota Department of
Natural Resources, 2021). Bear Perennial Spring (ID 55A0000406 in the Minnesota Karst Features Database
(Minnesota Department of Natural Resources, 2022)) is a complex spring system. During our short monitor-
ing period, groundwater discharge occurred from several perennial points, including south of the spring house
and from several boils within the spring house. In addition, there was an initially dry overflow spring ~60 m
south-southwest of Bear Perennial Spring (Bear Overflow Spring (ID 55A0000572 in the Minnesota Karst
Features Database (Minnesota Department of Natural Resources, 2022)) 4,869,551N, 557,689E, UTM Zone 15)
that began flowing after a large rain event that occurred near the end of the seismic deployment. With a compass
and tape survey, we mapped the ~1 m diameter cave passage connected to the dry overflow spring a few days
before the injection experiments, and the passage generally trends southeast for ~20 m until it becomes a sump,

BILEK ET AL.

2 of 21

850807 SUOWIWIOD dAIIERID 3|qeoljdde au Aq paueAob a1e 91 VO ‘SN J0 S9IN 104 AXeiq1 8UIIUO AB]IA UO (SUORIPUO-PUR-SWLBIALID A8 |IMAlRIq 1[BUl U0//SdNY) SUONIPUOD pue swLe | 8y} 89S *[£202/70/S2] U0 ARiqiauliuo A8|Im ‘siueqie4 esely JO AseAIuN A S£95209r2202/620T 0T/10p/wod Ae im Are.d puljuo'sgndnBe//sdily wouy pepeojumoq v ‘€202 '9SE669T2



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB025635

_ ',’ Ksn

376

377

3%2
37 —x —x— ® Spring i
372 K i Y Pool H
a7 P * Epri?g housle Il Weir
& Perennial spring | A CTD and CR10 hydro
374 x BR_10 ‘ ) /;'; A CR10 hydro I
h Ao Perennial sp\cjng 1 @ L22seismometer
7 | BRG g 4 @ 128 seismometer 1
x I O 40T1 seismometer
% B Sump |

\

BR8 — Cave

Spring run

\

Overflow run
Exposed PVC
— — Burried PVC

x —x - Fence

(

X =W — X — X X—XX—LX—X—

Spring run
I Building '
I:l Road

<

375
Overflow spring g

0 10 20 40 60 80

Figure 1. Instrument network layout near Bear Spring, MN, to observe karst aquifer recharge signals. All of the perennial springs and the overflow spring are
collectively known as Bear Spring. Sensors include 12 seismometers and hydrologic sensors to capture discharge, electrical conductivity, and temperature changes. The
blue arrow indicates the surface flow path from the pool to the overflow spring where water entered a conduit during the first two injection experiments, and the light
brown arrow indicates the estimated cave passage to the north. Inset map shows field location in southeastern Minnesota, USA.

where the cave is full of water. During a subsequent visit in the passage under lower flow conditions, the cave
map was extended until another sump was encountered. The first two injection experiments caused minimal to
little change in the ~100 L/s background discharge, but heat, salt, and fluorescent dye served as tracers during the
experiments which indicated a direct connection between the injection point at the dry overflow spring and the
perennial discharge points of Bear Spring.
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Table 1

Pool and Flow Characteristics for Each Injection Experiment

Injection
experiment

Release time Pool water temperature Pool water electrical

Start of injection (UTC) (s) Salt in pool (kg) °O) conductivity (mS/cm) Flow characteristics

#1

#2

#3

11 June 2016 18:03:50 538 68.82 19.7 14.73 Injection into

conduit at the
overflow spring;
immediately
drained into the
conduit upon
reaching the
overflow spring

11 June 2016 22:49:24 96 Residual from 11.6 0.893 Injection into conduit

previous at the overflow
experiment spring; some
ponding occurred

12 June 2016 19:06:20 179 272 Surficial flow along

the overflow run

3. Methods
3.1. Experimental Design

An inflatable pool of water (~13,000 L) was emptied twice (injection experiments) into the dry overflow spring
to simulate recharge events at two different injection rates on 11 June 2016 (see pool and flow characteristics in
Table 1). For each injection experiment, the pool was placed uphill of the dry overflow spring and filled with
water pumped from the perennial springs (Figures 1 and S1 in Supporting Information S1). Before the first
injection, water was added to the pool during the previous day (10 June), which allowed the water to warm above
background spring water temperatures. Salt was also added to increase the electrical conductivity of the water.
The first injection experiment started at 18:03:50 UTC on 11 June, where water was slowly released by holding
down the northern third of the pool over a duration of 8 min and 58 s. With the relatively slow release, the water
immediately drained upon reaching the dry overflow spring. In addition, fluorescent dye solution was poured
into the injection stream of water as it entered the overflow spring at 18:04:11 UTC, and it first appeared at the
perennial spring at 18:19:44 UTC, confirming the direct connection between the two features.

To maximize the ability to see seismic signals from flow associated with the pool water injection, all field activity
stopped for ~20 min. Following this stoppage of activity, the pool was filled again with little time for the water
temperature to rise significantly above background spring water temperature before the second injection experi-
ment. No salt was added to the second pool of water. The second injection experiment started at 22:49:24 UTC,
and water was released rapidly for 1 min and 36 s. The rapid release resulted in initial ponding at the dry overflow
spring that quickly drained when the injection period ended.

Field activity was again stopped following the second injection experiment to reduce human-induced seismic
signals, and then the pool was filled with water and salt for a third and final injection experiment that was
planned for the following day. However, rain delayed the final experiment, and the dry overflow spring started
flowing sometime between 13:13 and 13:40 UTC on 12 June because of the rain runoff. This natural precipitation
event significantly increased discharge of the entire spring system (i.e., perennial springs and the previously dry
overflow spring). We did not monitor for precipitation at the field site, but the Rochester International Airport,
~19 km to the southwest, recorded 0.05 in (0.13 cm) of rain the morning of 12 June 2016, while the Winona
Municipal Airport, ~48 km to the east, recorded 1.61 in (4.09 cm; Midwestern Regional Climate Center, 2021).
In addition, a weather station on Weather Underground (KMNPLAINS3, https://www.wunderground.com/dash-
board/pws/KMNPLAIN3/graph/2016-06-12/2016-06-12/daily, last accessed 7 June 2022, in Plainview, MN
~23 km north of our site) recorded 1.98 inches (5.0 cm) of rain that morning. When it became apparent that
spring discharge would not recede quickly, the final pool was emptied and released in 2 min and 59 s, beginning
at 19:06:20 UTC on 12 June. Because the overflow spring was still flowing, water from the pool mixed with water
discharging from the overflow spring and flowed along the overflow run rather than underground.
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3.2. Instrumentation Network

We deployed sensors to capture both seismic and hydrologic responses from our injection experiments. We
installed 12 seismometers (one Guralp CMG-40T1, flat velocity response between 1 and 100 Hz, 10 Sercel L22
with flat velocity response above 2 Hz and one Sercel L28 with flat velocity response above 4.5 Hz) with RT-130
digitizers, all loaned from the IRIS-PASSCAL Instrument Center. Seismic data were recorded at 500 Hz. These
instruments were located above both mapped and assumed conduit locations, with two seismometers above the
mapped sump. Seismic sensors were buried in shallow (<0.5 m) holes within soil overlying the Prosser Limestone.
All seismic data are archived with the IRIS Data Management Center under network code XK (Bilek, 2016).

One Van Essen CTD-Diver measured water level (after compensation for atmospheric pressure using a baromet-
ric pressure sensor deployed on-site), temperature, and electrical conductivity and was attached to a fencepost
driven into the spring run just upstream of the weir (Figure 1). One Campbell Scientific CR10 data logger meas-
uring the same parameters with a Campbell Scientific 247-L conductivity/temperature probe and a vented Druck
PDCR 830 pressure transducer was installed right next to the CTD-Diver, and two other Campbell CR10 loggers
were installed in the spring house and at the far upstream perennial spring emanation (both measuring electrical
conductivity and temperature with a Campbell Scientific 247-L conductivity/temperature probe). To convert
water level to discharge, a 120° v-notch weir was installed downstream of all data loggers and at the upstream end
of the culvert (Figure 1). Additionally, a salt trace discharge measurement was conducted at ~16:05 UTC on June
12 and used to calibrate water levels with respect to the weir.

3.3. Seismic Data Analysis

The primary goal of the project was to record seismic signals associated with changes in water flow within
the karst conduit system. The seismic data provide a time series of ground motion, and we describe here when
large amplitude ground motions, relative to background levels, occurred during the experiment. We can extract
additional information from the seismic data related to power contained in different frequencies of ground
motion. These spectral characteristics of the data can help with interpretation of the signals as observed in
other environmental seismology studies. Additionally, we can use standard array processing techniques such as
frequency-wavenumber (F-K) analysis to estimate the source locations of different seismic signals (e.g., Rost &
Thomas, 2002).

As a first step in the processing, we used standard instrument corrections to convert the raw seismic time series
(units of counts) into ground velocity (units of m/s) by removing the defined instrument response, data mean
and linear trend using tools and workflows in the ObsPy computation package (Beyreuther et al., 2010; Megies
et al., 2011). Converting the ground velocity time series into the frequency domain using Fourier transforms
allows us to represent the data in spectrograms, showing the seismic power at each frequency over time. These
spectrograms were computed for the full experiment time period using the ObsPy spectrogram commands with
defined 5-s windows and 10% window overlaps (Figures 2 and S2-S13 in Supporting Information S1). For the
time windows around the injection experiments and key portions of the rainstorm, the time resolution of the
Fourier transform-based spectrograms is too limited, so in those cases we used a continuous wavelet transform
to improve the time resolution of our spectral analysis (e.g., Lapins et al., 2020; Sinha et al., 2005). For these
injection experiment and rain event-specific windows, we implemented the PyCWT Python module (version
0.2.0a22, Krieger et al., 2022) for continuous wavelet spectral analysis, using a Morlet mother wavelet. Parame-
terization of the Morlet wavelet is often described in terms of scales (e.g., Torrence & Compo, 1998), and here
we use a starting scale of 0.004 s (smallest scale), spacing between the scales of 12 (12 suboctaves per octave),
and seven powers of two to reflect the largest scale. These defined scales are generally related to frequency in
Fourier analysis, with generally smaller scales defining a more compressed wavelet useful to characterize higher
frequency signals.

Power spectral density (PSD) describes the seismic power within a defined frequency range and time period,
allowing for comparison of power between various time periods. We calculated the PSD for defined windows
of hydrologic interest using Welch's method (Welch, 1967) with 95% window overlap and number of points in
powers of two appropriate for the window length, 2! points (or 8.192 s) for each time window length in appli-
cations with the total time >30 s and 27 points (0.256 s) for the focused windows (2.5 s total time) around the
natural event large peaks.
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Figure 2. Full experiment seismic data from station BR1 (vertical component, other components, and stations shown in Figures S2-S13 in Supporting Information S1).
Spectrogram (top) indicates seismic power in dB, relative to 1 (m/s)%/Hz, based on ground velocity waveform data (bottom). Lines on waveform indicate key time
periods during full deployment period (red—injection Experiments 1, 2, and 3; purple—pumping water to refill pool; cyan—start of rain event; green—start of flow at
overflow spring). Solid vertical lines indicate start of activity, and dashed vertical lines indicate end of activity. The duration of injection Experiments 2 and 3 is very
short so those solid and vertical lines almost overlap in the scale of the figure.

We also used F-K analysis to identify direction and slowness of primary seismic energy sources again using
standard array analysis workflows in the ObsPy array processing package (Beyreuther et al., 2010). We used the
vertical velocity components of all stations with time windows and bandpass filters determined as appropriate for
the signal of interest and described in the relevant Section 4. Parameters for the array processing include +3 s/
km x-slowness and y-slowness limits with 0.02 s/km slowness steps, sliding window length of 1.0 s, window step
fraction of 0.05 s, and no applied prewhitening. We compute total beam power in the defined windows from the
covariance matrix of all array stations (e.g., Anthony et al., 2020; Beyreuther et al., 2010). As a result, we have
a time series of absolute power, relative power (sum of the power at all stations normalized by the trace of the
covariance matrix, providing a measure of how coherent the signals are), slowness (inverse of apparent horizontal
velocity), and back azimuth (angle between north and the incoming seismic wave). We find the back azimuth and
slowness where the relative power is at a maximum to report the direction to the source location of the coherent
seismic signal.

4. Results

The seismometers captured a range of ground motion signals from several defined sources such as water flow
during the injection experiments and pump-generated noise during periods of pool refilling, and signals associ-
ated with the rain and natural recharge event (Figures 2 and S2-S13 in Supporting Information S1). Two distant
earthquakes with magnitude >5 occurred during the limited experiment duration; we used filtered signals from
the largest of these earthquakes (2016-06-12T17:11:36.630 magnitude 5.3 earthquake in Russia ~76° epicen-
tral distance, seismicity catalog from USGS, www.earthquake.usgs.gov, last accessed 22 June 2022) to confirm
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seismic station timing and polarity. Based on visual scanning of time series amplitudes at each station, the largest
amplitudes of the entire monitoring period occurred during the time period after flow initiation of the overflow
spring from the natural recharge event at most of our seismometers. We describe here several sources of seismic
energy, including noise or nonrelevant signals so that we can focus on signals associated with flow processes
from both the injection experiments and the natural rain-driven recharge event.

4.1. Anthropogenic Noise

Human-caused seismic noise is readily apparent in our seismic data (Figure 2), but we have written records of many
of these human activities so we can characterize this noise. One prominent signal apparent in the spectrogram
is energy in monochromatic frequency bands over several hours; this is associated with the generator-powered
pump used to refill the pools following injection Experiments 1 and 2. The primary band for this noise source
is at 30 Hz, with secondary peaks at 60, 90, 120, 150, and 180 Hz. The spectral signal for this pump shows very
clear start and end times that correspond with field notes associated with the experiment, so we are confident in
the origin of these prominent signals and avoid interpreting other signals during these pumping periods.

Other waveform signals with large amplitudes are related to field teams working on the installation of other seis-
mic and hydrologic instrumentation and/or farm animals moving around the on-site barn. Signals associated with
field installations tend to be short duration signals on only specific stations, and we have field notes outlining
the animal times during daylight hours. During the time of and immediately after the injection experiments, all
on-site field activity ceased (for ~15-30 min) to minimize the human-generated noise on any flow signal. During
the natural recharge event, field crews were on-site only after 13:13 UTC, and heavy rain kept the field teams in
a nearby shelter away from the stations. Our estimate of the overflow initiation (between 13:13 and 13:40 UTC)
comes from staggered visuals at the site, with a more specific time of 13:32-13:35 UTC based on the large
increase in the measured discharge at the spring.

Another prominent anthropogenic noise source comes from nearby transportation routes. An active Class 1 major
Canadian Pacific railroad line is present ~2.2 km north of our field site. In other studies, frequency content of
train noise sources is dominated by Rayleigh wave energy of frequencies <~10-15 Hz (Quiros et al., 2016).
Although we do not have published train schedules indicating the time of trains passing on the nearby line, we
have on-site field notes of a train on day 11 June at ~17:50 UTC. In this case, we see a band of higher power
between 3 and 8 Hz beginning 17:46 UTC, ending ~18:05 UTC (Figure S14 in Supporting Information S1). We
observe a signal of similar duration and frequency while we were using the pump to fill the pool for the third
injection experiment (11 June ~23:42—12 June 00:09 UTC).

4.2. Injection Experiments

The three injection experiments occurred with variable release rates or under different hydrologic conditions and
produced different seismic signatures. The first two injection experiments on 11 June occurred with dry condi-
tions at the overflow spring, and the final one on 12 June occurred after the overflow spring became activated;
water was already flowing along the surface following the rain event, with no water entering the subsurface
cavity based on direct observation. Seismic signals associated with these injection experiments are primarily
observed at stations closest to the injection location (BR1, BR2, BR5, BR9, BR12), as shown in the time series
(Figures 2 and S2-S13 in Supporting Information S1) and by the PSD computed for each injection experiment
(Figures 3 and 4, time periods used for PSD calculation included in Table S1 in Supporting Information S1).

Both of the first two water injections caused minimal change in the ~100 L/s background spring discharge, but
they did produce dye, dissolved salt, and water temperature changes. The dissolved salt concentration reached a
peak at 17.4 and 8.1 min, respectively, for the first and second water injections, where a smaller peak and break-
through curve during the second injection resulted from a faster water injection rate and residual salt in the system
since no salt was added for the second injection. Most of the salt used in the first injection was recovered just
downstream of the perennial springs within hours, and a majority of this salt was recovered within the first hour,
indicating fast conduit flow below our seismic network.

The PSDs for each seismic component at a given station are similar (Figure 3), so we focus on the vertical
component for the remaining discussion. At station BR1, located ~4.7 m from the pool location, each injection
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Figure 3. Power spectral density (PSD) for the key activities recorded for all components (Z = vertical, E = east, N = north) of three representative stations (BR1,
BR3, BR8). Times used for PSD calculation are listed in Table S1 in Supporting Information S1. Quiet represents station background noise, using an hour-long data
window during local nighttime hours (12 June 07:20-08:20 UTC, 02:20-03:20 a.m. local CDT) without background earthquakes or field site activity. Power is in dB,

relative to 1 (m/s)%/Hz).

experiment has power above the background noise at all frequencies >1 Hz. Injection Experiments 2 and 3 had
the fastest injection times; these also have the highest power of the three injection experiments over all frequen-
cies >1 Hz, with the largest increase in power (and very similar PSD overall) between ~20 and 70 Hz. Seismo-
grams filtered between 20 and 75 Hz for Experiment 2 also contain some coherent peaks across the stations.
Power is also elevated in the ~2—-8 Hz band, largest for Experiment 2. For stations BR3 (39 m from pool) and
BR8 (48 m), the PSD for each injection experiment is very similar to the background noise quiet period, with the
exception of elevated power in the 3-8 Hz frequency range for Experiment 1 in all three components. We do not
interpret this elevated low frequency power because of the train signal that overlaps in this time period.

Comparing PSDs for all injection experiments relative to the background quiet period (difference in power dB,
Figures 4a—4c) highlights specific frequency bands to compare to hydrologic signals. For the injection experi-
ments, the stations closest to the pool location have the largest increase in power over background noise. During
the first injection experiment, most stations have an increase of 10-20 dB in the <10 Hz frequency range,
although this also overlaps with the train signal contamination. Closest station BR1 has larger (~15-30 dB)
power increases throughout much of the recorded frequency range, but stations within 25-30 m (pink lines,
Figure 4) have smaller power increases (<10 dB) largely between ~30 and 60 Hz and above 125 Hz (Figure 4a).
For the second injection experiment, a similar pattern exists with the highest power above background observed
at the closest stations, with peaks in power in the 2-8 Hz range for the closest stations, as well as other ranges of
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Figure 4. Difference in dB (10log10PSD_Signal-10log10PSD_Quiet) between time period of interest and the background quiet period (12 June, 07:20-08:20 UTC) for
vertical component of each station, colored by distance between station and pool location (5-68 m). (a—c) Results for injection experiments. Stations closest to the pool
location for the injection experiments have increased power relative to the background noise of up to 30-40 dB, and the power difference decreases within increasing
distance, in some cases having power lower than representative background noise. BR11 signal window for Experiment 2 contains 2 s of long period instrument noise,
raising the power for that station in panel (b). (d) Rain signal has increased power above background noise at all frequencies with no consistent pattern with distance
from the pool location.

higher power at ~20-70 and >150 Hz (Figure 4b). During the third and final injection experiment (Figure 4c),
we find that the stations closest to the injection point again have the largest power increase above background,
although in this case most stations have elevated power over the broad range of frequencies instead of peaks at
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Figure 5. Seismic and hydrologic data for the second injection experiment. (a) Top: seismogram (blue) and measured and
smoothed discharge record (red) for 5 min prior to the start of the injection and 30 min following the end of water injection.
The discharge data were recorded just upstream of the weir by the Van Essen CTD-Diver. Scalogram (the CWT equivalent to
Fourier transform spectrogram, bottom) shows increase in power during the active injection period with limited signal above
background levels in the 30 min following the experiment. Normalized wavelet power describes CWT amplitudes, similar

to dB as shown in spectrogram, with red colors indicating more energy than green/blue colors). (b) Seismogram (top) and
scalogram (bottom) focused on the few minutes of active injection (indicated by red vertical lines (solid start, dashed end) on
seismogram, window includes 1 min before and after active injection).

2-8 and ~20-60 Hz. BR1 has the largest power increase over the full frequency range, up to 40 dB at 4045 Hz,
whereas the other stations have a consistent ~5-20 dB increase over the full range.

Comparison with the hydrologic data and video collected during these injection experiments suggests that seis-
mic signals are likely from the act of pouring water from the pool and from the falling water impacting the rock at
the base of the slope as water entered the overflow spring. The second injection experiment timing was shortest
(total time of water injection was 1 min 36 s), best representing a rapid influx of water into the overflow spring
and conduit system. However, even in this rapid injection scenario, there was only a <5 L/s increase in measured
discharge in the 30 min following the experiment (Figure 5). A detailed comparison between video of the active
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Figure 6. Seismic and discharge data for the natural recharge period on representative stations BR1 and BR4. The discharge data were recorded just upstream of the
weir by the Van Essen CTD-Diver. (a) Full time period of natural recharge event on 12 June 2016. Upper panel shows vertical component ground velocity seismogram
(blue) with measured discharge (red), and bottom panel shows continuous wavelet transform scalogram for the seismic data in upper panel. Black box marks time period
displayed in (b). (b) Time period showing largest change in discharge. Both stations have short duration broadband pulses of higher power as the discharge begins

to increase. Black box marks time period displayed in (c). (c) Focused 10 min surrounding the largest amplitude seismic signal recorded during the experiment. The
largest amplitude ground motions correspond to the highest wavelet power in the broadband peak in the scalogram. Scalogram indicates several additional pulses of
high wavelet power following this large peak, all with similar spectral characteristics to the earlier pulses.

injection, the ground velocity seismogram, spectrogram, and discharge record suggests that the elevated seismic
power occurs only during the active injection, and seismic power largely returns to the background levels follow-
ing the active injection time.

4.3. Natural Recharge Event

In contrast to the seismic and hydrologic response of the injection experiments with relatively small water
inputs, the large rain event that occurred on the final day of our experiment caused much larger increases in
discharge (~200 L/s) and seismic responses (~1 um ground displacement). Intense rainfall occurred at the site
for ~70 min, as noted by increased broadband noise (Figures 4 and 6) observed in the seismic data at all stations
and consistent with precipitation data from the nearby weather stations. Another period of increased seismic
noise occurs between 14:00 and 14:10 UTC, which we also interpret as rain. During the first period of intense
rainfall (~12:15-13:25 UTC), minor increases (a few 10s of L/s) in discharge are also observed. The largest
increase in discharge, from 120 to ~225 L/s, occurs between ~13:35 and 14:00 UTC. This is ~10 min after a
period of intense rainfall, which we inferred from increased broadband seismic noise during the period of rain and
corresponds to the time when hydrologic conditions changed to include overland flow along the path between the
overflow spring and the discharge measuring station (overflow run in Figure 1). Flow along the overflow run was
observed for the remainder of the seismic experiment.

Seismic data from this natural recharge period show several changes in amplitude as well as frequency content.
During the time period between 13:30 and 13:45 UTC (Figure 6b), we observe several short duration peaks (few
seconds) of seismic power over a wide frequency range as the discharge begins to increase. Between ~13:45 and
13:50 UTC, we see the largest amplitude ground motions coherently recorded at all stations over the entire 2-day
experiment outside of known field activity noise generated close to particular stations. Within this window, large
amplitude signals at 13:45 UTC contain most energy at frequencies >100 Hz, but the largest amplitude ground
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motion at 13:48 UTC contains strong energy at frequencies over a broader band, focused for some stations at
20-50 Hz and others shifted to higher frequencies (50-100 Hz, Figures 6 and 7).

Within the large amplitude pulse, several discrete pulses can be identified in the waveforms, both in the velocity
seismograms or those integrated to ground displacement (Figure 7b). The first of these pulses arrive earliest at the
northernmost stations in the array (BR10 and BR6), arriving later to the southern part of the array. Later pulses in
the sequence do not appear to follow a similar moveout nor have the same waveform shape, suggesting a different
location generating these seismic pulses. The time between pulses also varies within the sequence. At least 10
individual pulses can be identified in the displacement waveforms within the first 6 s following the large peak;
however, many more are present both before and after these largest amplitude peaks based on similar streaks
apparent in the scalograms as the discharge increased and flow initiated along the overflow run. Frequency
content of these peaks varies between stations. For this time window of the largest amplitude signal, stations BR1,
BR12, B8, and BRS have PSD peaks at 30-35 Hz, stations BR7 and BR11 have peaks at 4045 Hz, BR2, BR3,
and BR4 have peaks between 50 and 60 Hz, and BR10 and BR6 have peaks at 65-70 Hz (Figure 7).

4.4. Array Analysis

Because we do not have a detailed model of the seismic velocity structure in the local area, more traditional
attempts at locating the sources of these large amplitude natural recharge pulses based on first arrival times yield
location estimates with very large (50—1004+ m) uncertainties. Therefore, we use F-K analysis with the seismic
array data to determine the back azimuth and slowness (inverse of the apparent horizontal velocity) for the domi-
nant energy in these seismic pulses relative to our array (using station BR7 as the array center). The slowness
and summed relative power are displayed in a polar representation (Figures 8—10) to indicate the back azimuth
of the dominant energy (i.e., highest summed relative power) within the time window of interest and plotted with
respect to time to correlate to the peaks on the seismograms.

As a test of the F-K analysis to estimate source regions of known activities, we use signals from the second, rapid
injection experiment and compare with the video recording of the experiment indicating location and timing of
the injection. During the first 20 s as the water flowed down the slope between the pool location and the overflow
spring, water impacted bare rock nearly vertically at the base of the slope. Following those initial seconds, water
ponded at the overflow spring to form a layer between the flowing water and the rocks at the base of the slope.
During this time window, we find large amplitude, lower frequency ground motions at the stations closest to the
spring (BR1, BR2, BR5, BR9, BR12, Figure 8a). We apply F-K analysis on the signals in that 20-s period, here
filtered between 1 and 8 Hz because this signal is dominated by low frequencies. We find the highest relative
power at a back azimuth, or direction to the source, of 250° from north and 0.77 km/s apparent velocity (slowness
of 1.3 s/km). This back azimuth direction is WSW of the array center, consistent with a location at the overflow
spring where water impacted the ground.

We also incorporate seismic data encompassing the entire duration of the second injection experiment but filtered
at higher frequencies (25-70 Hz). This frequency range was selected because some coherent peaks are visi-
ble in the seismograms filtered in that range (Figure 9) and the PSDs suggest an increase in power at these
frequencies (Figure 4b). The higher frequency analysis indicates seismic power more distributed over the range
of back azimuth, but the highest summed relative power originated south of the array (back azimuth of 190°)
with an 0.52 km/s apparent velocity (slowness of 1.9 s/km, Figure 9). Although this analysis does not provide a
specific source location for these signals, a different back azimuth for the source is clear. We are confident in the
source location and activity generating the low frequency signal based on on-site visuals and the video record-
ing of the experiment; this energy did originate at the overflow spring at the surface, which is west of the array
center (Figure 8). The southern source direction for the high frequency signal suggests a different source location
(Figure 9).

Injection Experiments 1 and 3 occur with different experimental conditions that affect the F-K analysis results.
For the slow injection Experiment 1, both low frequency energy (1-8 Hz) and higher frequency (25-70 Hz)
are largely sourced from south of the array, although the higher frequency band also includes a source from the
northeast (Figure S15 in Supporting Information S1). For Experiment 3, no water entered the conduit at the over-
flow spring, but instead flowed over land from the pool to the northern spring. Analysis of both low frequency
(1-8 Hz) and higher frequency (25-70 Hz) signals during Experiment 3 suggests higher relative power coming
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Figure 7. Spectral properties and waveforms of the largest amplitude signal during the natural recharge event. (a) Power
spectral density (in dB relative to 1 m%Hz) for the largest amplitude seismic signal using vertical component data for all
stations shown in (b). (b) Ground displacement, determined by integration of the velocity seismograms, for 2.5 s around the
largest amplitude signal. Several discrete pulses are present within this signal, with first arrivals coming to stations in the
northern portion of the array (BR6 and BR10).
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from the west-southwest (Figure S15 in Supporting Information S1), in the direction of the surface pool and
similar to the low frequency signals during the initial seconds of injection Experiment 2.

We apply the same analysis to a 20-s long seismogram window containing the largest ground motion amplitudes
observed during the natural recharge event, filtered to 30-70 Hz to include the highest power in these peaks based
on the PSDs (Figure 7). In this case, we find two primary locations, one to the northwest of the array, and one
to the south (Figure 10). The change in back azimuth occurs over this 20-s long window, with the northwestern
back azimuths corresponding to the first and largest amplitude peak, followed by a transition toward the southern
back azimuths later in the sequence. A northwestern source for the earliest large pulse(s) is consistent with the
observation of the phase timing on the seismograms, with the earliest pulses in the sequence arriving first at the
northern stations BR10 and BR6 (Figure 7). The southern source (back azimuths 170°-200°) for energy later
in the sequence is similar to the high frequency results for the second injection experiment (Figure 9), although
with a slower apparent velocity of 0.48 km/s (slowness of 2.1 s/km). There are additional, smaller amplitude
pulses that occur during the earlier period of increasing discharge between UTC 13:35 and 13:46 (Figure 6).
Using the same filters and analysis, we find similar southern back azimuths (190°-200°) for these earlier pulses
(Figures S17b and S17c in Supporting Information S1). In contrast, results from a representative 4-min period
(UTC 12:30-12:34) during the initial period of rain without any changes in measured discharge suggests more
heterogeneous back azimuths, as might be expected for heavy rain occurring everywhere at the site (Figure S17a
in Supporting Information S1).

5. Discussion

The goal of our project was to document seismic signals associated with changing flow conditions within a
karst aquifer system. The project included controlled injection experiments from surface pool injections as well
as a fortuitous rain event that increased spring discharge rates nearly three times above background rates. Each
generate seismic responses, and we discuss these responses below, organized by either injection experiment or
rain event.

5.1. Injection Experiments

The salt recovery indicated that the injected water quickly passed from the overflow spring to the perennial
springs via one or more conduits below our seismic network, but the amount of water injected into the system
by dumping from the ~13,000 L surface pool did not produce a significant increase in the amount of discharge
within the conduit. Thus, seismic signals associated with subsurface flow from our injection experiments are
likely difficult to observe. This is in contrast to glacial studies that find low frequency (1-10 Hz) tremor signals
correlated with large changes in subglacial discharge within conduits (e.g., Bartholomaus et al., 2015). In our
experiments, we observe seismic signals associated with the act of pouring the water from the pool. One type
of seismic signal is low frequency (1-8 Hz) energy associated with water impacting the rocks at the opening of
the overflow spring at the base of the slope when the water volumes hitting this area are large (rapid injection
of injection Experiment 2). The F-K analysis suggests a west-southwestern source (back azimuth of 250°) of
this energy (Figure 8), which is in the direction of the overflow spring location relative to the center of the array
(Figure 1). It is difficult to interpret whether the low frequency signal exists for the first injection experiment
because of the timing of a train (based on on-site documentation and seismic signature, Figure S14 in Supporting
Information S1) that passed prior to and during the experiment. However, it is reasonable to conclude that this
first injection experiment did not produce this low frequency signal because the time period of injection was
much longer, leading to less water volume impacting the overflow spring at a given time relative to the rate of the
second experiment. A similar low frequency signal may also be apparent during the early stages of the third injec-
tion experiment which had a similar fast pouring rate as Experiment 2. F-K analysis of this experiment suggests
energy with a source west-southwest of the array center over a range of frequencies, consistent with the location
of the overflow spring (Figure S16 in Supporting Information S1).

Figure 8. Seismograms of injection Experiment 2 with F-K analysis results. (a) Ground motion seismograms windowed for the first 30 s and filtered between 1 and

8 Hz to highlight the low frequency signals associated with water hitting bare rock in the initial stage of the experiment. Note the different y-axis limits for station BR1,
but all other panels are plotted at the same y-scale. (b) Summed relative power (unitless) associated with all possible back azimuths and slowness (slowness indicated
by labeled gray circles, O s/km in center to 3 s/km at outside edge of circle). See Figure 1 for array geometry, station BR7 defined as array center. Largest relative power
occurs at 250° back azimuth, relative to north and 1.3 s/km slowness (0.77 km/s apparent velocity).
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Figure 9. Filtered (25-70 Hz) seismograms of the entire duration of the second injection experiment and polar representation
of summed relative power with respect to back azimuth and slowness. (a) Ground motion seismograms (note different y-axis
limits for station BR1, all other panels plotted at same y-scale) and (b) summed relative power (unitless) associated with all
possible back azimuths and slowness (up to 3 s/km). Largest summed relative power occurs at 190° back azimuth and 1.9 s/
km slowness.
BILEK ET AL. 16 of 21

850807 SUOWIWIOD dAIIERID 3|qeoljdde au Aq paueAob a1e 91 VO ‘SN J0 S9IN 104 AXeiq1 8UIIUO AB]IA UO (SUORIPUO-PUR-SWLBIALID A8 |IMAlRIq 1[BUl U0//SdNY) SUONIPUOD pue swLe | 8y} 89S *[£202/70/S2] U0 ARiqiauliuo A8|Im ‘siueqie4 esely JO AseAIuN A S£95209r2202/620T 0T/10p/wod Ae im Are.d puljuo'sgndnBe//sdily wouy pepeojumoq v ‘€202 '9SE669T2



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2022JB025635

Ground Velocity (x 10~* m/s)

2.5
0.0
—2.5 4

BR1

2.54

BR2

0.0
—2.5 4

2.5
0.0
—2.5

BR3

2.5 A

BR4

0.0
—2.5 4

2.5 A

BR5

0.0
2.5

2.54

BR6

0.0
—2.5 1

-
4

b
+ Pt

2.54

1

BR7

0.0
_2.5 <

&

b 2

2.5 A

BR8

0.0
—2.5 1

+

.

2.5
0.0 ~
_2‘5 <

BR9

2.5

BR10

0.0
—2.5 A

2.5

BR11

0.0
—2.5 1

2.5

BR12

0.0

—2.5 4

R 2

|

|

13:48:25

13:48:30

13:48:35
Time 12 June HH:MM:SS

c)

13:48:40

13:48:45

350 A

300 4

250 4

200 A

150 A

Back Azimuth
®

100 A

Summed Relative Power

50 A

O_ ‘

w
o

N
&)

2.0

15

.'\
b |
Slowness (s/km)

Iy
o

<
s

T
13:48:25

T
13:48:30

T T
13:48:35 13:48:40

Figure 10. Filtered (30-70 Hz) waveform and estimated back azimuth and slowness for the time window around the largest waveform peaks during the natural
recharge event. (a) Seismic data window for 21 s includes several sequences of discrete pulses. (b) F-K analysis results suggest peak relative power from southernly
back azimuths (170°-200°) with variable slowness, and one other area of high relative power to the northwest of the array. (c) Back azimuth as a function of time,
circles colored by slowness. The northwestern energy occurs early in the window for the largest amplitude pulse, followed by a transition to energy dominantly from the
southern back azimuths within the first few seconds.
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Another type of signal apparent during the second injection experiment included coherent seismic pulses at
much higher frequencies (25-70 Hz) that occurred ~22 s after the start of the injection. These signals are higher
frequency than typically described in the subglacial seismic studies (e.g., Bartholomaus et al., 2015; Vore
et al., 2019), possibly reflecting a different source mechanism or simply that the signal is less attenuated because
of the close proximity to our stations (e.g., Gimbert et al., 2014). F-K analysis of bandpass filtered (25-70 Hz)
seismograms during the full extent of the second experiment suggests a source location in the south of the array.
This source location is different from the orientation determined for the low frequency signals at the start of the
experiment that we attribute to water hitting the rocks at the entrance to the overflow spring. Based on mapping
of the conduit, a sump is located east-southeast of the pool location, at which there is a large change in conduit
orientation, from a northwest-southeast oriented conduit to a southwest-northeast trend (Figure 1). We suggest
rapid interaction of the water with this sump and change in conduit orientation leads to the generation of these
higher frequency seismic pulses.

5.2. Rain Event

The largest amplitude seismic signals during the study occurred during the rising limb of the hydrograph of the
natural flood event, although not during the initial period of most rapid rise. There are several aspects of the
observed sequence of events that can help constrain potential source mechanisms of the seismic energy. Within
a ~6-s window starting at the largest waveform amplitudes, there are several shorter duration pulses, typically
<0.25 s. The first four pulses occur with a relatively regular spacing of about 0.3 s, but this spacing becomes less
consistent later in the sequence (Figure 7).

The broadband rain signal dominates during the active rain period, similar to that observed in other environ-
mental seismology studies (e.g., Bakker et al., 2022), so it is difficult to determine if similar discrete pulses exist
earlier in the rain event. We are able to observe discrete pulses as discharge begins to rapidly increase and surface
flow begins along the overflow spring run. Because of this timing, it is reasonable to conclude that these seismic
pulses are related to the changes within the conduit system as it filled. Estimates of the source locations based on
the F-K analysis of the high frequency signals highlight two different regions for this energy. The earliest pulses
appear to be generated to the northwest of the seismic array, whereas later pulses appear to originate south of the
array (Figure 10).

A southern source direction for most of the high frequency signals resulting from the rain filling the conduit is
similar to the source direction estimated for the later high frequency signals associated with the second injection
experiment. Apparent horizontal velocity and slowness of the energy during both of these events are also similar.
Because of these consistent seismic attributes, we assume a similar mechanism leading to this high frequency
energy during these recharge events.

5.3. Possible Mechanisms

There are several different mechanisms that could be physically plausible as sources for the range of seismic
pulses observed during our full experiment encompassing injection and rain: (a) release of air pockets that have
been compressed as a result of a flooding conduit, similar to what is possible in analogous stormwater drainage
pipes (e.g., Wright et al., 2017), (b) arrest of a flood bore by a constriction within the conduit, and (c) rockfall
or brief movement of large clasts (e.g., Burtin et al., 2016) within the conduit. During our experiment, multiple
mechanisms may have been at work because of the different energy source locations. The largest amplitude
signals originate northwest of the array, later in the rain event following the time of rapid increases in discharge.
This largest amplitude signal could be the result of a rockfall or large clast movement in the northwest. However,
the majority of the pulsed seismic energy during periods of water level increase in the conduit, both during injec-
tion Experiment 2 and during the rain event, was generated from south of our array, an area where significant
geometric changes exist, with both the sump location and changes in the conduit orientation. Those geometric
changes may be important especially for air pocket release and flood bore arrest mechanisms. Theoretical mode-
ling for these different mechanisms will be useful to distinguish between the possibilities, but out of the scope of
this manuscript detailing the signal observations. The modeling effort is the subject of an ongoing study.

These mechanisms may not be valid for the seismic pulses recorded during the first and third injection experi-
ments because of the very different conditions associated with those injections. The first injection experiment
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occurred over a much longer time period (nearly 9 min instead of 1.5 min). Given that slow injection of water, it
is likely that the water introduced into the conduit system is not rapid enough to trigger the mechanisms we list
above. Water did not enter the conduit system during the final injection experiment because of the existing flow
at the overflow spring and along the overflow spring run; our analysis suggests a west-southwest location for
the energy consistent with the surface pool location. Thus, any of the mechanisms that occur within the conduit
would not be triggered by this injection.

6. Conclusions

Our karst flow experiment, which involved a temporary deployment of various seismic and hydrologic sensors,
captured signals from both our injection experiments, and fortuitously, a natural recharge event associated with a
large rainstorm. The water injection during the first two experiments generated negligible discharge increases at
the perennial spring, but other tracers in the pool water indicated a direct connection between the overflow spring
used as the injection point and the perennial spring. The second injection experiment produced low frequency
seismic signals that we interpret as resulting from initial water impacts on the rock at the overflow spring and
higher frequency signals as the initial slug of water from the pool reached the sump location in the conduit.

The natural recharge event generated the largest coherent seismic ground motions and caused the overflow spring
to start flowing and total discharge of the system to increase threefold. The largest amplitude ground motions
occurred as discharge increased, producing a series of pulses over several seconds with peak frequencies of
~30-70 Hz. Based on array processing of the seismic data, it appears that at least two distinct sources in the study
area, one to the northwest, and one to the south of the array, are important for generating these pulsed seismic
signals. Relevant mechanisms that may have been responsible for these signals include the release of compressed
air pockets with rising water levels, arrest of a flood bore by a conduit constriction, or a rockfall or large clast
movement within the conduit, but additional modeling is needed to narrow down the possible mechanisms in this
case.

The field of environmental seismology enables the monitoring and characterization of numerous earth surface
processes. Even in the short time period of our field study, seismic signals were generated both during injection
experiments as well as a natural recharge event, resulting from flow into a partially mapped karst conduit or
cave. That these signals originated from conduits below the surface indicates that seismic monitoring provides a
novel approach to remotely observe and characterize subsurface processes. Furthermore, while extensive maps
are available for several caves throughout the world, new caves and passages are continually being discovered,
and thus, our knowledge of preferential flow paths in the subsurface is far from complete. There are also other
pathways that are too small to allow human entry. Consequently, seismic monitoring not only enables the capture
of subsurface processes, but also the identification of source locations with potential applications that range from
aquifer flow monitoring to the determination of contaminant pathways to sinkhole hazard maps.

Data Availability Statement

The seismic data collected to monitor the karst aquifer in the study are available through the IRIS Data Manage-
ment Center under the network code of XK: https://doi.org/10.7914/SN/XK_2016. Hydrologic data (Luhmann
et al., 2023; atmospheric pressure, atmospheric temperature, voltage, electrical conductivity, temperature, level,
discharge, and dissolved NaCl) are available through the HydroShare data repository: http://www.hydroshare.org/
resource/74a7fedb4f694abbaata3e6d6f47d129.
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