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A B S T R A C T   

Karst springs serve as major drinking water sources for the global population, yet there remains uncertainty 
regarding how contaminants like sediment are routed through karst. We find knowledge gaps pertaining to the 
processes that control the timing and magnitude of sediment delivery. To close these knowledge gaps, we: (1) 
collected high-frequency sediment and conductivity data from three surface streams and two cave sites in the 
inner bluegrass region of Kentucky, USA; (2) analyzed sediment hysteresis for 51 storm events over a two year 
period; (3) numerically modeled sediment transport through the aquifer; and (4) contextualized our results with 
a meta-analysis of ten karst springs in Europe and North America. Our results showed that 80% of storm events 
derived their sediment from external inputs through sinking streams while the remaining 20% were charac-
terized by only internal resuspension of previously deposited cave sediment. We found that internal sediment 
transport was proportional to fluid shear stress in the cave and occurred exclusively during fully saturated 
aquifer conditions prior to the storm event. During partially-saturated aquifer conditions, externally sourced 
sediment pulses were efficiently routed to the spring irrespective of shear in the conduit network. Sediment 
hysteresis in surface streams was clockwise whereas the cave sites experienced counter-clockwise behavior. 
Clockwise and counter-clockwise hysteresis typically refer to proximal and distal sourcing for streams, but our 
findings suggest that this interpretation is not valid for subsurface karst settings. Hysteresis patterns for karst 
show dependence on the antecedent water conditions in the aquifer and internal versus external sourcing. meta- 
analysis results show that, despite high variability, counter-clockwise patterns of sediment hysteresis are very 
common for karst, which contrasts sediment hysteresis in surface streams. Results suggest that external sediment 
loading rather than internal resuspension is the most common control of sediment load at springs, which should 
inform management of karst groundwater resources.   

1. Introduction 

Twenty-five percent of the world’s drinking water originates from 
karst aquifers (Leibundgut, 1998), which are particularly susceptible to 
contamination due to fast travel times in the subsurface (White, 2002). 
We find knowledge gaps regarding the sediment transport processes in 
karst, which limits our ability to accurately formulate predictive equa-
tions and understand the timing and source of sediment arriving at karst 
springs. Two decades ago, White (2002) reported sediment transport in 
karst as an open topic with many areas that still need to be investigated. 

Since that time, scientists advanced our understanding of sediment 
transport in karst aquifers and cave systems, with results such as: the 
occurrence of internal erosion of stored sediment in caves and 
externally-sourced sediment transport from sinking streams during 
storm events (Herman et al., 2008; Goldscheider et al., 2010); a suite of 
erosion, deposition and transport processes potentially occurring in 
karst caves (Herman et al., 2008; Reed et al., 2010); and the control of 
hydraulic conveyance limits on the sediment transport carrying capacity 
of the flow (Husic et al., 2017a,b). However, prediction methods and 
interpretation of hydrologic data remains understudied for sediment 
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transport in karst despite the potential detrimental impacts of sediment 
on drinking water. 

Sediment transport in karst relies on both external and internal 
processes (Herman et al., 2008; Goldscheider et al., 2010). External 
sediment sources can be transported into the subsurface through surfi-
cial connections to the karst aquifer, which include sinkholes and 
sinking streams (White, 2002). The high permeability of karst aquifers 
defined by fracture networks and cave systems enables this external 
sediment to transport relatively quickly to karst springs. Sediment de-
posits can also occur in caves as the transport capacity of the fluid 
reduced due to the loss in flow energy from sinking streams entrance 
(Husic et al., 2017a). These sediment deposits become internal sediment 
that can be resuspended in subsequent hydrologic events (Dogwiler & 
Wicks, 2004; Reed et al., 2010). However, the distribution of hydrologic 
events causing transport of internal and external sediment and the 
processes controlling their transfer remains an advancement needed for 
prediction (Cheng et al., 2020; Nerantzaki et al., 2015). 

Sediment hysteresis is a method to infer sediment sources and 
transport processes (e.g., Williams, 1989). Hysteresis refers to the 
asynchronous behavior between two processes, such as sediment and 
discharge and sediment and conductivity. As mentioned by a recent 
literature review by Liu et al. (2021), the processes and mechanisms 
behind hysteresis patterns are not fully understood. One common 
inference of sediment concentration versus discharge hysteresis is a 
clockwise pattern indicates an easily depleted sediment source lying 
proximal to the measurement point while a counter-clockwise pattern 
suggests a distal source from the measurement point (Williams, 1989; 
Lefrançois et al., 2007; Eder et al., 2010; Eludoyin et al., 2017; Zar-
naghsh and Husic, 2021). Recently published, a fundamental study uses 
sediment continuity modelling with experiments and supports the 
proximal and distal inference for surface streams (Juez et al., 2021). 
However, the process-pattern linkage has primarily been applied to 
surface streams and remains under-studied for karst springs. 

Sediment concentration versus electrical conductivity hysteresis may 
also be useful for inferring processes in karst because conductivity is 
often distinct for surface water and groundwater (Dahaan et al., 2016). 
Clockwise patterns are reported to indicate sediment resuspension in 
karst caves while counter-clockwise patterns indicate sediment deposi-
tion (Fournier et al., 2006; Schiperski et al., 2015; Valdes et al., 2006), 
however the linkage of the interpretation to processes has not been 
carefully examined. Sediment hysteresis applications and interpretation 
for karst systems have been generally limited to hysteresis being part of 
broader objectives to characterize various facets of karst systems. Lloyd 
et al. (2016) point out that hysteresis results from systems with fractures 
and caves can be of high complexity but a useful way to provide a cross 
comparison of different sites and events. Because karst springs differ so 
strongly from fluvial streams in their hydrologic controls, we hypothe-
size that the conventional interpretation of hysteresis patterns for karst 
will differ from that of surface systems. 

The objectives were to (1) gain knowledge of karst sediment trans-
port behavior, particularly with respect to internal versus external 
controls on loading and (2) advance interpretation sediment hysteresis 
patterns and their inference in karst basins. To meet these objectives, we 
analyze of a new dataset from sinking streams and phreatic cave sites for 
an epigenetic karst basin in the inner bluegrass region of Kentucky USA, 
carry out numerical modelling, and perform meta-analysis of published 
sediment datasets for karst. 

2. Methods 

2.1. Study site 

The study site was the Cane Run watershed (62 km2) and Royal 
Spring karst groundwater basin (58 km2), located in the inner bluegrass 
region of central Kentucky, USA. The surface stream network of Cane 
Run Creek, which carries water and sediment during storm events, is 

densely packed with over 60 swallets (in-stream sinkholes) along its 
length (Husic et al., 2017a). These swallets partially redirect water and 
sediment to the subsurface karst system. Together, Cane Run and Royal 
Spring form a surface and sub-surface coupled drainage basin with 
mature karst development. A primary cave, approximately 5.5 m2 in 
cross sectional area, drains groundwater to Royal Spring, which pro-
vides drinking water for the City of Georgetown (Fraley, 2019). Royal 
Spring is the largest perennial spring in the inner bluegrass region 
(Currens et al., 2015). This karst cave has been studied by many, 
including Husic et al. (2017a,b), and Al Aamery et al. (2021), providing 
evidence that the aquifer is always phreatic, while the overlaying 
epigenetic aquifer has varying levels of saturation. Phreatic conduits are 
very common and have been studied by White (2002), Drysdale et al. 
(2001), Massei et al. (2003), Herman et al. (2008), and others. A 
description of the soils and geology of the Royal Spring basin can be 
found in Husic et al. (2017a,b). 

We chose five sampling locations (Fig. 1), including three surface 
sites in the Cane Run Creek network and two sites along the primary 
cave system. Surface Site 1 and Surface Site 2 drain urban and rural 
portions, respectively, of Cane Run Creek. Surface Site 3 is situated at the 
outlet of upper Cane Run Creek watershed. The two cave sites are 
located in the longitudinal upper section of the cave, termed the Up-
stream Cave Site, and at the spring where the cave daylights, termed the 
Downstream Cave Site at Royal Spring. 

2.2. Data collection and quality control 

In situ pressure transducers were installed at Surface Sites 1, 2, and 3 
to collect water depth data in 10-minute intervals. A stage-discharge 
relationship was used to calculate the water flowrate values from the 
stage height recordings of the pressure transducers (Husic, 2015). At the 
Upstream Cave Site, a pressure transducer was installed in a monitoring 
well to measure stage and a stage-discharge relationship was established 
using velocity measurements in the conduit deployed temporarily in the 
well (Husic, 2015). The United States Geological Survey (USGS) gage 
station 032881100 provided flowrate data for the Downstream Cave Site. 

Sensor platforms were used measure the turbidity and the electrical 
conductivity. Data were collected at the three Surface Sites and Upstream 
Cave Site using YSI 6920V2-2 multiparameter water quality sondes 
connected to Campbell Scientific CR 20 data loggers at a 10-minute 
resolution (Husic, 2015). Data were collected at the Downstream Cave 
Site using a YSI 6600V2 multiparameter sonde and a YSI 600 OMS V2 
optical sonde connected to Campbell Scientific CR 1000 data logger. 

Total suspended sediment (TSS) samples were used to establish re-
lationships with turbidity so that continuous turbidity data could be 
used as a TSS surrogate (e.g., Walling et al., 2006). TSS samples were 
collected with Teledyne ISCO 6712 automated pump samplers during 
storm events. Grab samples were collected at approximately on a weekly 
basis at all locations. The samples were returned to the lab where they 
were processed through 0.45-µm Whatman filters to retain the sediment, 
and used to estimate sediment mass (USEPA, 1999). Surrogate re-
lationships between TSS and turbidity were established with regression 
optimized through the data, separately for each site (Cao et al., 2021; 
Drysdale et al., 2001). 

Quality control of data followed several steps detailed in Bettel 
(2021) and outlined here in brief. Water flowrate at the spring was 
corrected using data from the Georgetown Water Treatment Plant 
(GWTP) to account for their intake located upstream of the USGS gage. 
All instrumentation was checked weekly for power concerns, damage by 
flow events, electrical short-circuiting, or animals chewing on in-
struments, and data were downloaded and batteries switched at that 
time. The sensor probes and connecting cables were cleaned and cali-
brated following the steps of the manufacturer. Raw data at the spring 
were evaluated for erroneous data with the help of the GCE Data 
Toolbox, a software for metadata-based processing, analysis, visualiza-
tion, and transformation of environmental data (Georgia Coastal 
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Ecosystems LTER, n.d.) run in Matlab Version 2021b. The toolbox was 
applied to evaluate each data point for possible errors that arose during 
data collection. Categorization of problems associated with data 
included: ‘invalid’ data range, ‘questionable’ data not expected to be 
recorded but are physically possible under certain circumstances, ‘per-
centage’ for flagging data points for checking with a large change in 
their value, ‘standard deviation’ flagging to mark outliers in the dataset, 
and ‘missing’ data points for periods during which the datalogger was 
not supplied with power. During the quality control process, monthly 
data quality reports were completed and are archived in Clare (2019) 
and Bettel (2021). 

2.3. Event analyses of data, hysteresis, and mixing modelling 

We identified hydrologic storm events for periods during which all 
three parameters, discharge (Q), total suspended solids (TSS), and 
electric conductivity (EC) measurements were available (Fig. 1, sampled 
events highlighted in red). Events were manually extracted, starting at 
the point at which a pronounced increase in discharge was observed and 
ending when flow had returned to pre-event conditions or when a new 
event started. Each event was evaluated for its duration and the 
magnitude and timing of initial, peak, and ending values of Q, TSS, and 
EC. The parameters were each normalized by creating percentiles using 
their respective event maxima, so that cross-site and cross-event ana-
lyses could be carried out (Cao et al., 2021; Fournier et al., 2006; Lloyd 
et al., 2016). To further facilitate cross-event comparison, all sites were 
adjusted to a common time datum corresponding to t = 0 when the 
respective hydrographs reached their maximum flowrate. Event ana-
lyses included data from 25 h before the hydrograph peak to 75 h after 
the hydrograph peak. This event duration allows focus on the important 
information without omitting any substantial data associated with the 

precipitation events, as events do not typically show pulses in Q, TSS, or 
EC 75 h after the hydrograph peak (see Fig. S1). A few uncharacteristic 
events did show additional pulses at late time periods in the event, and 
these events were sampled during an in-stream construction operation 
in Cane Run Creek (see Fig. S2). 

We carried out hysteresis analysis following visual and quantitative 
methods. The TSS-Q and TSS-EC hysteresis patterns were observed after 
plotting the normalized data. Several metrics commonly applied in 
hysteresis analyses were calculated for each event and then were eval-
uated separately and cumulatively (Liu et al., 2021; Zarnaghsh and 
Husic, 2021). TSS peak lag time was calculated as. 

TSSlag = tmax(Q) − tmax(TSS) (1)  

where tmax(Q) is the time at which Q reaches its maximum flow, tmax(TSS)

the time at which TSS reaches its maximum concentration. The hyster-
esis index was calculated as. 

HI =
∑(

TSSRL
i − TSSFL

i

)/
n, (2)  

where HI is the hysteresis index of normalized discharge, TSSRL
i is the 

normalized sediment concentration on the rising limb at percentile i, 
TSSFL

i is the normalized sediment concentration on the falling limb at 
percentile i, and n is the number of percentiles i (Cao et al., 2021; 
Heathwaite & Bieroza, 2020; Lloyd et al., 2016). The flushing index (FI) 
was calculated as. 

FI =
(
TSSmax(Q) − TSSmin(Q)

)/
max(TSS), (3)  

where TSSQmax is the total suspended solids concentration at Qmax, and 
TSSQo is the total suspended solids concentration at the beginning of the 
event (Heathwaite & Bieroza, 2020). Histograms were plotted for TSS 

Fig. 1. Location Map of the Cane Run Watershed and Royal Spring Basin and Events Sampled (highlighted in Red). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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lag times, HI and FI to investigate distributions, and the mode, mean, 
variance, skewness and kurtosis were calculated and analyzed. 

We performed end member unmixing with EC as the tracer to 
separate the contribution of water sources in the aquifer from surface- 
derived runoff in the sinking streams and antecedent groundwater in 
the karst aquifer. EC has been deemed fairly conservative for surface and 
groundwater mixing during storm events (Massei et al., 2003; Pellerin 
et al., 2008). The solution is algebraic for two sources and one tracer as. 

ECT
i = ECB

i XB
i +ECR

i XR
i and (4)  

XB
i +XR

i = 1, (5)  

where ECB is the conductivity of the baseflow groundwater, ECR is the 
conductivity of the runoff, and ECT is the total conductivity at timestep i, 
and X indicates the mass fractions. The mass fractions use the ratio of 
volumetric flowrates for incompressible flow as. 

XB
i = QB

i /QT
i , (6)  

XR
i = QR

i /QT
i , (7)  

where QT
i is the total averaged flow at timestep i, QB

i is the baseflow at 
timestep i, and QR

i is the stormflow at timestep i. 
We carried out hysteresis loops for the unmixed signal, including 

runoff and TSS concentrations at each site. We plotted QR against the 
TSS concentrations for the 15-minute intervals identified looping 
direction. 

2.4. Fluvial erosion modelling in the cave 

We modelled fluid shear stress (τf ), sediment flux (Qss), and 
commonly reported fluvial erosion formula for the cave. The analysis 
was carried out to investigate potential evidence that fluid shear stress in 
the cave controls sediment flux of internally sourced sediment trans-
ported through the cave. Fluid shear stress was modelled using the 
Darcy–Weisbach approach as. 

τf =
1
8

f ρV2, (8)  

where the fluid shear stress (τf ) is in Pa, f is the Darcy–Weisbach friction 
factor and is dimensionless, ρ is the fluid density (kg m− 3), and V is the 
bulk streamwise velocity through the cave (m s− 1). The friction factor 
was parameterized for the primary cave of the Royal Spring ground-
water basin in Husic et al. (2017b) and was carried forward herein. 
Velocity was estimated every 15 min using the USGS measurements for 
water flowrate and approximation of the cave’s bathymetry. The shape 
of the underground cave was estimated as elliptical based on our pre-
vious research of the spring, and the elliptical long diameter was esti-
mated as 6 m while the elliptical short diameter was 0.9 m. This estimate 
is based on a great deal of historic research of the cave bathymetry over 
the past 40 years by the Kentucky Geological Survey (KGS) and re-
searchers at the University of Kentucky. Dye tracers were used to find 
connectivity of the cave system across the extent as well as travel time 
for different hydrologic conditions within the cave by Spangler (1982), 
Taylor (1992), and Paylor and Currens (2004). Thrailkill and Gouzie 
(1984) investigated linear velocity, cave geometry, and conveyance in 
the conduit, and Tripathi (2009) used electrical resistivity to determine 
the footprint of the cave. The KGS used down-hole images in combina-
tion with Doppler sonar instruments to determine the approximate ge-
ometry of the conduit (Husic, 2015). The combined results of the 
mentioned methods made it possible to estimate the general shape of the 
cave, which was estimated as an elliptical conduit (i.e., an average short 
diameter in the vertical direction of 0.9 m and an average long diameter 
in the transverse direction of 6.2 m, Husic, 2015; Husic et al., 2017a,b). 
Sediment flux was estimated every 15 min using the sediment sensor and 

water flowrate measurements. 
The potential of the fluvial erosion process controlling erosion of 

internal sediment in the cave and in turn controlling sediment flux was 
assessed using the fluvial erosion formula of Partheniades. The Parthe-
niades equation is a widely used erosion and resuspension formula for 
cohesive sediment and is given as. 

ε = Aeff kd
(
τf − τc

)M
, (9)  

where ε is the sediment flux via the fluvial erosion process (g/s); Aeff is a 
supply term defined as the effective area of the cave bed supplying 
sediment (%); kd is the erodibility coefficient; τc is the critical shear 
stress (Pa); and M is the erodibility exponent and is near 1. The erod-
ibility coefficient was parameterized as a function of τc following the 
work of Hanson and Simon (2001). The effective area reflects the 
concept that some portions of the cave bed are covered with fluvial 
sediment and other portions of the bed are bedrock with no available 
fluvial sediment. In this way, the potential to adjust Aeff for different 
conditions was investigated. 

2.5. Numerical modelling of sediment pulses in the karst aquifer 

Numerical modelling using the conservation of mass for water and 
sediment was carried out to simulate the effect of an externally sourced 
sediment pulse that enters the subsurface and transports through the 
aquifer and cave system during a storm event. A sediment pulse from the 
sinking streams was input using the sediment concentration data. Water 
and sediment routing through the upper aquifer was accomplished via a 
reservoir model approach for the system (e.g., Husic et al., 2019). 
Routing through the cave system was accomplished by discretizing the 
cave and treating the system as pipeflow (e.g., Husic et al., 2017b; Al 
Aamery et al., 2021). The model was formulated for the karst aquifer as 
a reservoir and the cave system as. 

dSres

dt
= Qsw +Qgw − Qcave− in, (10)  

d(TSSres Sres)

dt
= TSSswQsw +TSSgwQgw − TSScaveQcave− in, (11)  

dScave

dt
= Qcave− in − Qcave− out, and (12)  

d(TSScave Scave)

dt
= TSScave− inQcave− in − TSScave− outQcave− out. (13) 

The first two equations were setup for the karst aquifer reservoir that 
is modelled as an unsteady flow detention basin and the second two 
equations are for the phreatic that is modelled as pipeflow. S and TSS 
indicate water storage (m3) and sediment concentration (g l− 1); and 
subscripts sw, gw, cave-in, and cave-out indicate swallet water from the 
sinking streams, groundwater recharge from the fracture flow and 
phreatic matrix draining the soil and epikarst, cave water inputs, and 
cave outputs, respectively. 

Parameterization of model fluxes and model discretization was 
accomplished using commonly applied karst reservoir routing formula 
and conduit approaches (Hartmann et al., 2014; Husic et al., 2017b; 
2019). A reservoir approach was applied to both the exit from the karst 
aquifer to the cave and the groundwater recharge from fractures and the 
rock matrix as. 

Q = αSβ
res, (14)  

where α and β are reservoir coefficients. The storage in the karst aquifer 
was treated as the product of the reservoir depth and effective area (Sres 
= HresAeff). A constant value was applied for the sinking streams net 
water flowrate recharging the karst aquifer via the swallets, and this 
input was adjusted to zero when the karst aquifer was saturated. These 
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assumptions are reasonable given the 50 plus swallets for which sub-
sequent filling and overtopping has been observed in the creek system. 
The equations were discretized in time and one reservoir was used for 
the system following the work of Husic et al. (2019), and five cave 
segments were modelled. The unsteady terms were set to zero in the 

cave since the cave is always phreatic, and therefore the water flowrate 
at the spring was useful to set initial conditions for the karst aquifer. 
Coefficients of the reservoir fluxes, the effective area of the aquifer were 
adjusted to agree with mean water flow rate conditions at the cave’s 
spring. Sediment concentration from the sinking streams entering the 

Fig. 2. Examples of results for events where TSS pulse was not observed or the pulse was observed. (a-b) Average Q (c-d) Average TSS (e-f) Average EC (g) com-
parison of events as a function of Q range and maximum Q. 
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aquifer via swallets was set to match the surface stream sediment con-
centration mean distribution given the relative similarities across 
events. Sediment deposition and erosion in the cave were assumed to be 
equal in amount and therefore were not included in the simulations so 
that we could isolate impacts of mixing the sediment-laden surface- 
derived water with the clear-water groundwater in the aquifer and 
observe the constraint on water discharge in the cave that slows the 
transport velocity. 

3. Results 

3.1. Internal and external sources of sediment during events 

Results from data collection at Royal Spring produced 51 individual 
hydrologic events with coinciding turbidity and conductivity data 
(Fig. 1). Despite hydrograph responses at the spring, 10 events had no 
pronounced pulses of TSS or EC and two events showed irregular 
behavior and were difficult to interpret (Fig. 2). The remaining 39 events 
showed pronounced TSS and EC pulses in temporal proximity to Q peaks 
(Fig. 2). Close examination of the 10 sedigraphs with no observable 
pulses showed TSS experienced a slight increase and then decreased 
with the rising and falling limb of the hydrograph (Fig. 2). However, this 
dependence was very low in comparison to other 39 events that 
exhibited a noticeable sediment pulse. The sediment pulses occurred in 
conjunction with the hydrograph response, albeit at times out of phase 
with Q, and included a steep incline in TSS, peaking which was then 
followed by a decrease to pre-event TSS conditions. 

We examined factors controlling the presence or absence of sediment 
pulses observed at the spring for the 39 and 10 events, respectively. The 
peak water flowrate for each event, as measured at the spring, showed 
no significance as a factor controlling the classification of events as 
showing the presence or absence of the sediment pulses (p-value = 0.21, 
two-tail t-test assuming unequal variances). However, the hydrograph 
range (QRange) clustered to two types of event and significantly 
controlled classification of the events as showing the presence or 
absence of sediment pulses (p-value = 0.005). QRange is defined as the 
difference between the peak water flowrate and the pre-event flowrate 
for each individual event. Eight of the 10 events with no TSS and EC 
pulse had a QRange less than 0.5 cms while 32 out of 39 events with TSS 
and EC pulse had a QRange greater than 0.5 cms. The clustering metric is 
not absolute, but QRange does separate 82 % of the events and suggests an 
underlying hydrologic process. 

We attribute the absence of pulses in the sedigraphs and chemo-
graphs (Fig. 2, left column) to saturated conditions for the karst aquifer 

at the start of the event. A pre-event condition of saturated aquifer 
prevents externally sourced sediment transported into the aquifer by 
preventing high TSS runoff water from entering the cave. The surface 
streams overtop the swallet openings and, in turn, a relatively small 
increase in water flowrate is observed at the spring (i.e., <0.5 cms in-
crease in Q at Royal Spring). This interpretation is consistent with the EC 
distribution. On the other hand, the presence of pulses in the sedigraphs 
and chemographs (Fig. 2, right column) provide evidence that externally 
sourced sediment has entered the cave. Events with the presence of an 
EC pulse show a sharp decrease of EC consistent with recharge from the 
surface streams to the karst aquifer. The results suggest that only sedi-
ment internal to the karst cave was transported during events with no 
TSS or EC pulse, while both internal and externally-derived sediment 
was transported to Royal Spring during events with TSS and EC pulses. 

Fluvial erosion modelling results for the cave supported the separa-
tion of the 10 events with no TSS and EC pulses and 39 events with 
pulses as internal sediment only and combined internal-external sedi-
ment, respectively (Fig. 3). Sediment flux estimated from the measured 
data (Qss) is plotted as a function of fluid shear stress in the cave (τf) for 
the 10 events with no TSS and EC pulse (Fig. 3a) and for data from a 
sample of events with pulses (Fig. 3b). Sediment flux shows a direct 
dependence on fluid shear stress in the cave for the events with no TSS 
and EC pulses. We interpret this result to reflect the process of fluvial 
erosion in the cave in which fluid shear stress at the floor of the cave 
causes internal sediment transport. Sediment flux shows a dependence 
on fluid shear stress in the cave for some of the data collected for events 
with pulses. However, the majority show clustering and scattered 
behavior with no clear dependence on shear stress in the cave. We 
interpret this result to reflect mixed processes of fluvial erosion in the 
cave and sediment influx to the cave through swallets from the sinking 
streams indicating both internal and externally-sourced sediment 
transport. We plot the fluvial erosion formula modified from Parthe-
niades via the work for silt-sized sediment by Hanson and Simon (2001). 
The fluvial erosion formula was optimized well for data from events that 
showed no pulses in Fig. 3a. However, much of the data in Fig. 3b does 
not agree with the fluvial erosion formula owing to the interpretation 
that this is externally-originated sediment that moves through the sys-
tem as a pulse of sediment. 

3.2. Time-series results 

Time-series results for events with sediment pulses showed a shift in 
behavior longitudinally in the basin from surface sites to Royal Spring, 
indicating increased water and sediment retention. The longitudinal 

Fig. 3. Sediment flux, Qss, at the downstream cave’s spring plotted as a function of fluid shear stress in the cave, τf. (a) Data from events with no pulses and fluvial 
erosion formula, (b) data from events exhibiting pulses. 
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trends are seen when observing hydrographs (Q versus time), sedigraphs 
(TSS versus time), and chemographs (EC versus time) data from the Cane 
Run streams, the upper cave site, and downstream cave site at Royal 
Spring (Fig. 4). The mean distributions (dashed black lines in Fig. 4 a-e) 
show the base of the hydrograph widens, reflecting increased residence 
time of surface-derived runoff and in turn longer duration events moving 
from upstream to downstream. The time-series at Surface Site 1 shows 
the sharpest hydrograph peak and the narrowest base, followed by 
Surface Site 2, Surface Site 3, Upstream Cave Site, and, with the widest 
base, the Downstream Cave Site. For the surface streams, the shifts are 
expected because of an increase in drainage area across the three loca-
tions. For the cave, the longer duration hydrographs and sedigraphs 
reflect an increase in water and sediment retention time with some 
events showing the cave hydrographs extending an order of magnitude 
longer than the duration of hydrographs in the surface streams. The 
water velocity in the cave is on average 16 % of the water velocity in the 
surface streams. This result agrees with water conveyance estimates in 
the karst aquifer, and conveyance is greatly reduced in the cave relative 
to the surface streams because the cave experiences pipeflow mechanics 
and thus is limited in its cross section (Al Aamery et al., 2021). 

Sediment concentration and electrical conductivity time-series re-
sults from the cave sites point toward externally sourced sediment and 
water. The sedigraphs and chemographs show consistent pulses during 
the events. The mean sedigraph pulses at each site (dashed black lines in 
Fig. 4 f-j) had a general inverse agreement with the mean chemograph 
pulses (dashed black lines in Fig. 4 k-o). The surface sites show primary 
sediment pulses attributed to surface erosion and sediment transport as 
runoff is generated. Surface Sites 2 and 3 show secondary pulses attrib-
uted to streambank erosion in the main corridor, as these sites show the 
greater height of streambanks and experienced degradation the past 
decade (Bettel, 2021). The chemographs show pronounced negative 
pulses at surface sites consistent with the observation that EC of runoff in 
surface streams is typically considerably lower than that of groundwater 
(e.g., Dahaan et al., 2016). These transfers of water and sediment to the 
subsurface karst are visually evident as primary pulses are observable, 

although elongated in duration due to the previously mentioned in-
crease in residence time. Instantaneous sedigraph results at Royal Spring 
(colored lines in Fig. 4j) showed examples of observed primary and 
secondary pulses attributed to surface and bank erosion transferred from 
the sinking streams. 

3.3. TSS-Q hysteresis 

Results of hysteresis patterns and metrics for sediment concentration 
as a function of water flowrate (TSS-Q hysteresis) show a shift in 
behavior from clockwise patterns for the surface stream to figure eight at 
the upstream cave site to counter-clockwise patterns and very high 
variability at Royal Spring (see mean loops and instantaneous loops in 
Fig. 5). Out of the 39 events that showed TSS and EC pulses, visually 19 
were clearly counter-clockwise, 0 were clearly clockwise, 5 events were 
a figure eight pattern showing clockwise and counter-clockwise loops, 9 
events appeared linear, and 6 events showed complex patterns that were 
difficult to summarize. Of the 39 events, 29 events showed a positive 
TSSlag indicating more counter-clockwise behavior, 8 events showed a 
negative TSSlag indicating clockwise hysteresis, and two events showed a 
TSSlag equal to zero indicating linear behavior. The mode of the TSSlag 
shifts from − 5 h to +5 h for surface streams to the cave, indicating a shift 
to counter-clockwise behavior at Royal Spring (Fig. 6). The central mode 
of the hysteresis index (HI) shifts from 0.3 for surface stream sites to 0.15 
at the upstream cave site to − 0.15 at Royal Spring, where a negative HI 
indicates counter-clockwise. The central mode for the flushing index 
shifts from 0.85 for the surface stream sites to 0.6 for the upstream cave 
site to 0.2 at Royal Spring. The flushing index indicates the system shifts 
from an almost exclusive concentration response at the surface to a 
mixed concentration and dilution response at Royal Spring. Variability 
of hysteresis shows that HI ranges from − 0.4 to 0.3 at Royal Spring, 
demonstrating that various degrees of counter-clockwise and clockwise 
patterns that reflect the varying arrivals of TSS pulses. 

Surface streams are reported to most often show clockwise patterns 
for TSS-Q hysteresis (Hamshaw et al., 2018; Cao et al., 2021) and our 

Fig. 4. Averaged Time Series (dashed black) Colored lines show examples of individual events at each site (a-e) Average Normalized Q (f-j) Average Normalized TSS 
(k-o) Average Normalized EC. 
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results in the Cane Run stream network agrees with this result. Clock-
wise hysteresis patterns are typically interpreted as erosion of proximal 
(close-by) sediment sources that are easily transported during a hydro-
logic event (Cao et al., 2021). In surface streams, the clockwise pattern is 
common because the sediment sources are close to the measurement 
location of the instrument, causing the sediment peak to occur early in 
the event, before the hydrograph peak. (Lloyd et al., 2016) This inter-
pretation is reasonable for the surface streams of Cane Run Creek 
because the primary sediment source is stored sediment in the ephem-
eral network which is entrained during the rising limb of the 
hydrograph. 

The shift to commonly shown counter-clockwise pattern with high 
variability for TSS-Q hysteresis at karst spring are unique results to the 

literature, and counter-clockwise patterns are less commonly reported 
for sediment hysteresis (Hamshaw et al., 2018, Krajewski et al., 2018, 
Lloyd et al., 2016) although some work has shown that intense urban-
ization pushes streams toward counter-clockwise behavior (Zarnaghsh 
and Husic, 2021). The common interpretation of counter-clockwise 
patterns for TSS-Q hysteresis is dominance of sediment transport from 
distal (far away) sediment sources that are not well connected to the 
measurement location of the instrument (Juez et al., 2018; Zarnaghsh 
and Husic, 2021). However, this interpretation may not hold for sedi-
ment hysteresis in karst caves. The hysteresis in the cave varies between 
clockwise and counter-clockwise, depending on events, with net 
counter-clockwise behavior. This behavior is likely a function of pre- 
event water storage in the karst aquifer.Numerical modeling results 

Fig. 5. Averaged Q-TSS Hysteresis (black) Colored lines show examples of individual events at each site, Solid black lines indicate rising limb of hydrograph, dashed 
black lines indicate falling limb of hydrograph. 

Fig. 6. Histograms for TSS Lag, Hysteresis Index and Flushing Index at (a-c) Surface Streams, (d-f) Upstream Cave Site, (g-i) Downstream Cave at Spring.  
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and comparison with data support the dependence of counter-clockwise 
and clockwise hysteresis on the pre-event water storage in the aquifer. 
The data and numerical modeling results show that the modelled vari-
ation of the TSSlag as a function of the time for the rising limb of the 
hydrograph (TRL), in which the latter can be used as a surrogate to 
determine pre-event water storage conditions within the aquifer 
(Fig. 7a-b). High TRL occurs because the aquifer is initially unsaturated 
and takes a long time to fill, while low TRL occurs because the aquifer is 
initially near saturation and takes a shorter time to fill. The saturation 
state of the aquifer as a function of the rising limb time is illustrated in 
Fig. 7. When simulated as initially unsaturated (i.e., near empty, 
Fig. 7c), the aquifer takes approximately 60 h to fill with water and for 
the water flowrate to reach its peak flow (i.e., time for rising limb, TRL). 
When simulated as initially saturated (i.e., near full, Fig. 7d), the aquifer 
takes approximately 10 h to fill with water and for the water flowrate to 
reach its peak flow (i.e., time for rising limb, TRL). This result is 
consistent with conceptualizing the karst aquifer as a reservoir with the 
primary phreatic cave as the reservoir outlet. 

The consistent behavior of the saturation states on sediment trans-
port was also shown via the modelling (i.e., Fig. 7 sediment results). 
Storm events with an initially saturated aquifer, and thus short TRL, have 
longer and net positive TSSlag times, while events with an initially un-
saturated karst aquifer show long TRL and negative TSSlag times. This 

concept can be seen visually in time series results from the numerical 
model of Fig. 7c, where sediment transport occurs for an event with an 
initially unsaturated karst aquifer—the TSS peak occurs before the 
hydrograph peak similar to a surface stream. Fig. 7d shows the modeling 
results for an event with an initially saturated aquifer—the sediment 
peak response is delayed due to the transport of clear water to the spring 
and pressure response of the system. For the nine data points on the top 
shown in Fig. 7a, we qualify that there is no visual dependence of TSSlag 
on TRL. These events occurred during the months from February to 
September 2018 when stream restoration contractors were restoring an 
approximately 1.6 km reach of the streambanks in the upper portion of 
the Cane Run Creek. This restoration activity intersected with the rain 
events of springtime 2018, which was the wettest year on the 150-year 
precipitation record from 1870 to 2020 (Bettel, 2021). The very high 
TSSlag values are attributed to streambank erosion on the falling limb of 
the surface hydrographs during this time period (Fig. 4j, Bettel, 2021). 

Results suggest the TSS-Q hysteresis for the karst cave is a function of 
the pre-event water storage of the aquifer. This contradicts the idea that 
the system shifts from proximal to distal sources. Royal Spring shows 
both counter-clockwise and clockwise behavior for different events 
(Fig. 6), and both patterns reflect the same external source of sediment 
from the sinking streams that is transported through the cave. The 
arrival of the sediment pulse is interpreted as a function of the initial 

Fig. 7. Dependence of externally sourced sediment transport on aquifer initial conditions shown with data and numerical modeling (a) The lag-time of the suspended 
sediment peak (TSSlag) at the cave’s spring plotted versus the time duration for the rising limb water flowrate (TRL) for the hydrograph at the cave’s spring. (b) Data 
and numerical modeling results for variation of TSSlag as a function of TRL attributed to storage conditions of the aquifer. (c) Numerical modeling results showing the 
attenuation of an externally sourced sediment pulse for an initially empty aquifer. (d) Numerical modeling results showing the attenuation of an externally sourced 
sediment pulse for an aquifer initially near full of clear water. 
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water storage in the aquifer as opposed to the spatial location of the 
source. An aquifer that is initially unsaturated, or dry, will show arrival 
of the TSS pulse prior to Qpeak, and exhibit clockwise behavior similar to 
a surface stream. An aquifer that is nearly saturated will show a TSS 
pulse after Qpeak and exhibit counter-clockwise behavior because the 
pressure response of the pre-stored clear aquifer water arrives at the 
spring prior to the TSS pulse. 

3.4. TSS-EC hysteresis results 

Results of sediment concentration and electrical conductivity, TSS- 
EC, hysteresis provide evidence about the sources of water and sediment 
in the surface streams and the cave. Clockwise TSS-EC hysteresis loops 
occurred for all sites, including the cave and spring sites (Fig. 8 a-e). The 
main mode of sediment transport is from runoff water that arrives at 
each site, causing the EC values to drop as well as the TSS values in-
crease. We also used mixing analyses for water sources and carry out 
hysteresis, and the hysteresis analyses of TSS and surface runoff support 
the TSS-EC hysteresis interpretation. The general trend from the up-
stream surface sites to the downstream cave site is that as the sites move 
further down, and the amount of runoff (QR) at the total hydrograph 
(QT) peak decreases. This trend is observed for the runoff (QR) contri-
bution at the TSS peak time: the further downstream in the cave the site 
is located, the less runoff is contributing to the total flow at the time the 
TSS peak occurs. Regardless, the TSS-QRunoff hysteresis loops are 
consistently clockwise patterns and agree with the TSS-EC results. 

The TSS-EC hysteresis is valuable because it isolates the water’s 
runoff origin and relationship to the sediment. Results provide evidence 
that all sediment pulse are from the same source—external sediment 
that transports to the subsurface karst from the sinking streams. In this 
manner, the TSS-EC hysteresis removes the effect of the pre-event stor-
age of water in the karst aquifer and shows that sediment is not distal or 
proximal. In all cases, the TSS peak occurs before the EC peak because 
the TSS pulse occurs during the rising limb of the runoff hydrograph as 

entrainment occurs at the surface. 

4. Discussion 

4.1. Sediment transport in karst 

Results lead to a conceptual model for behavior of sediment trans-
port in the phreatic karst system and interpretation of hysteresis patterns 
(Fig. 9). Three modes of sediment transport behavior in the karst cave 
are conceptualized, including (1) internal sediment transport with no 
hysteresis at the spring, (2) externally sourced sediment transport with 
counter-clockwise hysteresis, and (3) externally sourced sediment 
transport with clockwise hysteresis. All three modes of sediment trans-
port are hypothesized to be a function of initial water storage in the karst 
aquifer as indicated with saturated and unsaturated rock matrices. These 
aquifer conditions include initially saturated, initially partially satu-
rated, and nearly empty of water initially. The unsteady sediment arrival 
to the aquifer also controls externally sourced sediment transport in 
modes two and three. 

The first mode of sediment transport in the karst cave is internal 
sediment transport only with no hysteresis at the spring (top panel in 
Fig. 9), and this mode is attributed to the karst aquifer that is initially full 
of water. The initial, fully saturated rock matrix leads to the surface 
stream overtopping the swallets. Sediment-laden water cannot enter the 
karst aquifer, however the increased free surface of the surface stream 
associated with the flood wave causes an increased hydraulic head for 
the aquifer. In turn, the water flowrate in the cave is increased, as is the 
fluvial shear stress. This condition leads to internal fluvial erosion of 
sediment from the bed of the cave. At the spring, the hydrograph shows a 
slight increase in flowrate that is mirrored by the sedigraph and no 
hysteresis loop occurs. 

The second and third modes of sediment transport reflect the un-
steady arrival of sediment from external surface streams and the pre- 
event water storage of the aquifer. The surface stream sedigraph 

Fig. 8. Averaged EC-TSS Hysteresis (black) Colored lines show examples of individual events at each site. Solid black lines indicate falling limb of chemograph. 
Dashed black lines indicate rising limb of chemograph. 
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Fig. 9. Concept of pre-event conditions impacting hysteresis in karst. Colors are defined such that dark blue is low sediment water and brown is sediment laden 
water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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shows increasing sediment concentration on the rising limb of the 
hydrograph and a sharp decline in sediment concentration immediately 
before the peak water flowrate (middle panel Fig. 9). The hysteresis 
pattern is a clockwise loop, and this is the most commonly occurring 
hysteresis pattern for relatively undisturbed surface streams (Hamshaw 
et al., 2018). The surface streams sink to the karst aquifer and carry the 
sediment-laden water. Sediment pulses are attenuated and extended 
over longer time durations in the karst aquifer. This attenuation and 
longer duration is seen in Fig. 4 when comparing surface stream and 
spring hydrographs and sedigraphs. The attenuation and longer dura-
tion occurs because the inflow of water exceeds the outflow of water 
during the event, the sediment-laden water mixes with clear cave water, 
and the hydraulic conveyance of the aquifer is reduced relative to the 
surface streams. The pre-event water storage of the aquifer controls the 
timing of the water and sediment arrival at the spring, and therefore 
controls the hysteresis patterns. 

The second mode of sediment transport is external sediment trans-
port with counter-clockwise hysteresis at the spring (middle panel in 
Fig. 9), and this mode is attributed to the karst aquifer that is partially 
full of water initially. The aquifer contains unsaturated and saturated 
matrices. Sediment-laden water enters the aquifer, where it pushes a 
pulse of prior-stored clear water out of the aquifer. At the same time, the 
hydraulic head of the aquifer increases relatively quickly due to partial 
water storage causing an increased water flowrate and a peak in the 
hydrograph. The delay of sediment-laden water reaching the spring 
causes a lag in the peak of the sedigraph beyond that of the hydrograph, 
and in turn produces a counter-clockwise hysteresis loop. 

The third mode of sediment transport in the karst cave is external 
sediment transport with clockwise hysteresis (bottom panel in Fig. 9). 
This mode is attributed to a karst aquifer that is initially very unsatu-
rated. An initially unsaturated aquifer causes the sediment concentra-
tion peak occur early in the event before the hydrograph peak in time. 
The hydrograph peak does not arrive until the aquifer has become fully 
saturated to produce a maximum pressure response at the spring. So, the 
sediment reaches the spring before the aquifer is fully saturated. Clear- 
water is pushed out of the cave, sediment-laden water is transported 
through the cave to the spring, then the aquifer reaches saturation and Q 
peak arrives at the spring. In turn, the onset of the sediment peak 
arriving prior to the water flowrate peak causes the clockwise hysteresis 
loop (Fig. 9). 

The sediment transport behavior of Fig. 9 is conceptualized for the 
karst system of the present study and those karst systems that show 
similar geomorphology. In this study, the cave draining the aquifer is 
always phreatic, meaning that the conduit is always filled with water. 
However the overlaying epigenetic aquifer has varying levels of satu-
ration, where if the aquifer is fully saturated, then the fracture network 
and rock matrix is filled with water; or if it is unsaturated, where the 
fracture network and is not filled with water, it is at a lower potentio-
metric surface. The primary cave draining the aquifer is phreatic 
because there is a downstream control on the cave (Husic et al., 2017a,b; 
Al Aamery et al., 2021). Phreatic conduits are very common in the karst 
literature, and examples of phreatic cave studies are studied in White 
(2002), Drysdale et al. (2001), Massei et al. (2003), and Herman et al. 
(2008). If the cave is not phreatic, it is plausible that we have a behavior 
similar to the surface, including the first flush phenomenon, picking up 
sediment on the rising limb of the hydrograph, and therefore causing a 
clockwise hysteresis looping direction. In this case, we might expected 
the same commonly occuring clockwise hysteresis as surface streams. 
For the phreatic system as in this study, we show that the answer could 
be either clockwise or counterclockwise, and it is really a function of the 
saturation in the aquifer. 

4.2. Sediment hysteresis in karst 

We provide comparison of our conceptual model for Royal Spring 
(Fig. 9) with a meta-analysis for existing datasets from karst springs 

without already existing TSS-Q hysteresis analysis (Table 1). The studies 
listed in the meta-analysis were studies that provided TSS or turbidity 
data as well as water flowrate data for karst springs, however hysteresis 
loops were not carried out in these studies, and therefore we carried out 
the hysteresis analyses for comparison. Sediment concentration or 
turbidity and water flowrate data were extracted from published data-
sets for karst springs from Germany, Italy, France, United States, 
Switzerland, and Romania (Schiperski et al. 2015, Drysdale et al. 2001, 
Fournier et al. 2006, Reed et al. 2010, Luhmann et al. 2012, Gold-
scheider et al. 2010, Herman et al. 2008, Florea et al. 2019, Mahler & 
Lynch 1999), and hysteresis patterns were quantified using the data 
distributions (see our hysteresis analyses of these datasets in Fig. S3). 
Results are reported in Table 1, and the meta-analysis results were that 7 
out of 13 results showed counterclockwise hysteresis patterns and 4 out 
of 13 results show clockwise hysteresis patterns. The two events from 
the Karst Swiss Plateau, Switzerland showed multiple patterns and 
loops, and investigation of this dataset and the text in the paper showed 
that the first half of the events showed no hysteresis associated with 
internal sediment followed by some looping later in the event associated 
with an externally originating sediment source (Goldscheider et al., 
2010). 

The meta-analysis results agree well with Royal Spring, and suggest 
commonality of counter-clockwise hysteresis with high variability 
resulting from pre-event water storage in the aquifers. We qualify the 
small number of storm events in the meta-analysis, and many papers 
only presented one storm event of sediment concentration or turbidity 
data. Nevertheless, 54 % of the meta-analysis results and 57 % of Royal 
Spring results (29 events) show counter-clockwise hysteresis. Applying 
the concept models hypothesized in Fig. 9, the meta-analysis suggests 
externally-sourced sediment entering karst aquifers that are partially 
full of water controls the commonly occurring sediment transport 
behavior for karst aquifers. At the same time, the presumed importance 
of pre-event water storage in the aquifers is reasonable with 31 % and 
15 % of events showing clockwise and irregular behavior, respectively. 
This compares well with the overall temporal variability of Royal Spring 
with 44 % of events showing no hysteresis, clockwise patterns, or 
irregularity. 

Our findings suggest an expanded view of sediment hysteresis for the 
TSS-Q patterns for phreatic karst systems beyond that of proximal and 
distal sediment source initiation common to surface stream interpreta-
tion (e.g., Juez et al., 2018). Results herein provide evidence that TSS-Q 
hysteresis patterns of clockwise and counter-clockwise behavior in 
phreatic karst reflect the pre-event water storage in the aquifer. The 
external sediment source and its time of initiation can be the same and 
the hysteresis pattern in the karst system is rather a phenomenon of 
antecedent water conditions. 

Regarding EC-TSS hysteresis, results suggest that clockwise patterns 
occur as a result of the time-varying nature of sediment concentration 
entering the karst aquifer from sinking streams. This interpretation 
contradicts interpretation of hysteresis patterns adopted in some pre-
vious karst studies where researchers suggest resuspension of internal 
cave sediment causes hysteresis (Fournier et al., 2006; Schiperski et al., 
2015; Valdes et al., 2006). Fournier et al. (2006) states that clockwise 
hysteresis for EC-TSS is due to resuspension of previously deposited 
sediment and counter-clockwise hysteresis for EC-TSS is due to deposi-
tion of sediment onto the cave floor. This interpretation is not consistent 
with the mechanics of phreatic caves similar to the Royal Spring system 
because sediment transport occurs via fluvial erosion. One scenario 
where the interpretation of Fournier et al. (2006) seems reasonable 
could be an extensive network of dry cave bottoms with very loose, 
unconsolidated sediment that is resuspended as water makes contact 
with the sediment. This phenomenon will be similar to a first flush in 
surface dominated watersheds. However, for phreatic caves that already 
have sinking streams flowing through them, we see no available sedi-
ment mechanics to suggest a first flush phenomenon. 
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5. Conclusion 

Sediment transport investigation in the karst aquifer suggests po-
tential controls on internal versus external sediment origin and the 
impact of aquifer saturation on hysteresis. Twenty percent of events 
measured at Royal Spring were characterized by transport of internal 
cave sediment only, which is associated with fully saturated aquifer 
conditions prior to the event that causes limited external inputs, is 
proportional to fluid shear in the subsurface cave, and can be modeled 
by a modified formulation of the Partheniades equation. The remaining 
80 % of events were characterized to include both externally-originated 
and internally-resuspended sediment. Transport of externally-sourced 
sediment caused pulses of sediment through the karst aquifer and pro-
longs the duration of sediment discharge at the spring. The arrival time 
of sediment pulses is predictable using a metric of the amount of pre- 
event water storage. The pre-event water storage, or aquifer satura-
tion, is also suggested to control sediment hysteresis results. Hysteresis 
shows a shift from clockwise patterns for the sinking streams to highly- 
variably, counter-clockwise patterns for the karst spring. Results suggest 
that sediment hysteresis at the spring is a function of pre-event water 
storage, contrasting interpretations for surface systems that state sedi-
ment hysteresis depends on the distribution of proximal to distal sedi-
ment sources. meta-analysis of ten karst springs shows counter- 
clockwise patterns are the most common result found for sediment 
hysteresis. Review of the literature suggests that clockwise patterns are 
more common for surface stream systems, whereas the opposite may be 
true for karst’s underground stream systems. This difference may be a 
function of pre-event water storage in karst, which alters flow pathway 
connectivity in a way that is not possible in purely surface systems. 
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Table 1 
Meta-analysis results.  

Karst Spring and Location Q range TSS or turbidity range Hysteresis result (see also 
Supplemental Fig. S1) 

Journal Paper 

a) Gallusquelle Karst Spring, 
Germany 

N/A 1 NTU–115 NTU Counter-Clockwise or 
Inconclusive 

Schiperski et al., 
2015 

b) Cartaro Springs, Italy N/A 0 mg/L–2000 mg/L  Counter-clockwise Drysdale et al., 
2001 

c) Pays de Coux Hannetot Spring, 
France 

16 cms–75 cms 0 NTU–575 NTU Clockwise  Fournier et al., 
2007 

d) Blue Hole Spring, Kentucky, 
United States 

0.025 cms–3.4 cms 5–93.8 NTU 
30 mg/L–654 mg/L 

Clockwise Reed et al., 2010 

e) SP-2, Kentucky, United States 0.012 cms–1.65 cms 4.5 NTU–308 NTU 
300 mg/L–803 mg/L 

Counter-Clockwise Reed et al., 2010 

f) Freiheit Spring, Minnesota, 
United States 

0.025 cms–0.0358 cms 
(25 L/s–35.8 L/s) 

0 mg/L–2.1 × 10-3 mg/L (0 g sediment/ g 
water–2.1 × 10-3 g sediment/g water) 

Counter-Clockwise Luhmann et al., 
2012 

g) Karst Swiss Plateau–Moulinet 
Spring, Switzerland 

0.02 cms–0.210 cms 
(20 L/s–210 L/s) 

0 NTU–8 NTU Multiple loops Goldscheider et al., 
2010 

h) Karst Swiss Plateau–Moulinet 
Spring, Switzerland 

0.025 cms–0.13 cms 
(25 L/s–130 L/s) 

0 NTU–3.2 NTU Irregular Goldscheider et al., 
2010 

i) Arch Spring, Pennsylvania, 
United States 

2 cms–375 cms 95 mg/L–940 mg/L Clockwise Herman et al., 
2008 

j) Vadu Crisului Karst Basin, 
Romania 

0.111 cms–1.111 cms (1.0 × 105 L/ 
15-min–1.0 × 106 L/15-min) 

0 NTU–27.5 NTU Counter-Clockwise Florea et al., 2019 

k) Vadu Crisului Karst Basin, 
Romania 

0.222 cms–0.667 cms (2.0 × 105 L/ 
15-min–6.0 × 105 L/15-min) 

0 NTU–5 NTU Counter-Clockwise Florea et al., 2019 

l) Barton Springs, Texas, United 
States 

1.5 cms–1.95 cms 1 mg/L–13 mg/L Clockwise Mahler and Lynch, 
1999 
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