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Abstract

A sinking stream pirated water from a series of waterfalls in a small catchment underlain by buried karst in northern 
Indiana after a sinkhole was scoured and enlarged over the course of 2016. The catchment has historical significance 
to Indiana, and the current landowners wish to restore flow to the waterfalls. We address the following questions: 1) 
where does the water go once it enters the sinking stream, 2) what transport processes are active in the carbonate 
rocks, and 3) what processes led to the re-activation of a buried sinkhole? Breakthrough curves (BTCs) of salt-slug 
tracer tests show that 24.6 % of the chloride mass was recovered at a conduit spring (Spring 1), located 150 m from the 
sinking stream, and 26.6 % of chloride mass was recovered at two diffuse springs (Springs 2 and 3), located 315 m from 
the sinking stream. Despite the difference in distances from the sinking stream, the salt-slug appeared in all springs 
in approximately two hours. The BTC for Spring 1 was single-peaked, consistent with advection through a single con-
duit, while the BTCs of Springs 2 and 3 were double-peaked and consistent with advection along bifurcated flowpaths. 
Spring 2 exhibited a long tail consistent with anastomosing flowpaths and/or presence of pooling along the flowpaths. 
The sinking stream and other inactive sinkholes are upstream of a dam built in the 1960s. Ponding conditions likely in-
creased the hydraulic head over the buried karst and began dislodging sediment from open pores/conduits in the karst. 
Record rainfall and widespread flooding during the summer of 2015 scoured the pores leading to the enlargement and 
reactivation of the sinking stream by the fall of 2016.           

Introduction
Hydrogeological processes in karst have been relatively well-studied in carbonate rocks of unglaciated southern 

Indiana (Murdock and Powell, 1967; Bassett, 1974; Bayless et al., 1994; Duwelius et al., 1996; Lee and Krothe, 2001; 
Zhou et al., 2002; Florea et al., 2018). However, these processes remain poorly quantified in glaciated northern Indiana. 
While much of Indiana is underlain by sequences of limestone and dolostone (Gray, 2000; Bedrock Geology of Indiana), 
it is more common to find carbonate rocks outcropping at the land-surface of southern Indiana in areas that were never 
glaciated. In comparison, carbonate rocks are typically buried under 30 to 120 m of glacial till in northern Indiana, and 
these rocks are only exposed at the land-surface, where erosion has uncovered them or streams have incised them 
(Casey, 1997; Gray, 2000; Hasenmueller and Packman). Bugliosi (1997), Casey (1997), and Eberts and George (1997) 
mentioned the presence of paleokarst (buried karst) in their studies of the hydrogeological and hydrogeochemical prop-
erties of the regional, carbonate aquifer that extends through northern Indiana, Ohio, and Illinois; they did not discuss 
the potential re-activation of buried karst features. Ultimately, our knowledge of groundwater/surface-water interactions 
that are facilitated by karst flowpaths and conduits in northern Indiana, Ohio, and Illinois is limited (Sasowsky et al., 
2003; Torres and Bair, 2012).

Likewise, our hydrogeochemical understanding of the aquifers’ susceptibility to contamination is limited. Groundwa-
ter can flow quickly and over long distances through carbonate rock aquifers; for example, groundwater traveled 9.5 km 
in just 25 hours in carbonate rocks in the Lost River karst basin located in Orange County, southern Indiana (Murdock 
and Powell, 1967). If groundwater velocities of this same magnitude are present in northern Indiana, where row-crop 
agriculture is widespread (Randall and Mulla, 2001; Pyron and Neumann, 2008), then it has important implications for 
the transport of nutrients into the carbonate aquifers and subsequent impacts to freshwater ecosystems (Karr et al., 
1985). Sinkholes provide a direct pathway for contaminants to enter a carbonate aquifer (Hallberg and Hoyer, 1982; 
Wiersma et al., 1986; Field, 1992; Panno et al., 1996, 2001; Herczeg et al., 1997; Florea and Wicks, 2001; Dussart-Bap-
tista et al., 2003; Panno and Kelly, 2004; Lindsey et al., 2010). Consequently, karst aquifers in agricultural landscapes 
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are particularly susceptible to pathogens such as fecal coliform (Ryan and Meiman, 1996; Reed et al., 2011) and nutri-
ents such as nitrate (Panno and Kelly, 2004; Pronk et al., 2006; Long et al., 2008; Lindsey et al., 2010; Florea, 2019).

Sinkholes and sinking streams are common in southern Indiana (Bassett and Ruhe, 1974; Sinkhole Areas and Sink-
ing-Stream Basins, 1997; Powell, 2002; Florea et al., 2018). In comparison, buried karst (Bosák et al., 1989; Zötl, 1989) 
is present in northern Indiana, where the open pores and conduits in the surface of the pre-existing carbonate rocks 
were covered and filled with glacial sediment during the Last Glacial Maximum. Buried karst features, plugged with 
low-permeability glacial till, may act as a barrier to downward vertical flow (Veress, 2016). However, there is no guar-
antee that these features will remain plugged (Armstrong and Osborne, 2003); Ford (1995) presents several scenarios 
through which descending water and ascending water can exhume and re-activate karst conduits. Once the sediment 
is removed, the conduit re-activates and impacts the hydrological behavior of the landscape around it. Thus, it is critical 
that we quantify how these buried karst features are re-activated and, once re-activated, how they impact the transport 
of water and contaminants from the land surface to the carbonate aquifer.

Here, we reconstruct and quantify the processes leading to the activation of a sinking stream in buried karst and the 
subsequent drying of waterfalls in a small, tributary catchment to the Wabash River (Figs. 1 and 2). This stream flows 
through a scenic, limestone canyon containing a series of four waterfalls (Fig. 2). The catchment, known locally as 
Fitch’s Glen, has historical significance in Indiana, and the current landowners were interested in determining why the 
waterfalls dried up during 2016. A noticeable decrease in streamflow, in the catchment, was observed after the summer 
of 2015. This seemed strange since widespread flooding occurred in northern Indiana, following record rainfall in June 

Figure 1. The national basemap is shown in upper left, the state basemap is shown in lower left, and the regional basemap is shown in the 
larger image on the right. The location of the Fitch’s Glen catchment is shown by the magenta-colored polygon outlining the catchment 
boundary. 
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and July of 2015 (Fig. 3). By the spring of 2016, the landowners noticed that a small sinkhole, upstream of the waterfalls, 
was diverting a small portion of streamflow. In early fall 2016 the sinkhole had developed into a large, sinking stream, 
and it had captured the entire stream, drying up the downstream waterfalls in the process.

We address these questions: 1) how did the sinking stream become re-activated in the buried karst; 2) where does 
the streamflow go once it enters the sinking stream; and 3) what transport processes are active in the carbonate rocks 
at Fitch’s Glen?  To address these questions, we used a combination of dye- and salt-tracing techniques, major element 
geochemistry of streams and springs, stable isotopes, and transport models to determine flow and transport parame-
ters in the carbonate bedrock. Using this data, we traced recharge from the sinking stream to down-gradient springs, 
interpreted the breakthrough curves (BTCs), and addressed the implications of sinkhole development on nutrient load-
ing into groundwater and other surface-water systems with particular reference to northern Indiana. 

Materials and Methods
Historical Setting 

The Fitch’s Glen catchment is located 5.6 km west of Logansport, Indiana (16T 548674 mE, 4511822 mN; Fig. 1). 
Historically, the catchment has been considered the most picturesque place in Cass County (Powell, 1913) due to the 
deep, limestone canyon and series of small, 1.2 to 3.1 m, beautiful waterfalls on the property, especially since waterfalls 
are a rare feature on the till plains of northern Indiana. The property also has historical significance because it was 
the former home of Graham Fitch, a senator in Indiana from 1857‒1861 and a brigade commander in the Union Army 
during the American Civil War. In addition, the site contains remnants of the old Wabash and Erie Canal constructed 
in the early 1800s. Fitch’s Glen served as a trading post due to its proximity to the Wabash Canal and nearby grain 
warehouses, and the stream was used in the mid-1800s to supply hydropower to industrial mills (Powell, 1913). In the 
1960s, a dam was built approximately 60 m downstream from the current sinking stream. The dam was later breached 
by private landowners, allowing the stream to freely flow through the catchment.

Figure 2. The image on the left is a LIDAR map (1 m resolution) showing locations of the sampling sites and sinking stream; the image on 
the right shows the boundary of the larger catchment, in red, and surrounding agricultural fields, which drain to this catchment. Please note: 
the quarry and lake that are mentioned in this article are outlined by the yellow box located to the left of the scale bar in the inset image.
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Geological Setting 
Fitch’s Glen is developed 

in the Silurian Wabash For-
mation, which is composed 
of a variety of limestone to 
dolostone facies (Pinsak and 
Shaver, 1964). It is wide-
spread regionally and out-
crops in the lower 0.05 km2 
of the catchment. (Informa-
tion on the Wabash Forma-
tion: Niagaran and Cayugan 
Series, Silurian System can 
be found at https://igs.indi-
ana.edu/compendium/com-
p8qlg.cfm). At the surface, 
the rocks are massive, fine-
grained, light gray, heavily 
weathered and vertically 
fractured (Fig. 4A). Vertical 
shafts (Fig. 4B) and conduits 
(Figs. 4A, B) are present in 
the canyon walls. Shafts cut 
through the fine-grained, 
weathered rock facies, and 
appear to have routed flow 
to the large conduits along 
a silty friable, tan-colored 
facies (Figs. 4A, B). A thick, 
nodular facies is present 
beneath the silty facies and 
overlies a planar-bedded fa-
cies; the contact between 
the nodular and planar-bed-
ded facies is exposed near 
the outlet of the canyon. 
Planar-bedded, fine-grained 
limestone is present near the 
middle and lower waterfalls 
and springs (Fig. 4C); the 
waterfalls likely formed from 
knickpoints occurring in this 
unit. Large boulders, coated 
with thick, tufa deposits and 
extensive tufa accumulation 
on the waterfalls, are present 

in the lower reaches of the catchment.    
Outwash and loamy till can be found on top of the bedrock, deposited by the Huron-Erie lobe during the Wiscon-

sinan glaciation (Pinsak and Shaver, 1964). Glacial sediment also filled at least some of the conduits in the Wabash 
Formation, leading to the formation of buried karst. Locally, the stream, at the point of capture, flows across recent lake 
deposits that accumulated after construction of a small dam in the 1960s. Beneath the lake sediment is a thin, discon-
tinuous layer of clay-rich sediment that appears to be glacial till.
Climate and Hydrogeological Setting

The average low and high January (winter) temperatures near Fitch’s Glen are −8.8 °C and 0.3 °C, respectively, and 
average low and high July (summer) temperatures are 17.2 °C and 28.7 °C (NOAA Climate Data Online). Logansport re-
ceives an average of 101 cm of precipitation per year, and 40 cm of that occurs as snow from late October to late March 

Figure 3. A) Plot showing monthly precipitation. Black bars represent the monthly precipitation av-
eraged over the last 70 years (1947 to 2016), orange bars show monthly precipitation in 2015, and 
blue bars show monthly precipitation in 2016; and B) Combined hyetograph for Logansport, Ind., of 
a meteorological station located 3.1 km east of the Fitch’s Glen catchment, and hydrograph for Eel 
River, a river located 13.6 km to the east of the catchment. The average daily discharge (measured 
from 1944 to 2016) is shown by the dotted red line, and the daily discharge for 2015 is shown by the 
solid blue line. The data was sourced from USGS Site 03328500; https://waterdata.usgs.gov/in/nwis/
inventory/?site_no=03328500. The hyetograph shows daily precipitation in 2015, and the data was 
sourced from NOAA Site LOGANSPORT CICOTT ST., IN US (https://www.ncdc.noaa.gov/cdo-web/
datasets/GHCND/stations/GHCND:USC00125117/detail).
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(Fig. 3A). Usually, Logansport receives 33 cm of rainfall from May through July. However, northern Indiana received 49 
cm of rainfall during this period in 2015, which resulted in regionally widespread flooding. The Fitch’s Glen catchment is 
ungauged. Yet, meteorological data for Logansport, Ind. (5 km from the study site) and discharge data for the Eel River, 
located 5.3 km from the catchment, illustrate the magnitude of the flooding event in 2015 (Fig. 3B). 

The larger catchment has a total drainage of 6.2 km2 (620 ha). A spring-fed stream drains the larger catchment and 
has incised a narrow canyon with steep walls with over 30 m of local relief in the lower 0.05 km2 (5 ha) of the catchment 
known as Fitch’s Glen. Waterfalls are located in the glen (Fig. 2). The stream passes through low-relief agricultural 
fields before reaching the canyon and ultimately drains into the Wabash River. Google Earth imagery shows that: 1) the 
stream capture may have been present as early as 1998 (Fig. 5A); 2) stream capture was occurring by 2005 (Fig. 5B); 
and 3) the captured stream channel was almost as large as the main channel by 2012 (Fig. 5C). Readers are encour-
aged to view the Google Earth imagery at location 16T 548685 mE, 4512067 mN. However, the landowners state that 
the stream was not completely captured by the sinking stream before early 2015, since the waterfalls were functioning 
at that time.
Chronology of Site Visits  

The first trip to the site was made on March 25, 2016 to investigate the sinkhole (Fig. 6), identify potential discharge 
locations downgradient of the sinkhole, and propose future tracing experiments to quantify discharge locations and 
transport parameters. Five possible discharge points in the catchment were identified, including one conduit spring with 
a discrete emergence (Spring 1), two springs with diffuse emergences (Springs 2 and 3), and two springs discharg-
ing directly to the streambed (Springs 4 and 5; Fig. 7). Spring 1 emerges from a 1 m high by 1 m wide conduit in the 
planar-bedded limestone facies of the canyon wall, 150 m downstream from the sinking stream (Spring 1; Figs. 2, 7A). 
Water from this spring flows into the main stream channel providing almost all of the perennial flow to the lower reaches 
of the catchment. Springs 2 and 3 are located to the west of the mouth of the glen and provide flow to a small tributary 
that drains into the main stream. Approximately 500 m upstream of Spring 1, Springs 4 and 5 are located between a set 
of waterfalls. These two springs emerge in the streambed and discharge sufficient water to create localized mounding 
conditions in the stream.  

Figure 4. A) Photo showing the surficial massive, nodular limestone. The large conduit on the far left has a diameter of approximately 0.91 
m; B) Photo showing the silty, friable layer. The student co-author, wearing a blue shirt in the background, is 1.85 m tall for reference; and 
C) Photo showing the fine-grained, planar-bedded limestone. The outcrop shown in this photo forms a waterfall, which is approximately 
1.52 m. Stars show locations of large conduits and arrows show inferred shafts.
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The second trip to the site was made on Octo-
ber 29, 2016 to conduct a dye-tracing experiment 
for visual confirmation of the connection between 
the sinkhole and proposed discharge sites identi-
fied in the first trip. By October 2016, the sinkhole 
had greatly enlarged, and the entire stream was 
being diverted into the sinking stream (Fig. 6). 
The stream channel between the sinking stream 
and Spring 1 was completely dry, and the wa-
terfalls were dewatered. Spring 1, therefore, sup-
plied all of the water for streamflow downstream 
of the waterfalls until its confluence with a small 
tributary fed by Springs 2 and 3 (Figs. 2, 7B, and 
7C). Springs 4 and 5, located between two wa-
terfalls, were also dry. The dye-trace was suc-
cessful; dye was observed at Springs 1, 2, and 3. 
However, the salt-trace was not successful due 
to equipment failure. Therefore, the salt-tracing 
results from the second trip are not reported.   

The third trip was made on November 11, 
2016. During this visit, a combined salt- and 
dye-tracing experiment was conducted on the 
sinking stream, water samples were collected 
from the stream and springs, and discharge was 
measured at each spring and in the stream, up-
stream of the sinking stream. The dye-trace and 
salt-trace were successful. During this trip, the 
researchers also measured the physical dimen-
sions of the swallow and the sediment thickness 
overlying the carbonate rock near the hole. The 
opening of the sinking stream is roughly trian-
gular, with an area of 1.9 m2 and is 2 m deep, 
relative to the land-surface (Fig. 6B). There is ap-
proximately 1.2 m of sediment deposited on top 
of the carbonate rocks near the sinkhole. A thin 
8- to 10 cm layer of clay is present at the bot-
tom of the sediment and on top of the carbonate 
rocks.
Salt- and Dye-Tracing Methods

We used salt- and dye-tracing methods to di-
rectly quantify flow (Greene, 1997) and transport 
parameters of the conduits and fractures (Be-
nischke et al., 2007) in the catchment.  Solinst 
Model 3001 LTC Junior LTC leveloggers were 
placed at Springs 1, 2 and 3. The background SpC 
of the stream uphill of the swallow was measured 
to be 746 mS cm−1. Approximately 4.32 kg of salt 
was measured in a large, graduated cylinder and 
then dissolved in a 19 L bucket filled with stream 
water, creating a salt-slug with a SpC of 255,940 
mS cm−1. Approximately 300 mL of Bright Dyes 
Fluorescent Industrial Red liquid dye was added 
to the salt-slug to provide a visible indicator of salt-
slug breakthrough at observed discharge points 

(the technical data sheet for this dye can be found at: Bright Dyes Technical Data Bulletin. Team members were stationed 
at Springs 1, 2 and 3 because dye breakthrough was observed at these springs during the second visit. Team mem-

Figure 5. Google Earth imagery showing: A) the location of two possible sink-
holes in 1998 (note that the main stream channel does not appear to be pres-
ent or continuous to the dam(Source: Map data: Google Imagery © 2018, Dig-
italGlobe, Image U.S. Geological Survey); B) the location of the sinkhole and 
initiation of stream capture by 2005, indicated by the yellow line (note that the 
main stream channel is now present and continuous to the dam (Source: Map 
data: Google Imagery © 2018, DigitalGlobe, Image IndianaMap Framework 
Data); and C) presence of ongoing stream capture in 2012 (Source: Map data: 
Google Imagery © 2018, DigitalGlobe, Images IndianaMap Framework Data). 
The blue bar represents 40 m of distance. Images are oriented such that north 
is located at the top of each image.
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bers were also 
stationed along 
the lower reach-
es of the stream 
channel to watch 
for dye break-
through directly 
into the stream-
bed. The salt-slug 
was poured into 
the sinkhole at 
17:05 EST. The 
leveloggers were 
set to record SpC 
at ten-second in-
tervals and left in 
the springs over-
night. Leveloggers 
were retrieved 
on 12 November 
2016 at 11:36 EST 
(Spring 1), 11:45 
EST (Spring 2), 
and 11:47 EST 
(Spring 3). BTCs 
were created for 
each of the spring 
locations.
Stream and 
Spring Discharge 
Measurement

During the third 
visit on Novem-
ber 11, 2016, a 
water mass-bal-
ance was creat-
ed for the glen 
to assess water 
partitioning in the 
carbonate aquifer. 
We were specifi-
cally interested in 
determining how 
much of the total 
spring discharge 
was derived from 
the allogenic re-
charge at the sink-

ing stream. In the case where all the spring discharge is derived from the allogenic recharge, the water mass-balance 
for the glen is given by: QStr1  QSpr1  Qtrib  0; where QStr1 is the discharge measured at Stream 1 (this is the water 
entering the sinking stream), QSpr1 is the discharge measured at Spring 1, and Qtrib is the combined discharge measured 
at Springs 2 and 3 (QSpr2  QSpr3). Salt-dilution techniques were used to measure the discharge of each individual spring 
in its spring-run and in the stream uphill of the sinking stream using separate salt-slugs. The discharge of the stream 
entering the sinking stream (QStr1) was measured before the stream entered the sinking stream (Stream 1, Fig. 2). A 
Solinst Model 3001 LTC Junior LTC levelogger was placed downstream at a distance equal to 10 the width of the 
stream from where the salt-slug was going to be dumped. The salt-slug was then dumped and the SpC was recorded. 

Figure 6. A) Photo showing the channel that was created as the sinking stream formed and diverted all of the 
stream. The enlargement of the sinkhole and ultimate development of the sinking stream, following the flooding 
event of 2015, significantly changed the stream gradient and geomorphology of the stream channel. The angle of 
this capture is much less than 90°; and B) photo showing the new channel created by the sinking stream.

Figure 7. A) Spring 1, the emergence of this spring is approximately 75 cm wide; B) Spring 2, the spring-run is 
approximately 61 cm wide, immediately below the emergence; and C) Spring 3, the author, wearing a black jacket 
in the background, is 1.85 m tall for reference.
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Once the slug breakthrough was complete at each site, the data were downloaded from the sonde and discharge was 
calculated based on the relationship between salt (Cl-) content and SpC (Moore, 2005; Payn et al., 2009). In our case, 
Clmass  0.0006  SpC; where Clmass is the concentration of chloride in g L−1. A salt-slug was dumped into each indi-
vidual spring-run, and a Solinst levelogger was placed downstream at a distance approximately equal to 10 the width 
of the spring-run where the slug was dumped. The salt-breakthrough was recorded in the same fashion as described 
above. We quantified the uncertainty in the salt-dilution discharge technique to range from  5 to  10 % by comparing 
salt-dilution discharge with independently gauged discharge at stations located outside the catchment. This range is 
consistent with the uncertainty of  5 % reported in Day (1976).
Geochemical and Stable Isotope Analyses

Water samples were collected for geochemical (major element) and stable isotope analyses during the third visit 
prior to dumping the salt-slug. Two 250 mL water samples were collected from each of the sites, and were filtered in the 
field using a peristaltic pump and Geotech 0.45 mm canister type filters. All water samples were stored in a refrigerator 
until they were analyzed by the Analytical Chemistry Laboratory of the New Mexico Bureau of Geology and Mineral 
Resources. Stable isotopes of water (2H and 18O) were analyzed by the Purdue Stable Isotope Lab using an LGR Triple 
Isotope Liquid Water Analyzer. The isotopic ratios, δ2H and δ18O, were calculated relative to VSMOW (Vienna Standard 
Mean Ocean Water). A YSI Professional Plus multiparameter sonde was used to measure field chemistry including pH, 
temperature (°C), dissolved oxygen (DO; in percent and mg L1), and oxidation-reduction potential (ORP; mV). Total 
dissolved solids (TDS; mg L1) was calculated by the sonde using TDS  0.65  SpC.
Determination of Karst Hydrogeological Parameters  

QTRACER2 (Florea and Wicks, 2001; Field, 2002), an Environmental Protection Agency (EPA) software, was used 
to estimate the hydrogeological parameters of the karst network by entering the data from the salt-breakthrough curves. 
The following parameters were calculated for each spring using QTRACER2 and the measured BTC data: time to lead-
ing edge (tle), time to peak (tpk), peak concentration (Cpk), percent salt-mass recovery, mean transit time (MTT), Peclet 
number (Pe), and cross-sectional area of flow (A). Please refer to Field (2002) for detailed explanations on how these 
parameters are calculated in QTRACER2. We created BTCs and calculated percent salt-mass recovery for each spring 
using Excel. The percent salt-mass recovery can be calculated from

 M  Q 0
 C(t) dt (1)

where: M  mass of chloride recovered (g), Q is spring discharge (L s1 and assumed to be constant through the 
duration of the salt-tracer test), and C(t) is the chloride concentration as a function of time (Jones, 2012). The integral 
was evaluated over the time when the slug was dumped (t  0) to the time the levelogger was retrieved (t  tfinal). We 
compared the QTRACER2 calculations for tle and tpk to field observations and hand calculations, respectively.

Results
Salt- and Dye-Tracing Tests 

BTCs were successfully captured at each spring site (Fig. 8). The timing of the initial breakthrough was approxi-
mately the same for all three springs despite significantly different radial distances between the sinking stream and the 
outflow at the springs (Table 1). The salt-slug emerged after 2.4 hours at both Spring 2 and Spring 3, and after 2.7 hours 
at Spring 1. There are subtle differences in the BTCs for each spring. Spring 1 has a single-peaked BTC with a fast rise 
and fast recession on the salt-pulse and relatively short tail (Figure 8A, B). Springs 2 and 3 both have double-peaked 
(bi-modal) recovery curves, with the first peak occurring after 2.4 hours and the second peak occurring after 3.1 hours. 
The BTC of Spring 2 has a substantially longer tail than Spring 1 or Spring 3 (Fig. 8A). Total chloride recovery was 51.2 
%, calculated using QTRACER2, and the majority of the chloride mass was recovered at Spring 1 and Spring 3 (Table 
1). Our hand calculations show that 49.9 % of the chloride mass was recovered at the three springs; a difference of 1.3 
%.
Discharge and Water Mass-Balance 

Since the main channel of the stream was dry between the sinking stream and Spring 1, surface flow in the channel 
in the lower reaches of the catchment is due almost exclusively to water discharged from Spring 1. The only other source 
of water to the stream is the small, western tributary, which is sourced from Springs 2 and 3 (Fig. 2). The measured dis-
charge at Stream 1, QStr1, is 10.9 L s1, the measured discharge at Spring 1, QSpr1, is 4.3 L s1, and the combined discharge 
at Springs 2 and 3, Qtrib, is 7.0 L s1. Thus, the combined discharge of the springs is 0.4 L s1 greater than the discharge of 
the stream entering the sinking stream, possibly indicating that the sinking stream is not the only source of water emerg-
ing from the springs. This is consistent with the landowners’ observations that the springs were flowing before the sink-
ing stream formed. However, given the uncertainty in our discharge measurements, it is difficult to determine how much 
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actual groundwater emerged 
from the springs before the 
sinking stream developed.
Geochemical and Stable 
Isotopic Results

The field chemistry (Table 
2) and the geochemistry (Ta-
ble 3) of the water entering 
the sinking stream is similar 
to the water discharging from 
the springs. The DO content 
of Stream 1 and Spring 1 are 
similar (Table 2) and consis-
tent with surface water, not 
groundwater. Thus, Spring 1 
discharges a large proportion 
of water that is either in equi-
librium with the atmosphere 
or the oxygen has not been 
thoroughly used in geochem-
ical reactions (namely redox 
reactions) or in the decompo-
sition of organic matter in the 
aquifer. However, the lower 
DO content of Springs 2 and 3 
(Table 2) indicates that these 
springs discharge a larger 
proportion of groundwater 
not sourced from allogenic 
recharge. The stable isotopic 
compositions of Stream 1 and 
all springs are relatively simi-
lar (Table 3), plot on the local 
meteoric water line (LMWL) 
given by δ2H  7.8(δ18O)  
9.3 (Bowen et al., 2007), and 
do not show evidence of evap-
oration.

QTRACER2 Results
The data for the second salt-slug test conducted during the third site visit was analyzed using QTRACER2 (Table 

1). The time to leading edge (tle) was shorter for Spring 3 than for Spring 1. This is consistent with the observed dye 
breakthrough on the first salt-slug test. The mean transit time was shorter for Spring 1 (3.0 hours) than Spring 3 (3.2 

Figure 8. A) Breakthrough curve for Spring 1 (blue line), Spring 2 (red line), Spring 3 (green line), 
and cumulative recovery (black line); and B) close-up of breakthrough showing early breakthrough 
at Spring 2.

Table 1. Summary of the salt-slug test and QTRACER2 analyses.
Site Distancea, m tle

b, h tpk
c, h Cpk

d, μS cm−1 MTTe, h Af, m2 Peg Mh, g Recoveri, %
Spring 1 150 2.1 2.7 586 3.0 0.30 319 542 24.6

Spring 2 315 2.1 2.4 580 3.6 0.21 293 81   3.7

Spring 3 318 1.9 2.4 526 3.2 0.26 366 504 22.9
a Straight-line distance measured from the swallow hole to the spring.
b tle is the time to the leading edge of the salt-slug pulse equivalent to the arrival time.
c tpk is the time to the peak of the salt-slug peak.
d Cpk is the peak conductivity of the salt-slug pulse.
e MTT is the mean transit time for the salt-slug.
f A is the cross-sectional area for flow.
g Pe is the Peclet number.
h M is the amount of chloride recovered.
i Recover is the percent of total chloride recovered
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hours) and Spring 2 (3.6 hours) suggesting that Spring 1 is controlled by purely advective flow along highly-connected 
flowpaths or perhaps one large conduit to the spring. The double-peaked (bi-modal) BTC and longer tail in the BTCs for 
Spring 2 and Spring 3 suggest that bifurcation of flowpaths or anastomosing flowpaths occur to these springs (Smart 
and Ford, 1982; Goldscheider et al., 2008; Field and Leij, 2012). The longer tail of the Spring 2 BTC may also be ex-
plained by the presence of pooling along the flowpaths, which has been shown to retard flow (Hauns et al., 2001). 

Peclet numbers are dimensionless numbers representing the ratio of the advective transport rate to the diffusive 
transport rate. A Pe less than 1 indicates a diffusion-dominated flow system while, in comparison, a Pe greater than 1 
indicates an advection-dominated flow system. All three springs had Pe greater than 290 indicating the karst aquifer is 
strongly advection dominated. This is relatively common in karst aquifers (Field and Nash, 1997; Covington and Perne, 
2015; Luhmann et al., 2015). Based on these data, the calculated cross-sectional area for flow of Spring 1 (0.30 m2) 
was larger than the cross-sectional area for Spring 2 and Spring 3, 0.21 m2 and 0.26 m2, respectively (Table 1). Total 
chloride-mass recovery was 51.2 %. Springs 1 and 3 accounted for the majority of chloride-mass recovery (24.6 and 
22.9 %, respectively). Only 3.7 % of the chloride mass was recovered at Spring 2.

Discussion
The shape of the BTC for Spring 1 (single peak with rapid rise and rapid recession in chloride breakthrough) is 

indicative of advective flow with little bifurcation and/or flow through the trunk conduit of a conduit-dominated system. 
The high DO content (90 %), and high Pe (319) for Spring 1 indicate that this spring is well-connected to the sinking 
stream. However, since this spring was active before the sinking stream formed, the high DO suggests that the spring 
must discharge a large proportion of water that is either flowing quickly through the karst network, or, is in equilibrium 
with the atmosphere. One possibility is that the spring is hydraulically connected to a lake in a limestone quarry lo-
cated east of the property (see Fig. 2B). Field observations and regional geologic maps (Wayne et al., 1966) indicate 
that there is a slight westerly dip to the rocks. The surface-elevation of the emergence for Spring 1 (182 m.a.s.l.) is 
approximately equal to the surface-elevation of the lake in the quarry (178 to 183 m.a.s.l.), thus we cannot rule out the 
possibility that Spring 1 is also connected to the lake. We could not sample the lake for stable isotopic analyses since it 
is located on private property; however, we expect the stable isotopic ratios of the lake water to show some evaporation 
effects, and that this evaporated signal would be present in Spring 1. Published evaporation rates for lakes in northern 
Indiana indicate that the evaporation rate can reach 78.7 cm y−1 (Perrey and Corbett, 1956) and the surface area of the 
quarry lake is large (77,500 m2). Combined with the published evaporation rates, we would expect to see a mixture of 
allogenic recharge and evaporated lake water discharging at Spring 1. We do not see evidence for evaporation in the 
water samples collected at Spring 1, although, we cannot rule out this possibility until we have samples from the lake. 
A second possibility is that Spring 1 is connected to another sinking stream in the area. Because there are no streams 
in the immediate vicinity of the spring (or in closer proximity than the lake), this explanation seems less likely than the 
hydraulic connection to the lake. A third possibility is that streamflow is lost to the bed upstream of the sinking stream. 
This could explain the presence of Spring 1 before the stream piracy event. In any case, it appears that at least 24 % 
to 25 % of the recharge from the sinking stream must discharge at Spring 1, based on chloride-mass recovery. These 
data suggest a short, direct connection between the sinking stream and Spring 1, as indicated by the greater calculated 
cross-sectional area for Spring 1.

The shape of the BTC for Springs 2 and 3 are both double-peaked (bi-modal; Fig. 8B) indicating bifurcation in the 
flowpaths or anastomosing flowpaths to the springs (Smart, 1988; Goldscheider et al., 2008). The BTC of Spring 2 

Table 2. Field chemistry data.
Site pH T, °C SpC, μs cm−1 TDS, mg L−1 DO, % DO, mg L−1

Stream 1 8.2 11.3 746 481 100 11.1

Spring 1 8.0 11.1 731 475   90   9.9

Spring 2 7.8 11.4 732 474   63   6.9

Spring 3 7.7 11.4 701 465   47   5.0
Note: T = temperature, SpC = specific conductivity at 25 °C, TDS = total dissolved solids, and DO = dissolved oxygen.

Table 3. Geochemical and stable isotopic data.
Site Ca2+, mg L−1 Na+, mg L−1 K+, mg L−1 Sr2+, mg L−1 Cl−, mg L−1 NO3

−, mg L−1 HCO3
−, mg L−1 δ2H, ‰ δ18O, ‰

Stream 1   96 14 2.3 0.21 27 11.0 377 −49.1 −7.29

Spring 1 100 13 2.1 0.22 26 11.0 389 −49.0 −7.34

Spring 2 101 13 2.1 0.22 23 11.0 389 −49.2 −7.18

Spring 3   97 11 1.9 0.24 18   9.3 389 −48.5 −7.35
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showed a much longer tail than either of the other springs (Fig. 8). Long tails in flowpath distributions are common in-
dicators of greater storage and/or slower flowpaths (Frisbee et al., 2013), retention of chloride mass along conduits or 
sediment in conduits of the aquifer (Drummond et al., 2012), and/or retardation of flow due to the presence of pooling 
(Hauns et al., 2001). We infer that the long tail in the BTC of Spring 2 indicates that some of the chloride mass was dis-
persed along slower flowpaths, located deeper in the karst aquifer. Recall that the emergence for Spring 1 is located ap-
proximately four meters above the modern stream elevation, whereas the emergences for Springs 2 and 3 are located 
nearer to the outlet and at an elevation that is only slightly higher than the stream elevation. The flowpaths must travel 
beneath the streambed or else the streambed springs would discharge water to the stream. Instead, since Springs 4 
and 5 are now dry, this seems to indicate that the flowpaths connecting the sinking stream to Springs 2 and 3 must 
flow deep within the planar-bedded, fine-grained limestone. The flow then bifurcates vertically and laterally along the 
fractured planar beds. The streambed springs (Springs 4 and 5), in comparison, must be driven by short exchanges of 
water along interconnected, karst conduits, localized to the streambed, reminiscent of hyporheic zone flow in perennial 
sediment-bedded streams (Boulton et al., 1998; Wilson and Henry, 2013).

The conceptual flow model (Fig. 9) was developed 
based on the field observation, BTCs, and QTRAC-
ER2 results. The arrival times are a little faster at 
Springs 2 and 3 despite much longer lateral distanc-
es from the sinking stream to these springs (315 m 
and 317 m, respectively) as compared to the distance 
to Spring 1 (150 m). We infer that once the water en-
ters the sinking stream, it flows along one conduit 
down to the top of a planar-bedded rock layer. At this 
point, the flowpaths must diverge, some of the wa-
ter (~25 %, based on chloride-mass recovery) flows 
toward Spring 1 along either one, large conduit or a 
group of highly-interconnected conduits, creating the 
single-peaked BTC (Fig. 8). The remainder (75 %, 
based on chloride-mass recovery) of the water must 
flow toward Springs 2 and 3. However, Springs 2 and 
3 accounted for 3.7 % and 22.9 %, respectively, of 
the chloride-mass recovery, indicating that 48.8 % of 
the chloride mass did not discharge through the three 
monitored springs. We infer that the double-peak-
ed BTC is created by bifurcation of flowpaths and/
or anastomosing flowpaths in the planar-bedded fa-
cies, and these flowpaths converge prior to reaching 
Springs 2 and 3 (Fig. 9). 

Approximately 51.2 % of the chloride mass was 
recovered [Cl mass recovered  Cl (Spring 1)  
Cl (Spring 2)  Cl (Spring 3)]. It is rare to recover 
100 % of a tracer since tracer mass may be retained 
or sorbed onto sediments in the aquifer or in longer 
flowpaths, or it may discharge at unmonitored dis-
charge sites (Benischke et al., 2007). In Fitch’s Glen, 
we propose three likely possibilities for the remaining 
chloride mass: 1) chloride mass was retained along 
deeper karst flowpaths; 2) chloride mass was dis-
charged to other springs that were not found in the 
field; or 3) chloride mass was discharged directly to 
the Wabash River. The first explanation is supported 
by the very long tail observed in the BTC of Spring 2 
(Fig. 8) and the third explanation is plausible given 
the relatively fast arrival times at Springs 2 and 3, and 
their close proximity to the Wabash River (175 m 
from Springs 2 and 3 to the Wabash River; Fig. 2). We 
searched for other springs near Springs 2 and 3, but 

Figure 9. Conceptual flow model built using Leapfrog Hydro. A) Map-
view illustrating possible lateral changes in flowpath lengths and tortuos-
ities. Please note that the blue flowpaths do not follow or flow along the 
land-surface; they are shown relative to the land-surface. The loops in 
the flowpaths represent the lateral bifurcation of subsurface flowpaths. 
B) Cross-section view showing vertical changes in flowpath lengths and 
tortuosities. The upper teal-colored unit is the massive, fine-grained, 
fractured to nodular limestone layer shown in Figure 4B, the thin, pink 
layer is the silty facies of the limestone, also shown in Figure 4B. The 
yellow layer is the massive, nodular limestone, and the olive drab layer is 
the planar-bedded limestone layer shown in Figure 4C.
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were unable to locate any on the property. This does not 
rule out the possibility that chloride mass discharged via 
regional-scale flowpaths to springs on adjacent property, 
outside the surface-water divide of the catchment. This 
is especially true, where the stratigraphy of a catchment 
conforms largely to a layer-cake model (horizontal bed-
ding with little-to-no dip), and delineation of well-defined 
topographic watershed divides is difficult. These charac-
teristics are also common in karst settings (Runkel et al., 
2013).

We developed a conceptual model explaining the acti-
vation (re-activation) of the buried karst sinkhole, based on 
field observations (especially buried karst features such 
as the presence of shafts and large conduits), historical 
hydrological modifications, and tracer test data (Fig. 10). 
Preexisting karst was buried when glacial activity deposit-
ed till on top of the carbonate rock and open conduits and/
or sinkholes (Fig. 10A). Surface erosion removed some of 
the sediment from the top of the buried karst and activat-
ed the paleosinkholes. The presence of abandoned shafts 
supports the inference that these paleosinkholes have 

Figure 10: Simplified conceptual model for the re-activation of the 
sinkhole. A) Cross-section showing karst features prior to glacia-
tion, B) Advance of glacier over the landscape, C) Burial of karst 
with glacial sediment, D) Thin arrows represent minimal flow of wa-
ter through buried karst, E) Ponding after dam construction, where 
thick arrows represent increased hydraulic head, which dislodges 
sediment in buried karst openings, and F) Re-activation of sinking 
stream following widespread flooding in 2015.  
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been activated sporadically in the past. The dam was built in the 1960s, and ponding upstream of the dam increased 
the hydraulic head on the buried karst, which likely provided sufficient stress to begin washing some of the sediment 
out of the till-filled karst conduits in the carbonate rock (Fig. 10E), which has been documented elsewhere (e.g., Mila-
nović, 2005; Upchurch et al., 2013; Veress, 2016). The extremely rainy summer of 2015 caused persistent flooding that 
flushed sediment from the buried karst conduit and formed the sinking stream, which eventually swallowed the stream. 
(Fig. 10F).

Conclusion
We addressed three primary questions in this study: 1) how did the sinkhole/sinking stream become re-activated in 

the buried karst, 2) where did the streamflow (allogenic recharge) go once it entered the sinking stream, and 3) what 
transport processes are active in the carbonate rocks at Fitch’s Glen?  The second and third questions are easier to 
answer because the data clearly show a hydrological connection between the sinking stream and three springs, while 
breakthrough curves and QTRACER2 results show strong evidence for advection-dominated flow in the karst with bi-
furcation occurring along deep flowpaths. Approximately 51 % of the chloride mass was recovered during the second 
salt-slug test leaving 49 % unaccounted for in the test. Based on the shapes of the BTC, average flow velocities, and 
close proximity to the Wabash River, we infer that some of the chloride mass and water from the sinking stream must 
discharge directly to the Wabash River, other springs, and/or some may be retained along slow and/or deep flowpaths 
in the carbonate aquifer. Regarding the first question, it is clear that land-use changes have played a role in the current 
hydrogeological behavior of this system. The area upstream of the old dam has numerous buried sinkholes, which may 
one day become reactivated and form sinking streams. We infer that the combination of land-use change (ponding 
following the installation of the dam), presence of buried karst, and an extremely rainy year with widespread flooding 
worked together to re-activate the karst sinking stream present today.

Google Earth imagery (Fig. 5) shows that sinkholes have been present in the landscape since at least 1998, and 
field reconnaissance indicates that there are numerous inactive sinkholes (i.e., plugged conduits) near the existing ac-
tive sinkhole today. In addition, the presence of the vertical shafts and large conduits further down the valley indicate 
that there have been active sinking streams with connectivity to large springs in the past. In fact, the location of these 
suggests that these sinkholes and their associated springs may have contributed to the development of this small, lime-
stone canyon in a landscape that is otherwise extremely flat. It is beyond the scope of this article to describe potential 
remediation techniques in great detail (examples can be found in Zhou and Beck, 2008); however the presence of the 
numerous inactive sinkholes near the modern sinking stream suggests that remediation techniques may only provide 
a temporary fix to the problem.
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