
KARST AQUIFER RECHARGE AND CONDUIT FLOW DYNAMICS 

FROM HIGH-RESOLUTION MONITORING AND TRANSPORT 

MODELING IN CENTRAL PENNSYLVANIA SPRINGS 

 

 

 

 
A Dissertation 

Submitted to 

The Temple University Graduate Board 

 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY OF GEOSCIENCE 

 

 

 

 

By 

James L. Berglund 

May 2019 

 

 

Examining Committee Members: 

 

Laura Toran, PhD., Advisor, Earth and Environmental Science, Temple University 

Atsuhiro Muto, PhD., Earth and Environmental Science, Temple University 

David Grandstaff, PhD, Earth and Environmental Science, Temple University 

Ellen K. Herman, PhD., Geology, Bucknell University 

Madeline E. Schreiber, PhD., External Member, Geoscience, Virginia Tech 

 

 



ii 

 

 

 

 

 

 

 

 

 

 

© 

Copyright 

2019 

 

by 

James Lundstrom Berglund    

All Rights Reserved 

 

 

 

 

 

 

 

 

 



iii 

 

ABSTRACT 
 

Karst aquifers are dynamic hydrologic systems which are sensitive to short-term 

recharge events (storms) and heterogeneous recharge characteristics (point recharge at 

sinks, irregular soil thicknesses). These aquifers are highly productive yet also vulnerable 

to contamination, in large part because the conduit network is a significant unknown for 

predicting karst flow paths.  To address these uncertainties, two adjacent karst springs, 

Tippery Spring and Near Tippery Spring, were monitored to better understand flow and 

source mixing characteristics.  The two springs in central Pennsylvania’s Nittany Valley 

have similar discharges and are only 65 meters apart, yet they show unique behaviors in 

terms of water chemistry and discharge response to storms.  First examined for flow 

characterization in 1971 by Shuster and White, the springs were analyzed in this study 

using high-resolution logging and new tracers such as rare earth element (REEs) and 

Ca/Zr ratios.  This research contributes to the field of karst hydrology through innovative 

water sampling and monitoring techniques to investigate karst recharge and flow 

behavior along with conduit flow models incorporating multiple calibration target 

datasets such as water temperature and dye tracing. 

Stable isotope signatures (δD & δ18O) of storm water samples at the two springs 

varied based on storm intensity, but also due to their unique recharge behaviors.  

Increased spring discharge preceded the arrival of storm water as conduits were purged of 

pre-storm water, indicated by no change in isotopic composition on the rising limb. The 

isotopic signature then became progressively more enriched at both springs, indicating 

storm water recharge. At Tippery, this enrichment began around peak flow, sooner than 

at Near Tippery where enrichment began during the descending limb. Thus, isotopes 
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indicated a stronger surface connection at Tippery Spring. Storm intensity also affected 

the relative contribution of recharging water reaching both springs, with a larger storm 

producing a larger recharge signature compared to a smaller storm. At Tippery Spring, 

for a short time the majority of emerging water was storm water, which may indicate a 

reversal in water exchange between the conduits and the surrounding matrix, an 

important consideration in karst contaminant transport. 

Two natural tracers were applied in new ways for this study:  Ca/Zr ratios and 

REE patterns.  Both tracers provided additional information about flow paths and 

recharge sources as they varied during the storm hydrograph. Ca/Zr ratios changed in 

timing and intensity with storm intensity, and both springs exhibited a decline in Ca/Zr 

ratios as calcium-rich carbonate matrix water was displaced by zirconium-rich storm 

recharge water from sinking streams off the clastic upland ridges. Being a storm water 

arrival indicator in clastic-ridge-fed Valley and Ridge springs, this relationship made 

Ca/Zr ratios a useful substitute for stable water isotopes while also providing information 

on source area. In response to storm water recharge, REE concentrations increased with 

the arrival of storm water. The timing and magnitude of concentration increases were 

influenced both by the degree of surface connectivity intrinsic to each spring and the 

intensity of the recharge event. Elevated REE concentrations persisted after other 

parameters recovered to pre-storm levels, suggesting water which has interacted with 

either the local carbonate matrix or the upland siliciclastics. These slower flow paths 

recharging the two springs were not apparent from other geochemical parameters. This 

study illustrated the relationships among multiple tracers to understand source waters in 

different periods of storm hydrographs.  
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A flow and transport model using the Finite Element Subsurface Flow Model 

(FEFLOW) was calibrated using quantitative dye trace and high resolution temperature 

data to simulate the connection between a sinking stream and Tippery Spring. Dye was 

injected at the sink and monitored at the spring while temperature data was collected 

using loggers at both the sink and the spring. FEFLOW was used to simulate the 

connection between sink and spring through varying conduit geometries, sink and spring 

discharges, conduit conductivity, conduit cross-sectional area, matrix transmissivity, 

matrix porosity, and dispersivity. Single conduit models reproduced larger peak and 

recession concentrations than observed. A forked conduit model diverted flow from the 

main conduit, reducing the concentration of dye reaching the spring, provided a better 

match. Latin Hypercube sensitivity analysis indicated that dye concentration 

breakthrough curves were most sensitive to conduit conductivity and less sensitive to 

other model parameters. Temperature data from high-resolution loggers at the sink and 

spring were then incorporated into the model scenarios to reproduce seasonal spring 

temperature using the conduit configuration fit to the dye trace. Simulated temperature 

signals at the spring were sensitive to parameters in addition to conduit conductivity, 

most notably matrix transmissivity and inflow rates at the sink. The dual approach to 

karst model calibration using a temperature model set up from an initial dye trace results 

in greater model confidence due to a limited possible range in conduit conductivity. This 

study improved conceptual and numerical models for karst by examining how data from 

storm events and tracers can be used to better understand recharge and flow paths. 

  



vi 

 

 

 

 

 

 

 

 

 

DEDICATION 

 

This dissertation is dedicated in memory of Virginia “Gamsie” Webster. 

 

  



vii 

 

ACKNOWLEDGMENTS 
 

Support for this research was provided by the National Science Foundation’s Hydrologic 

Sciences Program under award number 1417477. I cannot begin to express my thanks to 

Dr. Laura Toran for her mentorship and unwavering patience throughout this process. I 

would also like to extend my deepest gratitude to Dr. Ellen Herman for her insight, field 

assistance, and academic pep talks during field visits and research conferences. I also 

wish to thank my entire committee for their support and suggestions which helped 

improve the scientific merit of this research; Dr. Atsuhiro Muto, Dr. David Grandstaff, 

and Dr. Madeline Schreiber. Extra special thanks to the undergraduate assistants who 

joined me in this research through fieldwork, sample collection, lab analysis, and data 

management, including Rachel Crowley, Arnetia Carroll, Joshua Barna, and Kayleigh 

Sprague. Thanks to Josh Mendes at DHI for assistance with using FEFLOW, Kayla 

Kalmo at Geoscience Lab for help in sample analyses, and Ella Foster-Molina in 

guidance using R to perform Latin Hypercube analyses. Special thanks to the landowners 

of the springs and sinks who granted us access and to the journal reviews for their helpful 

feedback. My sanity is forever indebted to my dearest colleagues and friends for all of 

their support; Boyoung Song, Emily Putscher, Katrina Korman, Vincent Carsillo, 

Christopher Sparacio, Chelsea Kanaley, Sarah Ledford, Elizabeth Cushman, Rebecca 

Feldman, and Courtney Tucker. Loving thanks to all of my friends and family back in 

Minnesota. And finally, an eternal thanks to the many mentors in my life who have 

helped me along the way; Valerie Hessburg, Jim Kaeter, Dr. Jennifer L.B. Anderson, Dr. 

George Bolon, Dr. Douglas Gouzie, and Dr. Kevin Mickus, and James Walsh. 

 



viii 

 

TABLE OF CONTENTS 

ABSTRACT ....................................................................................................................... iii 

ACKNOWLEDGMENTS ................................................................................................ vii 

LIST OF FIGURES .......................................................................................................... xii 

LIST OF TABLES ........................................................................................................... xix 

CHAPTER 1: KARST RESEARCH .................................................................................. 1 

1.1 Introduction .......................................................................................................... 1 

1.1.1 Karst Hydrology............................................................................................ 1 

1.1.2 Rare Earth Elements as Hydrological Tracers .............................................. 6 

1.1.3 Karst Conduit Flow Modeling .................................................................... 10 

1.1.4 Summary ..................................................................................................... 16 

1.2 Dissertation ......................................................................................................... 17 

1.2.1 Study Site Background ............................................................................... 17 

1.2.2 Research Scope and Value .......................................................................... 22 

1.2.3 Outline......................................................................................................... 23 

1.3 References .......................................................................................................... 24 

CHAPTER 2: USING STABLE ISOTOPES TO DISTINGUISH SINKHOLE AND 

DIFFUSE STORM INFILTRATION IN TWO ADJACENT SPRING .......................... 28 

2.1 Abstract .............................................................................................................. 28 

2.2 Introduction ........................................................................................................ 29 

2.2.1 Background ................................................................................................. 29 

2.2.2 Study Site .................................................................................................... 31 

2.3 Methods .............................................................................................................. 35 

2.4 Sampled Storm Events ....................................................................................... 37 

2.4.1 1-inch Storm (May 4-7, 2017) .................................................................... 37 



ix 

 

2.4.2 3-inch Storm (Jun 14-17, 2017) .................................................................. 38 

2.5 Results ................................................................................................................ 40 

2.5.1 Samples vs. Local Meteoric Water Line ..................................................... 40 

2.5.2 Hydrograph Separation ............................................................................... 41 

2.5.3 May (1-inch) Storm Hydrographs ............................................................... 43 

2.5.4 June (3-inch) Storm Hydrographs ............................................................... 47 

2.5.5 Additional Parameters ................................................................................. 51 

2.5.6 May (1-inch) Storm Ions and Turbidity ...................................................... 51 

2.5.7 June (3-inch) Storm Ions and Turbidity ...................................................... 54 

2.6 Discussion .......................................................................................................... 57 

2.6.1 Effect of Antecedent Conditions, Storm Intensity, and Spring Recharge 

Style on Spring Response .......................................................................................... 57 

2.6.1.1 Antecedent Conditions ............................................................................ 57 

2.6.1.2 Storm Intensity ........................................................................................ 58 

2.6.1.3 Spring Recharge Style ............................................................................. 59 

2.6.1.4 Third source at Near Tippery Spring ....................................................... 60 

2.7 Conclusions ........................................................................................................ 61 

2.8 Acknowledgements ............................................................................................ 62 

2.9 References .......................................................................................................... 62 

CHAPTER 3: DEDUCING FLOW PATH MIXING BY STORM-INDUCED BULK 

CHEMISTRY AND REE VARIATIONS IN TWO KARST SPRINGS: WITH TRENDS 

LIKE THESE WHO NEEDS ANOMALIES? ................................................................. 64 

3.1 Abstract .............................................................................................................. 64 

3.2 Background ........................................................................................................ 65 

3.2.1 Assessing Transient Behaviors in Karst ..................................................... 65 

3.2.2 Rare Earth Elements as Natural Tracers ..................................................... 67 



x 

 

3.3 Study Site ........................................................................................................... 70 

3.4 Methods .............................................................................................................. 73 

3.4.1 Spring Monitoring ....................................................................................... 73 

3.4.2 Sample Collection ....................................................................................... 74 

3.4.3 Sample Analysis.......................................................................................... 76 

3.5 Results ................................................................................................................ 76 

3.5.2 Monitored Storms ....................................................................................... 76 

3.5.3 Storm Chemographs.................................................................................... 78 

3.5.3.1 Parameter groupings ................................................................................ 78 

3.5.3.2 Pre-storm conditions ............................................................................... 83 

3.5.3.3 Tippery Spring chemographs .................................................................. 84 

3.5.3.4 Near Tippery Spring chemographs ......................................................... 85 

3.5.3.5 Comparison of storm responses .............................................................. 86 

3.5.4 Spring REE Spidergrams during Storm Response...................................... 87 

3.6 Discussion .......................................................................................................... 90 

Period 1: Piston Flow ................................................................................................ 92 

Period 2: Arrival of storm water from a combination of faster and slower flow-

dominated recharge.................................................................................................... 92 

Period 3: Recovery to new base flow fed by slower matrix-dominated flow paths .. 94 

3.6.2 Ca/Zr Ratios as Indicators of Storm Recharge Source Area ....................... 96 

3.6.3 Rare Earth Element (REE) Concentrations during Storm Flow ................. 97 

3.7 Conclusions ...................................................................................................... 101 

3.7.2 Storm Response Characteristics of Tippery and Near Tippery Springs ... 101 

3.7.3 New Tracers for Recharge and Flow Paths ............................................... 102 

3.8 Acknowledgements .......................................................................................... 104 



xi 

 

3.9 References ........................................................................................................ 104 

CHAPTER 4: DUAL APPROACH TO CALIBRATING A KARST NETWORK 

MODEL FROM SINKING STREAM TO SPRING USING DYE TRACERS AND 

TEMPERATURE SIGNALS .......................................................................................... 109 

4.1 Abstract ............................................................................................................ 109 

4.2 Introduction ...................................................................................................... 111 

4.2.1 Background ............................................................................................... 111 

4.2.2 Study Site .................................................................................................. 113 

4.3 Methods ............................................................................................................ 114 

4.3.1 Quantitative Dye Tracing .......................................................................... 114 

4.3.2 Continuous Monitoring of Sink and Spring .............................................. 116 

4.3.3 Transport Modeling .................................................................................. 118 

4.4 Results .............................................................................................................. 120 

4.4.1 Dye Trace Models ..................................................................................... 122 

4.4.1.1 Dye trace sensitivity analysis runs ........................................................ 127 

4.4.2 Variation in Matrix Flow Paths for Different Conduit Geometries .......... 145 

4.4.3 Temperature Models ................................................................................. 148 

4.5 Discussion ........................................................................................................ 151 

4.5.1 Effect of Conduit Geometry and Matrix Interactions on Dye Breakthrough 

Curves……………………………………………………………………………...151 

4.5.2 Temperature Model Sensitivity to Conduit Geometry.............................. 153 

4.5.3 Temperature Model Sensitivity to Model Parameters .............................. 153 

4.6 Conclusions ...................................................................................................... 157 

4.7 References ........................................................................................................ 158 

 

  



xii 

 

LIST OF FIGURES 
 

Figure 1-1. World distribution of karst rocks (from Williams and Fong, 2016). ............... 1 

Figure 1-2. Conceptual model of a karst aquifer (from Goldscheider et al., 2008). ........... 2 

Figure 1-3. Conceptual model of flow in a karst system (from Hartmann et al., 2014). .... 4 

Figure 1-4. Schematic of (a) possible conduit system geometry patterns and (b) their 

associated hydrological behaviors (from White et al., 2016). ..................................... 5 

Figure 1-5. Hypothetical relationship between storm hydrograph separation and 

hysteresis plots of conductivity along with schematic of flow components in karst 

(from Toran and Reisch, 2013).................................................................................... 7 

Figure 1-6. Rare earth element spider plots for soil (a) and surface water (b) within a 

study site, normalized to the North American Shale Composite (NASC) standard. A 

strong negative cerium anomaly in the soil was imparted on the surface water (b) by 

interaction with the soil (a) (from Leybourne and Johannesson, 2008). ..................... 8 

Figure 1-7. NASC-normalized REE concentrations in more diffuse-flow springs (a) and 

more conduit-flow like springs (right) during baseflow sampling in 2016 (from 

Toran et al., 2019)...................................................................................................... 10 

Figure 1-8. Illustration of a fast flow path not predicted by a traditional porous-media 

MODFLOW model in characterizing flow to a well in a karst aquifer, resulting in a 

waterborne disease outbreak in Walkerton, Canada (after Worthington et al., 2002, in 

Goldscheider et al., 2008). ......................................................................................... 12 

Figure 1-9. Process length scale in a karst conduit showing modification of water 

temperature along a conduit from the recharge point to discharge point. (from 

(Covington et al., 2012). ............................................................................................ 13 

Figure 1-10. Thermal patterns of karst springs based on heat exchange and temperature 

inputs (modified from Luhmann et al., 2011). .......................................................... 14 

Figure 1-11. Modeling conduit flow travel time distribution in a low-tortuosity conduit 

geometry model (A) and a high-tortuosity conduit geometry model (B) (from 

Ronayne, 2013). ......................................................................................................... 16 

Figure 1-12. Map of Nittany Valley springs which emanate from the folded and karst-

prone Ordovician carbonates of the Upper Appalachian Valley and Ridge Province, 

Central Pennsylvania, USA, from previous studies (from PASDA, 2016; Shuster and 

White, 1971; Toran et al., 2019) . .............................................................................. 19 



xiii 

 

Figure 1-13. Classification system proposed by Shuster and White (1971) contrasted 

diffuse flow paths with water primarily flowing through rock matrix and conduit 

flow paths with water primarily flowing through larger openings in the rock, 

although the system recognized a continuum between these end-members. The 

authors found that the discharge point of the springs did not provide a visual cue to 

the spring network. Weaver Spring (top) had characteristics of diffuse flow and an 

open conduit at the discharge point. Tippery Spring (bottom) discharged from a 

fracture network but showed characteristics of conduit flow (from Toran et al., 

2019). ......................................................................................................................... 20 

Figure 1-14. Temperature for Tippery Spring (a) and Near Tippery Spring (b) from 15-

minute logger data for 2016 and 2017 (Toran et al., 2019) compared to historic 

temperatures measured twice a month in 1967/1968 (Shuster and White, 1971). .... 21 

Figure 1-15. Comparison of chemographs for CO2 concentration and Mg/Ca ratios for 

Tippery Spring (a) and Near Tippery Spring (b) during a storm on 7/29/2017 (from 

Toran et al., 2019)...................................................................................................... 22 

Figure 1-16. Comparison of normalized REE concentrations in Tippery Spring and Near 

Tippery Spring during baseflow conditions (modified from Toran et al., 2019). ..... 22 

Figure 2-1. Location of Tippery Spring and Near Tippery Spring. Geology and 

hydrography data from Pennsylvania Spatial Data Access (PASDA). ..................... 32 

Figure 2-2. Seasonal temperature patterns from bi-weekly sampling for Tippery Spring 

and Near Tippery Spring, after Shuster & White (1971). While both springs show 

seasonal variation, indicating surface influence, Tippery Spring more closely follows 

seasonal extremes, indicating a greater degree of surface influence. ........................ 33 

Figure 2-3. Temperature response at Tippery Spring and Near Tippery Spring in response 

to a June 2017 storm as part of this study. Vertical grid has a one-hour minor interval 

and six-hour major interval. Note the flashier response of Tippery Spring relative to 

Near Tippery Spring, indicative of a stronger surface connection. ........................... 34 

Figure 2-4. Visual turbidity change in Tippery Spring water samples capturing the storm 

pulse as it reached the spring. Increased turbidity resulted in darker bottles and 

therefore a lower pixel luminosity. Shown: May storm samples from 5/5/17 6:00-

20:00. ......................................................................................................................... 36 

Figure 2-5. Rainfall, storm hydrograph, and sampling times for Tippery Spring and Near 

Tippery Spring, May 4-7, 2017. Vertical grid has a one-hour minor interval and six-

hour major interval. ................................................................................................... 38 



xiv 

 

Figure 2-6. Rainfall, storm hydrograph and sampling times for Tippery Spring and Near 

Tippery Spring, June 14-17, 2017. Vertical grid has a one-hour minor interval and 

six-hour major interval. ............................................................................................. 39 

Figure 2-7. Storm sample isotopic composition. May (1-inch) storm values (yellow 

circles) highlighted overall by the orange oval. June (3-inch) storm values (black 

X’s) highlighted by the blue oval. Unique symbols for each spring were not plotted 

due to the strong overlap in values. ........................................................................... 41 

Figure 2-8. Tippery Spring, May (1-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical grid has a one-hour 

minor interval and six-hour major interval. ............................................................... 44 

Figure 2-9. Near Tippery Spring, May (1-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical grid has a one-hour 

minor interval and six-hour major interval. ............................................................... 46 

Figure 2-10. Tippery Spring, June (3-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical dashed line indicates 

end of sampling. Vertical grid has a one-hour minor interval and six-hour major 

interval. ...................................................................................................................... 48 

Figure 2-11. Near Tippery Spring, June (3-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical dashed line indicates 

end of sampling. Vertical grid has a one-hour minor interval and six-hour major 

interval. ...................................................................................................................... 50 

Figure 2-12. Tippery Spring, May (1-inch) Storm parameters in addition to separated 

hydrograph: Total dissolved solids (TDS), alkalinity, and turbidity. Turbidity values 

were determined semi-quantitatively from photographic black and white luminosity 

values of bottles (see Figure 4), with darker bottles having a lower luminosity and 

higher turbidity as shown by increase in intensity along the graphed line. Vertical 

grid has a one-hour minor interval and six-hour major interval. ............................... 52 

Figure 2-13. Near Tippery Spring, May (1-inch) Storm additional parameters in relation 

to rainfall and spring water level: TDS, alkalinity, and turbidity. Vertical grid has a 

one-hour minor interval and six-hour major interval. ............................................... 53 

Figure 2-14. Tippery Spring, June (3-inch) Storm additional parameters in relation to 

spring hydrograph: TDS, alkalinity, and turbidity. Vertical grid has a one-hour minor 

interval and six-hour major interval. ......................................................................... 55 

Figure 2-15. Near Tippery Spring, June (3-inch) Storm additional parameters in relation 

to rainfall and spring water level: TDS, alkalinity, and turbidity. Vertical grid has a 

one-hour minor interval and six-hour major interval. ............................................... 56 



xv 

 

Figure 3-1. Map of study area for Tippery Spring and Near Tippery Spring. .................. 72 

Figure 3-2. May 2017 Storm rainfall, spring hydrograph, and sample times for Tippery 

Spring and Near Tippery Spring. Spring discharge is calculated from 15-minute 

interval water level readings at each spring’s weir. Rainfall was calculated from 

hourly rain gauge totals. ............................................................................................ 75 

Figure 3-3. June 2017 Storm rainfall, spring discharge, and sample times for Tippery 

Spring and Near Tippery Spring. Spring discharge is calculated from 15-minute 

interval water level readings at each spring’s weir. Rainfall was calculated from 

hourly rain gauge totals. ............................................................................................ 75 

Figure 3-4. Tippery Spring May 2017 Storm results. Solid plot lines represent logger 

data. Dashed lines connect water sample point values. Major vertical grid at 24 hour 

interval, minor vertical grid at 1 hour interval. .......................................................... 79 

Figure 3-5. Tippery Spring June 2017 Storm results. Solid plot lines represent logger 

data. Dashed lines connect water sample point values. Major vertical grid at 12 hour 

interval, minor vertical grid at 1 hour interval. The data were plotted to center the 

storm and show recovery even though the pre-storm grab sample is off the scale and 

a post storm grab sample was not available. ............................................................. 80 

Figure 3-6. Near Tippery Spring May 2017 Storm results. Solid plot lines represent 

logger data. Dashed lines connect water sample point values. Major vertical grid at 

24 hour interval, minor vertical grid at 1 hour interval. ............................................ 81 

Figure 3-7. Near Tippery Spring June 2017 Storm results. Solid plot lines represent 

logger data. Dashed lines connect water sample point values. Major vertical grid at 

12 hour interval, minor vertical grid at 1 hour interval. The data were plotted to 

center the storm and show recovery even though the pre-storm grab sample is off the 

scale and a post storm grab sample was not available. .............................................. 82 

Figure 3-8. PAAS-normalized REE spidergrams for Tippery Spring during the May 2017 

Storm during select storm response sample times: A) Pre-storm, B) Peak REE 

Concentration, C) REE Concentration Falling Limb, and D) Post-storm. ................ 88 

Figure 3-9. PAAS-normalized REE spidergrams for Near Tippery Spring during the May 

2017 Storm at select periods of storm response sample times: A’) Pre-storm, B’) 

Peak REE Concentration, C’) REE Concentration Falling Limb, and D’) Post-storm.

 ................................................................................................................................... 89 

Figure 3-10. a) Storm response cycle for Tippery Spring and Near Tippery Spring 

consisting of three periods with similar discharge and geochemical responses; Period 

1) Storm Pressure Pulse, Period 2) Storm water Arrival, and Period 3) Post-storm 

Recovery. b) Idealized hydrographs with timing of three periods for each spring 



xvi 

 

following the same rain event.  The arrival timing and duration of each Period, along 

with the relative abundance of faster conduit-flow vs. slower matrix-flow, is unique 

to each spring. ............................................................................................................ 91 

Figure 3-11. Relationship between storm water component and Ca/Zr ratio in spring 

water as an indicator of recharge area. During low storm water flow component, a 

high Ca/Zr ratio suggests a high carbonate matrix-water component. During high 

storm water flow component, a low Ca/Zr ratio suggests recharging water having 

interacted with Zr-rich and Ca-poor clastic sediments from upland clastic ridges and 

transporting Zr and Ca in both dissolved and colloidal phases (<0.45um). .............. 97 

Figure 3-12. Relationship between total REE concentration and metals such as iron (Fe) 

and zirconium (Zr) in all spring water samples at Tippery Spring and Near Tippery 

Spring during the May Storm and June Storm. ......................................................... 98 

Figure 3-13. Total REE concentrations on a mixing line between high stored water 

fraction and high storm water fraction based on hydrograph analysis of stable water 

isotopes and Ca/Zr ratios. The lowest total REE concentrations occur during high 

stored water fraction while the highest total REE concentrations occur during a high 

storm water fraction. ................................................................................................ 100 

Figure 4-1. Locations of Tippery Sink, Tippery Spring, and Near Tippery Spring, along 

with the suspected conduit (green) connecting Tippery Sink and Tippery Spring. 

Elevation contours in feet MSL. .............................................................................. 114 

Figure 4-2. Dye pump (left) and Cyclops-7 fluorometer logger (right). ........................ 115 

Figure 4-3. Steady-state dye mixture injected into Tippery Sink using a low-flow 

peristaltic pump (left) and monitored for arrival with a Cyclops-7 fluorometer logger 

installed at Tippery Spring (right). .......................................................................... 116 

Figure 4-4. Temperature of Tippery Sink and Tippery Spring from April-December 2017.

 ................................................................................................................................. 118 

Figure 4-5. Example FEFLOW model grid setup for a single straight conduit. Contours 

indicate steady state head elevation in meters above sea level. ............................... 120 

Figure 4-6. Dye trace results. The dye flux in at Tippery Sink is used as a model input, 

while the dye flux out at Tippery Spring is a model target. .................................... 123 

Figure 4-7. Initial dye trace models. Model 1) full flow between sink and spring, Model 

2) reduced flow between sink and spring, and Model 3) full flow into sink but 

diverted through forking branches between sink and spring. Dark line indicates the 

observed fluorescein concentration at the spring. ................................................... 124 



xvii 

 

Figure 4-8. Varying dye peak responses based on location of conduit fork point between 

sink and spring. ........................................................................................................ 126 

Figure 4-9. Decreased conduit conductivity comparison in the Proximal Fork model 

resulting in a delayed peak response to better match the observed dye concentrations.

 ................................................................................................................................. 127 

Figure 4-10. Latin Hypercube Scatter plot of matrix transmissivity (T) vs. conduit 

conductivity (K) showing point cloud variation between two model parameters. .. 129 

Figure 4-11. Latin Hypercube Model Run Conduit Geometries 1) single, straight conduit. 

2) forked conduit, 3) tortuous conduit, and 4) anastomosing conduit. .................... 130 

Figure 4-12. Geometry 1 (straight conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. ................................................ 132 

Figure 4-13. Geometry 2 (forked conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. ................................................ 133 

Figure 4-14. Geometry 3 (tortuous conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. ................................................ 134 

Figure 4-15. Geometry 4 (anastomosing conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. ................................................ 135 

Figure 4-16. Plots of modeling parameter ranges between models which showed a dye 

recovery (n=36 and those which did not (n=16). Models with a lower conduit 

conductivity (mean = 0.05 m/s) were significantly less likely to result in a modeled 

dye recovery than models with a higher conduit conductivity (mean = 0.09 m/s).. 139 

Figure 4-17. Modeled 50% dye arrival time vs. conduit conductivity for Geometry 1-4 

scenarios. ................................................................................................................. 141 

Figure 4-18. Modeled 50% dye arrival time vs. conduit cross-sectional area for Geometry 

1-4 Scenarios. .......................................................................................................... 142 

Figure 4-19. Modeled 50% dye arrival time vs. matrix transmissivity for Conduit 

Geometry 1-4 scenarios. .......................................................................................... 143 

Figure 4-20. Modeled 50% dye arrival time vs. matrix porosity for Conduit Geometry 1-4 

scenarios. ................................................................................................................. 144 



xviii 

 

Figure 4-21. Modeled 50% dye arrival time vs. dispersivity modifier for Conduit 

Geometry 1-4 scenarios. .......................................................................................... 145 

Figure 4-22. Effects of tortuosity on the falling limb of dye and temperature responses.

 ................................................................................................................................. 146 

Figure 4-23. Effect of single and dual conduit branching on the modeled dye 

breakthrough curve. ................................................................................................. 147 

Figure 4-24. Modeled vs. observed spring temperature results using a steady sink inflow 

value for Model 1 (straight conduit, high sink discharge), Model 2 (straight conduit, 

low sink discharge) and Model 3 (forked conduit, high sink discharge). ............... 149 

Figure 4-25. Temperature model results from the straight conduit geometry model and 

the forked conduit geometry model using variable sink inflow. ............................. 151 

Figure 4-26. Short duration of modeled temperature response at spring based on varying 

hydraulic conductivity. ............................................................................................ 155 

Figure 4-27. Modeled spring temperature vs. conduit cross-sectional area. .................. 156 

Figure 4-28. Modeled temperature variation with variable matrix transmissivity. ........ 156 

 

  



xix 

 

LIST OF TABLES 
 

Table 1-1. Description of Shuster and White (S&W) springs revisited by Toran et al., 

2019. .......................................................................................................................... 21 

Table 2-1. Summary of isotopic values. ........................................................................... 42 

Table 4-1. Initial dye trace model input parameters ....................................................... 124 

Table 4-2. Latin Hypercube parameter input ranges ...................................................... 128 

Table 4-3. Latin Hypercube sensitivity analysis model runs .......................................... 136 

 

 



1 

 

 CHAPTER 1: KARST RESEARCH 
 

1.1 Introduction 

1.1.1 Karst Hydrology 

Karst landscapes cover approximately 20% of the Earth’s ice-free land surface 

(Figure 1-1) and provide nearly 25% of drinking water needs (Ford and Williams, 2007). 

This landscape develops through the dissolution of soluble bedrock, such as limestone, 

resulting in characteristic features such as sinkholes, sinking streams, caves, and springs 

(Figure 1-2).  

 

 

Figure 1-1. World distribution of karst rocks (from Williams and Fong, 2016). 

 

These resulting features allow for the rapid recharge and transmission of water 

into and through the subsurface. This behavior, unique to karst aquifers, makes them 

highly productive sources of water, but also makes them highly susceptible to 
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contamination (Bonacci et al., 2009).  They also exhibit unique engineering hazards, such 

as sinkholes, flooding, and landslides (Gutiérrez et al., 2014). Hydrologically speaking, 

the behavior of karst aquifers is more transient and dynamic compared to other porous-

media aquifers, with anticipated future changes climate such as temperature and 

precipitation having an expectedly greater effect on karst aquifers due to their sensitive 

hydrological nature (Brookfield et al., 2017). 

 

 

Figure 1-2. Conceptual model of a karst aquifer (from Goldscheider et al., 2008). 

 

In order to understand the sensitivity and susceptibility of karst aquifers to 

changing recharge conditions we must study their dynamic response and produce 

conceptual and numerical models which accurately represent their behavior. This is made 

inherently more difficult due to the complex exchange of flow between soil, bedrock, and 
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conduits, which is often transient and heterogeneous. This heterogeneity stems from the 

complex interaction of water between micropores within the rock matrix, small fractures 

which develop from any structural activity, and larger conduits resulting from the 

karstification process (Figure 1-3). Conduits in particular represent a large source of 

uncertainty in karst flow systems as their location, geometry, and interaction with the 

bedrock matrix are largely unknown (Geyer et al., 2007). As this information is very 

difficult to ascertain for even small scale catchments, standard flow modeling techniques 

are typically unsuccessful or not used in karst systems or often require simplified 

assumptions (Hartmann et al., 2013; Quinn et al., 2006). Due to simplification, these 

models are unable to accurately simulate flow and contaminant transport in karst 

(Scanlon et al., 2003). Models which aim to address the complexity and heterogeneity of 

karst expand beyond these simplified models, but are often limited in the amount of 

information available about specific karst heterogeneities, such as conduit location, size, 

geometry, and matrix interaction (White et al., 2016). Approaches such as near-surface 

geophysics can be useful in locating these conduits (Berglund et al., 2014), although 

these approaches are time consuming and often require having some knowledge as to 

conduits location (Zhu et al., 2011). 
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Figure 1-3. Conceptual model of flow in a karst system (from Hartmann et al., 2014). 

 

One approach to improve our conceptual and numerical models of karst systems 

is through spring monitoring. One early classification found a continuum of behavior 

between largely conduit-flow dominated springs and diffuse-flow dominated springs. As 

flow within a karst catchment quite literally comes to a head at springs, their discharge 

and chemistry reflect the behavior of flow within a karst catchment (Goldscheider and 

Drew, 2014). This makes springs the most appropriate sites to characterize a karst 

aquifer, especially the local conduit network, as opposed to monitoring wells, which 

often do not intersect conduits (Bailly-Comte et al., 2010; Quinlan and Ewers, 1986). 

From a water availability and contaminant transport perspective the conduit 

system is the most important factor in a karst aquifer (White et al., 2016). These high 

velocity conduits allow for the rapid distribution of contaminants, while also keeping 
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contaminants localized in higher concentrations. On the other hand, conduits allow a way 

for a karst system to be flushed out rapidly. Contaminant transport models in karst 

require an understanding of the conduit network, as this will dictate the contaminant’s 

behavior (Figure 1-4) especially when coupled with tracers such as dye (Field and 

Pinsky, 2000). Studies focusing on the short-term transient nature of springs, especially 

after storm events, provide useful insight into some of these karst flow dynamics such as 

conduit-matrix interaction (Toran and Reisch, 2013). 

 

 

Figure 1-4. Schematic of (a) possible conduit system geometry patterns and (b) their 

associated hydrological behaviors (from White et al., 2016). 

 

As the structure of conduit network feeding springs is not readily apparent at the 

spring mouth through common observed characteristics (such as discharge), new spring 

monitoring approaches are needed to delve into this black box parameter. These methods 
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would be used to examine transient hydrological characteristics of karst catchments at 

varying temporal scales, explore conduit-matrix flow interaction using innovative 

geochemical tracers, and produce flow models which address the transient nature of 

recharge areas and conduit-matrix interactions (White et al., 2016). This can be address 

by incorporating modern methods such as 1) high-resolution long-term data-logging, 2) 

high-frequency storm response sampling and analysis, and 3) robust numerical flow 

models which can handle both mass and solute transport in karst conduits by 

incorporating these results. These needs are addressed within this dissertation through the 

use of novel geochemical tracers in response to storm recharge and the development of a 

transient conduit flow model calibrated to multiple tracers. 

 

1.1.2 Rare Earth Elements as Hydrological Tracers 

Few studies have been performed in which transient geochemical tracers were 

used to characterize conduit-matrix interaction in karst. One such study (Toran and 

Reisch, 2013) incorporated the use of Mg/Ca ratios in spring water after storm events to 

determine changing matrix flow contributions through hysteresis loops (Figure 1-5). For 

that study the variations in Mg/Ca ratios after storms was interpreted to representing 

changing contributions of water from the surrounding bedrock matrix, which has a higher 

Mg/Ca ratio than background conduit water. 
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Figure 1-5. Hypothetical relationship between storm hydrograph separation and 

hysteresis plots of conductivity along with schematic of flow components in karst (from 

Toran and Reisch, 2013).  

 

Rare earth elements (REEs) offer another promising geochemical tracer approach 

as fingerprints of specific water-rock interactions, which have yet to be incorporated into 

storm response sampling in karst springs. Rare earth elements are naturally occurring, 

pervasive in geologic systems, and exist as either stable or long-lived isotopes (Tweed et 

al., 2006). Comprising the lanthanide series plus scandium and yttrium, they exhibit a 

group-wide chemical behavior due to their similar ionic size and generally trivalent state 

(Henderson, 1984). Thus,  REEs behave similar to neighboring elements while limiting 

fractionation (Taylor and McLennan, 1988). REE fractionation occurs as the result of 

subtle variations in ionic radii and alternate valence states for particular elements 

(Johannesson and Hendry, 2000). One way fractionation occurs is through lanthanide 

contraction, in which the ionic radii of the lanthanides decreases as atomic number 

increases (Johannesson et al., 1999). Another way is through changes to element mobility 
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and complexation due to the alternate redox-sensitive valence states for cerium and 

europium (Leybourne and Johannesson, 2008).  

These subtle fractionations result in unique REE patterns during soil and rock 

formation, which can then later be imparted on interacting water (Figure 1-6). To smooth 

out natural variation in abundances and highlight anomalies, samples are normalized to a 

standard, such as the North American shale composite (NASC), which is expected to 

represent average REE abundances in the crust (Gromet et al., 1984). More recent studies 

have begun using the very similar Post Archean Australian Shale (PAAS) standard, 

which is used in this research and discussed further in Chapter 3. Anomalies in cerium 

and europium may also occur as they experience changing redox conditions during 

aqueous transport (Johannesson et al., 1999). These subtle fractionations make REEs 

potentially useful tracers to determine recharge and flow behaviors within aqueous 

systems (Tang and Johannesson, 2006). 

 

 

Figure 1-6. Rare earth element spider plots for soil (a) and surface water (b) within a 

study site, normalized to the North American Shale Composite (NASC) standard. A 

strong negative cerium anomaly in the soil was imparted on the surface water (b) by 

interaction with the soil (a) (from Leybourne and Johannesson, 2008). 

 



9 

 

Although few studies exist that have specifically studied REE mobility and 

fractionation in karst aquifers, Tweed et al., (2006) showed spatial REE variations could 

identify flow paths in sedimentary rock. Infiltration through soil produced progressively 

higher REE concentrations along the flow path, while little variation occurred along flow 

paths with recharge through bare rock. Additionally, flow along the sedimentary aquifer 

resulted in progressively lower REE concentrations which may be due to sorption or co-

precipitation. The authors concluded that changes in REE patterns reflect early stage 

mineral interactions instead of progressive interactions which control major ion 

chemistry, making them useful source flow tracers. These results give promise to apply 

REE analysis to karst settings and conditions, such as response to changing flow 

conditions, to determine short-term changes in recharge area and flow. A recent baseflow 

analysis of karst springs in central Pennsylvania also showed variation in the Ce anomaly 

(Figure 1-7). In the baseflow analysis, springs were divided into two categories based on 

where they would be classified on the conduit-diffuse flow spectrum based on spring 

temperature and major element chemistry trends as described by Shuster and White 

(1971). The Ce anomalies are of particular importance as they are thought to be an 

indicator of carbonate rock interaction (Henderson, 1984). Springs with a larger degree of 

conduit-matrix interaction showed stronger Ce anomalies, confirming a water-rock 

interaction flow path. As such, REEs may be used to identify varying degrees of water-

rock interaction between recharge area and spring in response to storm events, leading to 

a better understanding of both recharge and flow. 
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Figure 1-7. NASC-normalized REE concentrations in more diffuse-flow springs (a) and 

more conduit-flow like springs (right) during baseflow sampling in 2016 (from Toran et 

al., 2019). 

 

1.1.3 Karst Conduit Flow Modeling 

Although the conceptual model of a karst aquifer consisting of both conduits and 

matrix components has been recognized since the 1960s (White, 1969), our inability to 

accurately take into account the location and geometry of conduits is still a fundamental 

limitation to developing accurate models of both flow (White, 2002) and mass transport 

(Ghasemizadeh et al., 2016) in karst settings. Hydrologists are often left to use traditional 

porous-media models, which can fail to accurately represent local hydrology (Figure 

1-8). This shortcoming is recognized and, as such, the specifics of how these dual-

porosity systems behave hydrologically is still an active field of research (Li and Field, 

2016). 

Recent research exploring heat transport within karst conduits is an ongoing field 

of research (Luhmann et al., 2015, 2012). Heat transport from the surface to the 

subsurface in granular-type aquifers is primarily the result of convection, so variations in 
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surface temperature are typically buffered to below a depth of about 10 meters 

(Anderson, 2005). As flow velocity increases, such as within a conduit, the role of 

advective heat transport becomes more important and must be considered (Taniguchi, 

1993). As recharged water moves through karst conduits, thermal exchange occurs 

between the conduit water and the surrounding bedrock matrix, resulting in a temperature 

buffering effect (Figure 1-9). With the expected changes in rainfall patterns and 

temperatures resulting from climate change, (Brookfield et al., 2017) examined the role 

of precipitation patterns on groundwater temperature in a karst setting. Due to the unique 

nature of flow in karst, they found that karst aquifer temperature is highly sensitive to 

timing of these recharge events. That being said, their data set spanned less than 10 years, 

and they noted that datasets over longer time scales are needed to better understand the 

effects of changing precipitation and atmospheric temperature on karst. This research will 

add to this growing body of knowledge by further exploring the effects of recharge 

patterns in karst with recent high-resolution spring temperature data sets and comparisons 

with recorded historical spring temperatures from the late 1960s. 
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Figure 1-8. Illustration of a fast flow path not predicted by a traditional porous-media 

MODFLOW model in characterizing flow to a well in a karst aquifer, resulting in a 

waterborne disease outbreak in Walkerton, Canada (after Worthington et al., 2002, in 

Goldscheider et al., 2008). 
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Figure 1-9. Process length scale in a karst conduit showing modification of water 

temperature along a conduit from the recharge point to discharge point. (from (Covington 

et al., 2012). 

 

Karst springs exhibit diagnostic thermal patterns due to the interaction of recharge 

water with bedrock as it flows through the fractures and conduits feeding the springs 

(Luhmann et al., 2011). This thermal pattern is the result of the effectiveness of heat 

exchange between water and rock between a spring and its recharge area. When the 

surface temperature signature is preserved at the spring mouth, heat exchange is 

thermally ineffective, indicating rapid recharge, short flow paths, or large conduits. In 

contrast, springs with constant temperatures indicate thermally effective heat exchange, 
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indicating more diffuse recharge, slow groundwater flow, and longer flow paths. In 

conjunction with variable surface temperature inputs, Luhmann et al. (2011) identified 

four idealized thermal patterns based on their springs (Figure 1-10) , although some 

springs displayed one pattern superimposed on another. 

 

 

Figure 1-10. Thermal patterns of karst springs based on heat exchange and temperature 

inputs (modified from Luhmann et al., 2011). 

 

While flow within the bedrock matrix is slow and diffuse, flow within conduits 

can vary from sub-meter to thousands of meters per day (Worthington, 1999). Flow 

models then have to account for this unique dual-porosity (conduit and matrix) nature 

(Taylor and Greene, 2008). When the conduits are well-connected, the aquifer can be 

modeled as a homogeneous media using one of many basic flow codes, such as 

MODFLOW (Anderson et al., 2015). When conduit geometry is heterogeneous, then the 

conduits must be modeled discretely as variable geometry will have an effect on such 

parameters as travel times (Figure 1-11). The geometry and connectivity of these 
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conduits has shown to have a strong effect on travel time distributions, with a more direct 

straight-line conduit network producing shorter travel times than a more tortuous conduit 

network. While the uncertainty of conduit geometry poses many challenges to modeling 

karst, these findings suggest that studying the behavior of the springs themselves (in 

particular, using flow tracers) can be used to work out the geometry networking feeding 

them. 

Modeling conduit flow requires the use of specialized flow model codes which 

can handle discrete conduits, such as MODFLOW-CFP (Shoemaker et al., 2008). As 

these codes are often only capable of simulating flow and not mass transport, further 

specialized codes must be utilized, such as FEFLOW (Diersch, 2013). FEFLOW in 

particular is a valuable modeling tool in karst studies involving temperature as a tracer as 

it has been developed with geothermal studies in mind and can therefore handle flow, 

mass transport, and heat exchange. 
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Figure 1-11. Modeling conduit flow travel time distribution in a low-tortuosity conduit 

geometry model (A) and a high-tortuosity conduit geometry model (B) (from Ronayne, 

2013). 

 

1.1.4 Summary 

Knowledge gaps still remain in understanding transient karst recharge behavior 

and conduit-matrix interaction dynamics. Recent karst research has improved our 

understanding of flow within conduits, from thermal interactions (Covington et al., 

2011), solute transport (Ronayne, 2013), and storm response geochemistry (Toran and 

Reisch, 2013). The use of rare earth elements as a tracer and the use of temperature in 

modeling karst conduit flow are still in need of studies incorporating real datasets and 

finer sampling intervals.  
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This dissertation aims to address these knowledge gaps through sampling, 

monitoring, and modeling; transient data sets from thermal and geochemical monitoring 

provided data on storm response, and the numerical flow models developed simulated 

conduit geometry, flow, and transport. Variations in REE patterns in response to storm 

events were interpreted to determine event-scale recharge behaviors in karst. 

Temperature and dye trace analyses were used to produce calibrated conduit flow models 

in order to better understand karst conduit geometry and flow. This information will 

result in improved conceptual and numerical models for karst by examining how data 

from storm events can be used to better understand recharge and flow paths. 

 

1.2 Dissertation 

1.2.1 Study Site Background 

Karst regions, such as in central Pennsylvania’s Nittany Valley, contain numerous 

springs which reflect the hydrology of the aquifers feeding them. These springs have 

been the subject of multiple research projects since Shuster and White’s study in the 

1960s such as suspended sediment mineralogy (Herman et al., 2007), storm-scale 

variations in sediment load and specific conductance (Herman et al., 2008; Toran et al., 

2006), time-series analyses of discharge (Herman et al., 2009), macroinvertebrate 

assemblage variations (Gooch and Glazier, 1991), and dye traces (Hull, 1980). These 

sites continue to provide research opportunities for graduate and undergraduate studies 

collaborating between Temple University, Bucknell University, West Virginia 

University, and the Pennsylvania State University. This suite of springs emanate from 

folded and faulted carbonate rocks (Figure 1-12) and were part of the Shuster & White 
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(1971) bi-weekly sampling study classifying springs based on a conduit-flow/diffuse-

flow continuum (Figure 1-13). One of the findings from this study was that the 

characteristics of conduit and diffuse flow was that it did not correlate with spring 

discharge (Table 1-1), warranting further study into measurable parameters at the spring 

mouth which characterize this continuum. 

Two springs in particular were chosen for this research based on their unique 

behaviors; Tippery Spring and Near Tippery Spring. While classified by Shuster and 

White as conduit-flow springs based on their seasonal chemistry and temperature 

variations, it was also noted they exhibit contrasting behaviors, despite being only 65 

meters apart and having similar discharge. Shuster and White noted a wider range of 

seasonal temperature at Tippery Spring compared to Near Tippery Spring. A re-

examination of temperature using high-resolution loggers and sampling in 2016-2017 

reaffirmed this contrast, while also showing that Tippery Spring showed greater 

temperature variation in response to storm events (Figure 1-14) and in water chemistry 

tracers such as dissolved CO2 and Mg/Ca ratios (Figure 1-15). These two springs also 

displayed a contrast in baseflow rare earth element anomalies, with Tippery Spring 

having less of a cerium anomaly than Near Tippery Spring (Figure 1-16).  This contrast 

in behaviors despite their close proximity is likely the result of differences in each 

spring’s recharge area and associated conduit network rather than differences in timing, 

intensity, and temperature of local recharge events. As such, these springs provide an 

important opportunity to explore the nature of conduit network geometry and matrix 

interaction through the use of loggers, tracers, and flow modeling.  
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Figure 1-12. Map of Nittany Valley springs which emanate from the folded and karst-

prone Ordovician carbonates of the Upper Appalachian Valley and Ridge Province, 

Central Pennsylvania, USA, from previous studies (from PASDA, 2016; Shuster and 

White, 1971; Toran et al., 2019) . 
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Figure 1-13. Classification system proposed by Shuster and White (1971) contrasted 

diffuse flow paths with water primarily flowing through rock matrix and conduit flow 

paths with water primarily flowing through larger openings in the rock, although the 

system recognized a continuum between these end-members. The authors found that the 

discharge point of the springs did not provide a visual cue to the spring network. Weaver 

Spring (top) had characteristics of diffuse flow and an open conduit at the discharge 

point. Tippery Spring (bottom) discharged from a fracture network but showed 

characteristics of conduit flow (from Toran et al., 2019). 

 

 

 

 

 

 

 

 



21 

 

Table 1-1. Description of Shuster and White (S&W) springs revisited by Toran et al., 

2019. 

Spring name 

S&W 

class Size (l/s) Thermal Response 

Juniata basin 

Birmingham Cave D 0.085-0.26 Stable 

Tippery C 28-230 Seasonal and storm-scale 

Near Tippery C 28-110 Seasonal and storm-scale 

Arch C 280-11,000 Seasonal 

Penns basin 

Springhouse D 14-85 Seasonal, buffered 

Weaver D 85-340 

 

Stable 

Elk Creek Rise/Smullton 

Sink C Elk: 140-5,700 Seasonal and storm-scale 
In column "S&W class" D indicates diffuse-dominated flow and C indicates conduit-

dominated flow 

 

 

 

 

 
Figure 1-14. Temperature for Tippery Spring (a) and Near Tippery Spring (b) from 15-

minute logger data for 2016 and 2017 (Toran et al., 2019) compared to historic 

temperatures measured twice a month in 1967/1968 (Shuster and White, 1971). 
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Figure 1-15. Comparison of chemographs for CO2 concentration and Mg/Ca ratios for 

Tippery Spring (a) and Near Tippery Spring (b) during a storm on 7/29/2017 (from Toran 

et al., 2019).  

 

 

 
Figure 1-16. Comparison of normalized REE concentrations in Tippery Spring and Near 

Tippery Spring during baseflow conditions (modified from Toran et al., 2019).  

 

1.2.2 Research Scope and Value 

The purpose of the research presented here is to explore new and innovative 

approaches to address specific karst knowledge gaps. Karst settings are inherently 

complex and therefore challenging to characterize and model accurately. At these springs 
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new monitoring was conducted using storm-response geochemical sampling, high-

resolution temperature data, and conduit flow modeling. For flow and transport in karst 

modelers must choose between accurate representation of flow and efficient 

implementation of guidance. By testing conduit-flow models calibrated with new spring 

monitoring techniques, this research will provide the basis to help justify their use. 

Hundreds of millions of people live in karst regions supplied by drinking water 

from karst aquifers and, therefore, karst research is a matter of sustainability and public 

health for many (International Association of Hydrogeologists, 2009). This research can 

help regulators and decision-makers involved with groundwater protection address 

problems specific to karst aquifers such as how to monitor for pollutants, where and 

when to monitor for background water, and how to reliably and economically accomplish 

both (Quinlan and Koglin, 1989; White et al., 2016). 

 

1.2.3 Outline 

The research presented in this dissertation consists of three additional chapters in 

the format of journal articles. The initial phase of this research was also published in the 

Handbook of Environmental Chemistry (Toran et al., 2019), which this author 

contributed to. These chapters are as follows: 

Chapter 2: Stable water isotope analysis in two karst springs after storms. 

This chapter is a study using stable water isotopes to contrast storm flow arrival at 

Tippery Spring and Near Tippery Spring published in the National Cave and Karst 

Research Institute Symposium 7 Conference (Berglund et al., 2018). 
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Chapter 3: Rare earth and trace element analysis in two karst springs after 

storms. This chapter is a study using rare earth elements to determine varying water-rock 

interactions and source areas in response to storms at Tippery Spring and Near Tippery 

Spring published in the Journal of Hydrology (Berglund et al., 2019) 

Chapter 4: Conduit flow model between a sinking stream and a spring. This 

chapter is a flow modeling study using dye tracer and logger data to produce and 

calibrate a transient conduit flow model (in draft).  
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 CHAPTER 2: USING STABLE ISOTOPES TO DISTINGUISH 

SINKHOLE AND DIFFUSE STORM INFILTRATION IN TWO 

ADJACENT SPRING1 
 

2.1 Abstract 

Two karst springs, Tippery Spring and Near Tippery Spring, have similar 

discharges (~5 cfs) and are only 65 meters apart, yet they show unique behaviors in terms 

of water chemistry and discharge response to storms. Near Tippery has higher Mg/Ca 

ratio and Tippery Spring has more variable temperature response to storm events. This 

contrast was further extended to differences in recharge pathways based on stable isotope 

analysis (δD & δ18O) of spring water samples collected using ISCO automated samplers 

during a May (1 inch) storm and June (3 inch) storm in 2017. 

Increased spring discharge preceded the arrival of storm water as conduits were 

purged of pre-storm water, indicated by no change in isotopic composition on the rising 

limb. The isotopic signature then became progressively more enriched at both springs, 

indicating storm water recharge. At Tippery, this enrichment began around peak flow, 

sooner than at Near Tippery where enrichment began during the descending limb. Thus, 

isotopes indicated a stronger surface connection at Tippery. Storm water recharge at both 

springs then progressed to a greater relative fraction of total discharge before recovering 

to pre-storm values within 24-36 hours. Storm intensity also affected the relative 

contribution of recharging water reaching both springs, with the June storm producing a 

larger recharge signature compared to the May storm. At Tippery, for a short time the 

                                                 
1 Reprinted with permission from J. Berglund, L. Toran, E. Herman. (2018) “Using 

Stable Isotopes to Distinguish Sinkhole and Diffuse Storm Infiltration in Two Adjacent 

Springs”, National Cave and Karst Research Institute 7, 15th Sinkhole Conference, 

Shephardstown, WV. Copyright NCKRI 2018. 
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majority of emerging water is storm water, with the absolute pre-storm contribution 

falling below its baseflow value. This reduction in pre-storm water may indicate a 

reversal in water exchange between the conduits and the surrounding matrix, an 

important consideration in karst contaminant transport. 

While both springs can be traced to sinks, their isotopic signatures reflect how 

storm water infiltrates and travels within each spring’s recharge area. Tippery is fed by a 

perennial sinking stream and more developed conduit network, while Near Tippery has a 

more diffuse recharge area with mixing of different surface inputs. As stable isotopes are 

unaffected by redox or dissolution processes, they can provide a conservative tracer with 

which to characterize how other parameters, such as temperature, alkalinity, and 

turbidity, are reflected in different spring recharge behaviors. 

 

2.2 Introduction 

2.2.1 Background 

Water emerging from a karst spring is a mixture of different sourced waters 

within its recharge area and along the flow path (Ford & Williams, 1989). When surface 

connections are strong and travel times are short, spring water composition will be 

variable in response to recharge events. Since recharging water interacts with the 

surrounding rock as it travels along conduits, temperature can be used as a reactive tracer 

providing information about karst structure and recharge characteristics (Covington  et 

al., 2011; Luhmann et al., 2011). Different thermal patterns develop as a result of the 

effectiveness of heat exchange between water and rock between a spring and its recharge 

area. When the surface temperature signature is preserved at the spring mouth, heat 
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exchange is thermally ineffective, indicating rapid recharge, short flow paths, or large 

conduits. In contrast, springs with constant temperatures show thermally effective heat 

exchange, indicating more diffuse recharge, slow groundwater flow, and longer flow 

paths. 

When stable isotope compositions of the recharge and waters along the flow path 

are distinctly different, then a hydrograph separation can be performed through an end-

member mixing analysis. In the simplest two end-member scenario, spring water can be 

divided into pre-storm water and storm water (Lakey & Krothe, 1996; Fredrickson and 

Criss, 1999). As real systems may be a mix of more than two sources, such as perched 

epikarst water (Perrin et al., 2003; Aquilina et al., 2005), three and four component 

scenarios have also been also been explored (Lee & Krothe, 2001). Thus, both 

geochemical and thermal signatures of water at a spring reveal information about 

recharge sources and the travel path. 

This study aims to contribute to the growing body of karst isotope hydrology 

through a comparison of isotopic storm responses between two adjacent springs. Because 

the adjacent springs receive recharge of the same isotopic composition, the resulting 

differences in isotope hydrographs are used to contrast recharge and flow paths. Not only 

can the flow paths feeding the springs be compared, but also contrasted from storm to 

storm due to antecedent moisture and rainfall intensity differences. Furthermore, the 

timing of the surface water component based on isotopes relative to other constituents 

(dissolved ions, sediment) provides insights into flow path length and mixing. 
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2.2.2 Study Site 

Tippery Spring and Near Tippery Spring emanate from folded Ordovician 

dolomite (Berg, 1980). Due to topography and folding, several formations are exposed 

within each spring’s estimated recharge area, transitioning uphill to limestone, shale, and 

then sandstone. Four local sinkholes occur near the contact between the shale and 

limestone, roughly half a mile to the northwest of the springs. Three of the sinkholes have 

been traced to Tippery Spring, while the remaining sinkhole has been traced to Near 

Tippery Spring (Hull, 1980). The two springs are at an elevation of 900’ MSL, and the 

sinkhole elevations are from 1000-1030’ MSL, with total relief of 1300’ within the 

springs’ estimated recharge areas.  

Of the three sinkholes traced to Tippery Spring, one is fed by a perennial stream 

which completely submerges at the sink, referred to here as Tippery Sink. The sinkhole 

traced to Near Tippery Spring does not have an associated perennial stream. Based on the 

dye traces, no crossover flow was apparent between each spring’s delineated recharge 

area as each sinkhole traces to just one spring or the other.  Although both springs emerge 

from the dolomite, the flow path between Tippery Spring and its three associated 

sinkholes is largely within the limestone unit, while Near Tippery Spring’s flow path is 

within both the limestone and the dolomite (Figure 2-1). 
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Figure 2-1. Location of Tippery Spring and Near Tippery Spring. Geology and 

hydrography data from Pennsylvania Spatial Data Access (PASDA). 

 

Tippery Spring and Near Tippery Spring are 65 meters apart and emerge at 

similar baseflow discharge (~5 cfs), but show historical differences in seasonal water 
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chemistry, such as slightly greater seasonal variation in temperature at Tippery Spring 

(Figure 2-2) and a higher Mg/Ca ratio in Near Tippery Spring (Shuster & White, 1971). 

More recent research with high-resolution discharge monitoring has further explained 

these behavioral differences (Herman et al., 2009). 

 

 

Figure 2-2. Seasonal temperature patterns from bi-weekly sampling for Tippery Spring 

and Near Tippery Spring, after Shuster & White (1971). While both springs show 

seasonal variation, indicating surface influence, Tippery Spring more closely follows 

seasonal extremes, indicating a greater degree of surface influence. 

 

Expanding on the observed seasonal temperature behavior of the two springs is 

more recently observed behavioral differences in temperature response after a storm 

(Figure 2-3). Tippery Spring tends to have a flashier thermal response, while Near 

Tippery Spring’s response is more delayed and buffered. As Tippery Spring and Near 

Tippery Spring’s recharge areas receive rainfall simultaneously from the same events, 

these thermal variations can be attributed to differences in the springs’ surface 
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connectivity and conduit geometry. For Tippery Spring, this suggests a stronger surface 

connection and a well-developed conduit network between surface and spring. For Near 

Tippery Spring, this suggests a dampened surface connection and greater water-rock 

interaction due to the greater degree of thermal diffusion. 

These behavioral differences provide an opportunity to further assess the use of 

stable isotope variations for karst springs. While temperature variations suggest 

differences in recharge behavior between the two springs, variations in isotopic 

composition can further quantify these differences as they act as conservative tracers to 

study the timing and contribution of the isotopically distinct water sources. For Tippery 

Spring, this would be represented with a more dominant storm water signal. For Near 

Tippery Spring, this would be represented with a more buffered storm water signal. 

 
Figure 2-3. Temperature response at Tippery Spring and Near Tippery Spring in response 

to a June 2017 storm as part of this study. Vertical grid has a one-hour minor interval and 

six-hour major interval. Note the flashier response of Tippery Spring relative to Near 

Tippery Spring, indicative of a stronger surface connection. 
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2.3 Methods 

Water samples were collected as grab samples during field visits and with ISCO 

3700 auto-samplers triggered from rising spring water level in response to storms. The 

ISCO auto-samplers fill 24, 1-liter, acid-washed bottles over the course of 24 hours, 

beginning with a high sampling frequency (every half hour) followed by decreasing 

frequency (every 2 hours). Bottles were retrieved within 12 hours after the storm ended, 

filtered with 0.45 um nitrocellulose paper, and refrigerated in headspace-free bottles. 

Spring water level and temperature were recorded with Onset HOBO pressure 

loggers at 15-minute intervals. Pressure was converted to water depth and corrected for 

logger placement, resulting in water depth of the pool at the mouth of each spring. Local 

precipitation data was recorded using a HOBO rain gauge data logger. pH was recorded 

using Manta2 data loggers at 15-minute intervals and during field visits with an IQ 

Scientific Instruments IQ150 meter with a Thermo Scientific Orion 9106BNWP pH 

electrode. 

Samples were analyzed for 18O/16O and D/H isotope ratios using a Laser Water 

Isotope Analyzer V2 (Los Gatos Research, Inc., Mountain View, CA, USA at the UC 

Davis isotope laboratory) and reported relative to Vienna Standard Mean Ocean Water 

(VSMOW). These values are reported in delta (δ) notation in parts per thousand (permil) 

such that 

𝛿( 𝑂18 , 𝐷) = (
𝑅𝑀−𝑅𝑉𝑆𝑀𝑂𝑊

𝑅𝑉𝑆𝑀𝑂𝑊
) 𝑥 1000                      (1) 

 

where RM is the ratio of 18O/16O or D/H in the water sample RVSMOW is the ratio of 18O/16O 

or D/H in the VSMOW standard. 
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Stable isotope data for rainwater were available for 2009-2011 from the nearby 

Shale Hills Critical Zone Observatory approximately 25 km from the springs (Duffy and 

Thomas, 2011).  Precipitation was collected from the ridge top in the SHCZO using an 

event triggered sampler and analyzed at Penn State University. 

Additional parameters, such as turbidity, total dissolved solids (TDS), and 

alkalinity were also measured to interpret the arrival of storm pulses. Turbidity was 

estimated using digital photometry as samples stored in transparent bottles showed 

visible turbidity pulses in response to the storms. Sample bottles were photographed 

while the sediment was suspended, converted to grayscale images, and the relative 

luminosity was measured digitally (Figure 2-4). TDS was calculated from ion 

concentrations measured with a Thermo Scientific iCAP 7200 inductively coupled 

plasma optical emission spectrometry (ICP-OES) analyzer and a Dionex ion 

chromatography (IC) analyzer and checked against specific conductance measured with 

an Extech Instruments 407313 conductivity meter. Alkalinity was measured with a Hanna 

Instruments HI 775 alkalinity colorimeter. 

 

 
Figure 2-4. Visual turbidity change in Tippery Spring water samples capturing the storm 

pulse as it reached the spring. Increased turbidity resulted in darker bottles and therefore 

a lower pixel luminosity. Shown: May storm samples from 5/5/17 6:00-20:00. 
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2.4 Sampled Storm Events 

2.4.1 1-inch Storm (May 4-7, 2017) 

A 1-inch storm lasting 7 hours fell on the study site on May 4, 2017 (Figure 2-5). 

Preceding this storm, water level was 27 cm at Tippery Spring and 21 cm at Near Tippery 

Spring, slightly elevated compared to their annual average values of 18 cm and 15 cm, 

respectively. Two days prior, the site experienced a slight drizzle (<0.5 inch). Slightly 

wet antecedent conditions prevailed, resulting in the initially elevated flow conditions, 

although water level was essentially stable at the time. 

Grab samples were collected from both springs and the Tippery Sink 9 hours 

before the start of rainfall on May 4, 2017. The ISCO auto-samplers were activated at 

Tippery Spring and Near Tippery Spring 3 and 7 hours after the start of rainfall, 

respectively. Both ISCOs collected 24 samples across the rising limb, peak, and falling 

limb (Figure 5). Follow-up grab samples were collected at the springs about 12 hours 

after the end of the 24-hour ISCO sampling period. 
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Figure 2-5. Rainfall, storm hydrograph, and sampling times for Tippery Spring and Near 

Tippery Spring, May 4-7, 2017. Vertical grid has a one-hour minor interval and six-hour 

major interval. 

 

2.4.2 3-inch Storm (Jun 14-17, 2017) 

A 3-inch storm began to fall on the study site on June 14, 2017. This rainfall was 

divided in two pulses; the initial rainfall on June 14, which totaled two inches over 7 

hours, and a second, smaller 1-inch pulse on June 15, which lasted for 2 hours. Both 

rainfall pulses resulted in distinct water level responses at both springs. Preceding 

rainfall, water level was 20 cm at Tippery Spring and 15 cm at Near Tippery Spring. 

These levels were similar to their average annual values of 18 cm and 15 cm, 
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respectively. No rainfall events had occurred within two weeks prior. Dry antecedent 

conditions prevailed, resulting in the initially low flow conditions. 

Grab samples were collected at each spring and Tippery Sink both 9 and 11 days 

before rainfall. The ISCO auto-samplers were activated at Tippery Spring and Near 

Tippery Spring 4 hours and 6 hours after the start of rainfall, respectively. Both auto-

samplers collected a total of 24 samples across the rising limbs, peaks, and descending 

limbs of both storm pulses (Figure 2-6). 

 

 
Figure 2-6. Rainfall, storm hydrograph and sampling times for Tippery Spring and Near 

Tippery Spring, June 14-17, 2017. Vertical grid has a one-hour minor interval and six-

hour major interval. 
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2.5 Results 

2.5.1 Samples vs. Local Meteoric Water Line 

From 2008-2012, local springtime precipitation isotopic composition varied from 

-100‰ to 7‰ δD with a volume-weighted mean of -26.1‰ δD, and δ18O varied from -

11‰ to 1‰ δ18O with a volume-weighted mean of -4.5‰ δ18O. Pre-storm (baseflow) 

isotopic values, determined from pre-storm influence samples, were similar between both 

springs and for both storms, at -54.61 ± 1.22‰ δD and -8.62 ± 0.36‰ δ18O, which were 

similar to the volume-weighted annual means of precipitation values of -57.35‰ δD and 

-8.71‰ δ18O at the Shale Hills CZO (Figure 2-7). In response to the May storm, Tippery 

and Near Tippery’s isotopic compositions were temporarily perturbed to maximum 

values of -49.54‰ δD & -7.64‰ δ18O, and -49.19‰ δD & -7.98‰ δ18O, respectively, 

before returning to baseflow values. Following the June storm, Tippery and Near 

Tippery’s compositions were temporarily perturbed to maximum values of -36.52‰ δD 

& -6.52‰ d18O, and -39.87‰ δD & -6.72‰ δ18O, respectively. All spring samples from 

the storm events plotted near the weighted Local Mean Water Line (Figure 7). Since the 

isotopic compositions of pre-storm and storm water differed but followed a mixing line, a 

binary mixing analysis, along with spring depth, allowed for characterization of the 

timing and relative contribution of each component emerging from the springs. 
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Figure 2-7. Storm sample isotopic composition. May (1-inch) storm values (yellow 

circles) highlighted overall by the orange oval. June (3-inch) storm values (black X’s) 

highlighted by the blue oval. Unique symbols for each spring were not plotted due to the 

strong overlap in values. 

 

2.5.2 Hydrograph Separation 

Assuming a two end-member mixing model, storm water in the pre-storm water 

components can be separated as a binary mixing model  

 

QR = QM  
(δM−δPS)

(δR−δPS)
                                     (2) 
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where QR is the fraction of discharge which is storm water, QM is the discharge at 

the time of sample, δM is the measured isotopic composition of spring water, δPS is the 

isotopic composition of pre-storm spring water, and δR is the isotopic composition of the 

storm water. Pre-storm spring water (δPS) values were determined from baseflow samples 

prior to storm response. Storm water values (δR) were based on average values for spring 

precipitation (Duffy and Thomas, 2011). A summary of isotopic values is provided in 

Table 2-1.  

 

Table 2-1. Summary of isotopic values. 

 
 

 

Applying Equation (2) to the measured isotopic composition and spring depth for 

each sample results in a storm hydrograph, showing the relative contributions of pre-

storm water and storm water throughout the hydrograph. As direct discharge values were 

not obtained for each spring, water level at the spring mouth was used instead. Given that 

an average storm isotope composition was used, rather than actual storm values, there is 
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some uncertainty in the calculations.  The range in seasonal isotopic composition 

suggests about 5% uncertainty for the May storm and 10% for the June storm due to a 

higher storm water component. 

 

2.5.3 May (1-inch) Storm Hydrographs 

Tippery Spring’s water level began to rise 2 hours after the start of rainfall, from 

27 cm to 50 cm over the course of 9 hours (Figure 2-8). Isotopic composition of spring 

water showed no significant change throughout the rising limb, with the first indication of 

storm water arriving just before peak flow. Relative contribution of storm water increased 

during the descending limb, reaching a maximum component of 20%. This component 

then decreased, returning to 0% 24-32 hours after sampling began and 26 hours after the 

start of rainfall. This isotopic recovery occurred despite the lack of water level recovery 

to pre-storm levels. 
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Figure 2-8. Tippery Spring, May (1-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical grid has a one-hour 

minor interval and six-hour major interval. 

 

Near Tippery Spring’s water level started to rise 3 hours after rainfall began 

(Figure 2-9). Water level rose gradually from 21 cm to 35 cm over the course of 9 hours. 
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Spring water isotopic composition first showed indications of mixing just after peak flow 

and lasting for several hours. Spring water at this time was more depleted in δD and δ18O 

relative to pre-storm water, despite the storm water being more enriched. Spring water 

composition eventually shifted towards enrichment 6 hours after peak flow, indicating the 

arrival of storm water, which increased progressively to a relative component of 10% 

around 12 hours after peak flow. The storm water component then decreased to near pre-

storm levels by the collection of the grab sample 10 hours after the last ISCO sample was 

collected. Despite the isotopic composition returning to near pre-storm values during the 

May storm at Tippery Spring, spring water level did not return to pre-storm levels, which 

was the case for both springs during both storms. 
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Figure 2-9. Near Tippery Spring, May (1-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical grid has a one-hour 

minor interval and six-hour major interval. 
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2.5.4 June (3-inch) Storm Hydrographs 

Tippery Spring’s water level began to rise 2 hours after rainfall began, rising 

sharply from 20 cm to 57 cm over the course of 6 hours (Figure 2-10). Similar to the May 

storm, spring water showed no significant isotopic change throughout the rising limb, 

with the first indication of storm water arriving just before peak flow. Relative 

contribution of storm water then increased during the descending limb, reaching a 

maximum relative component of over 60% halfway through the descending limb. Before 

water level and isotopic composition could recover to pre-storm levels, the second storm 

pulse arrived, raising water level and again increasing the relative contribution of storm 

water. Full recovery was not observed before the end of the 24-hour water sampling 

period. 
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Figure 2-10. Tippery Spring, June (3-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical dashed line indicates end 

of sampling. Vertical grid has a one-hour minor interval and six-hour major interval. 

 

Near Tippery Spring’s water level began to rise 4 hours after the start of rainfall. 

Water level rose from 14 cm to 40 cm over the course of 8 hours (Figure 2-11). Spring 
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water isotopic composition first indicated mixing with a depleted isotope signal which 

lasted for 2-3 hours during peak flow before returning to an unmixed signal. This short-

lived mixing signature shared a similar timing as the May storm, although it showed an 

isotopic depletion during the May storm and isotopic enrichment during the June storm. 

As spring water level began dropping, the storm water signal appeared, increasing 

gradually to a 53% relative component 14 hours after peak flow. Around this time, the 

second rainfall pulse occurred and, although this raised the water level again (from 34 cm 

to 40 cm), there was no change in isotopic composition for the remainder of sampling. 

Neither water level nor isotopic composition recovered by the end of the 24-hour 

sampling period. 
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Figure 2-11. Near Tippery Spring, June (3-inch) Storm, rainfall, δD values, and spring 

hydrograph with pre-storm and storm water separation. Vertical dashed line indicates end 

of sampling. Vertical grid has a one-hour minor interval and six-hour major interval. 

 

 

 



51 

 

2.5.5 Additional Parameters 

In addition to stable isotopes, water samples were also analyzed for TDS and 

alkalinity along with visual turbidity changes. Although each spring showed notable 

changes to these parameters in response to storms, the timing and scale of these changes 

reflected the distinct behavior of the two springs and the two storm events. 

 

2.5.6 May (1-inch) Storm Ions and Turbidity 

Tippery Spring’s ion chemistry and turbidity reflect the influence of storm 

recharge in relation to water level (Figure 2-12). TDS and alkalinity showed a similar 

trend. Initially during the rising limb, little change was seen in TDS. Just before peak 

flow, a spike in values occurred followed by a rapid decrease in concentration, and a 

plateau at a lower concentration over the falling limb of the hydrograph. This spike 

occurred at the onset of storm water as indicated by the stable isotopes.  

Turbidity also responded to the arrival of surface water, but with a slower 

recovery than TDS and alkalinity. No turbidity change was observed during the rising 

limb, with the first increase occurring at the onset of the storm water signal near peak 

flow. Turbidity then rose sharply, reaching peak turbidity 3 hours after peak flow before 

gradually returning to baseflow turbidity by the end of sampling. 
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Figure 2-12. Tippery Spring, May (1-inch) Storm parameters in addition to separated 

hydrograph: Total dissolved solids (TDS), alkalinity, and turbidity. Turbidity values were 

determined semi-quantitatively from photographic black and white luminosity values of 

bottles (see Figure 4), with darker bottles having a lower luminosity and higher turbidity 

as shown by increase in intensity along the graphed line. Vertical grid has a one-hour 

minor interval and six-hour major interval. 

 

Near Tippery Spring’s ion chemistry and turbidity response to the May storm 

highlights differences between how these two springs behave, most notably the initial 

response and the relation of values to peak flow. Similar to Tippery Spring, Near Tippery 

Spring showed little change during the gradual rising limb. The first changes occurred 

around peak flow and the onset of a mixed water source as indicated from the isotopes 

(Figure 2-13). Unlike Tippery Spring, this first mixed water source corresponded to a 
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decrease in TDS, alkalinity, and turbidity, which lasted for several hours.  As this source 

then gave way to the storm water signal, TDS and alkalinity values not only recovered, 

but increased beyond pre-storm values, reaching peak concentration 6 hours after peak 

flow. Turbidity also recovered and increased beyond pre-storm values, reaching peak 

turbidity nearly 12 hours after peak flow. TDS, alkalinity, and turbidity then gradually 

recovered to pre-storm values by the end of sampling. 

 

 
Figure 2-13. Near Tippery Spring, May (1-inch) Storm additional parameters in relation 

to rainfall and spring water level: TDS, alkalinity, and turbidity. Vertical grid has a one-

hour minor interval and six-hour major interval. 
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2.5.7 June (3-inch) Storm Ions and Turbidity 

Tippery Spring’s response to the June storm showed a similar behavior to the 

May storm; an initial spike, followed by a decrease in TDS and alkalinity corresponding 

to the onset of storm water around peak flow (Figure 2-14).  The increase in turbidity 

again lagged behind the TDS peak. This pattern repeated during the second storm pulse 

during the June storm, indicating the behavior occurs irrespective of antecedent 

conditions.  

Although the second storm pulse produced a similar rise in water level compared 

to the first pulse, it did not produce an equivalent change in TDS, alkalinity, and 

turbidity. These additional parameters did not return to pre-storm levels by the end of 

sampling. 
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Figure 2-14. Tippery Spring, June (3-inch) Storm additional parameters in relation to 

spring hydrograph: TDS, alkalinity, and turbidity. Vertical grid has a one-hour minor 

interval and six-hour major interval. 

 

Near Tippery Spring’s TDS response to the June storm was more complex than 

the response for the May storm. TDS values fluctuated ± 50ppm, while alkalinity values 

were steady until 5-6 hours after the first indication of storm water. At this point, 

alkalinity concentration gradually dropped by 60 ppm over 6 hours before returning to 

pre-storm levels (Figure 2-15). Although the second storm pulse produced a subsequent 

water level rise, it did not produce an apparent change in TDS and alkalinity. 

Near Tippery Spring’s turbidity response during the June storm was also more 

variable, with several peaks occurring throughout the sampling period. Turbidity initially 
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rose sharply during the rising limb, but then dropped after the onset of the potential third 

source around peak flow. Turbidity then rose again at the onset of storm water, and 

gradually decreased throughout the rest of the sampling period. TDS, alkalinity, and 

turbidity all returned to values similar to the pre-storm values by the end of sampling. 

 

 
Figure 2-15. Near Tippery Spring, June (3-inch) Storm additional parameters in relation 

to rainfall and spring water level: TDS, alkalinity, and turbidity. Vertical grid has a one-

hour minor interval and six-hour major interval. 
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2.6 Discussion 

Water level change, stable isotope chemistry, ion chemistry, and turbidity were all 

affected by storm intensity. Antecedent conditions prior to each storm also affected initial 

concentrations and water levels. The recharge style of each spring, first noted from prior 

research, was further described through high-resolution water sampling. 

 

2.6.1 Effect of Antecedent Conditions, Storm Intensity, and Spring Recharge Style on 

Spring Response 

2.6.1.1 Antecedent Conditions 

For the May storm, antecedent conditions at both springs were marked by 

elevated water levels and decreased ion and alkalinity concentrations due to the recent 

rainfall a few days before sampling. For the June storm, antecedent conditions at both 

springs were marked by lower water levels and increased ion and alkalinity 

concentrations due to the lack of recent rainfall. Despite the greater rainfall and greater 

increase in water level during the June storm, water level response began later than for 

the May storm. This lag was likely due to the soil moisture deficit from dryer antecedent 

conditions.  

The ion concentrations also showed variation in response to antecedent 

conditions.  Tippery Spring showed an elevated TDS spike on the rising limb. This spike 

was higher under the dry initial conditions of the June storm. The higher initial 

concentration may have occurred because there was less flushing of the system prior to 

the June storm. The concentrations were more variable at Near Tippery Spring, which 

may indicate flushing of different sources. The isotope data suggest that the sources 
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varied from the “unknown” third source to dominantly storm water, but the portion of 

storm water was not as high as observed at Tippery. Thus, the isotope data indicated that 

the lower contribution of storm water seems to lead to varied TDS at Near Tippery 

Spring. 

Initial stable isotope chemistry did not vary significantly between the two storms 

for both springs. The similar initial conditions indicated that, despite recent rainfall or 

lack thereof beforehand, average isotopic composition storm water values prevailed at the 

springs prior to the storms. This result is not surprising given the samples were collected 

a month apart, i.e., in the same season. 

 

2.6.1.2 Storm Intensity 

In response to intensity, the 1-inch May storm produced a smaller water level rise 

at Tippery Spring and Near Tippery Spring (23 cm and 14 cm, respectively), while the 3-

inch June storm produced a greater water level rise at the two springs (37 and 26 cm, 

respectively). This greater overall water level response at both springs from the June 

storm occurred despite the drier antecedent conditions and moisture deficit, further 

emphasizing the influence of focused recharge driving fast flow. 

The alkalinity and TDS variation decreased with the input of storm water (as 

indicated by the isotope hydrograph). The decrease is greater when the isotopes indicated 

a larger portion of storm water. The isotopic mixing indicated a greater storm water 

component during the June storm and a greater drop in TDS.  At Near Tippery Spring, 

the portion of pre-storm water was lower and the TDS and alkalinity data were more 

variable. 
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In general, concentration decreases were also accompanied by an increase in 

turbidity, signaling the arrival of storm water with high suspended sediment flushed in at 

sinks. However, the turbidity lagged behind the TDS response. The response lag was 

shorter by several hours for the high intensity June storm compared to the May storm. 

The isotopes indicated that the portion of storm water rose faster for the June storm as 

well, which may explain the more rapid sediment input. 

 

2.6.1.3 Spring Recharge Style 

Before intensive isotopic analysis of these springs, notable chemical and thermal 

behavior differences had been observed. Tippery Spring showed lower overall ion 

concentrations and a flashier water level and temperature response to storms. These 

characteristics for Tippery were attributed to a more direct connection to surface 

recharge. For Near Tippery Spring higher overall ion concentrations and a buffered water 

level and temperature response to storms were observed and attributed to a more diffuse 

recharge. These springs’ behaviors and conceptual models were further described and 

quantified here through high resolution sampling for stable isotopes and additional 

parameters and the subsequent hydrograph separation. Due to their close proximity, 

storm response contrasts between the springs can be attributed to the nature of recharge 

and flow within each springs capture area, rather than to the timing of the storm itself. 

Measuring spring responses during storms of different intensities further highlighted 

these recharge behaviors. Tippery Spring’s isotope data supported a conceptual model of 

a recharge area with a stronger surface connection and well-developed conduit network, 
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while Near Tippery Spring’s responses supported a conceptual model with a more diffuse 

surface connection and less developed conduit network. 

 

2.6.1.4 Third source at Near Tippery Spring 

While the assumption of a binary mixing model worked well for Tippery Spring, 

this was not the case for Near Tippery Spring. A possible third mixing source was hinted 

at with the variable storm response of some parameters, such as alkalinity and turbidity, 

and became more apparent during analysis of stable isotope mixing.  

At peak flow during both storms, and continuing for several hours past peak flow, 

isotopic values indicated mixing of a new source before briefly returning to baseflow 

isotopic values preceding the arrival of the storm water signal. During the May storm, 

this period had isotopic values which were more depleted (around -56.0‰ δD) than 

baseflow (-53.5‰ δD). As the storm isotopic value was more enriched than baseflow, 

this period of mixing with a depleted isotopic source during the May storm could not 

have been explained as mixing of baseflow water with the enriched storm water. 

Considering the wet antecedent conditions preceding the May storm, it is possible that 

this third source was perched epikarst water from a colder precipitation event which was 

then flushed into the flow network in response to recharge from above. 

This short-duration mixing signal variation also occurred during the June storm, 

although isotopic composition showed enrichment instead of depletion. As such, this 

appeared to be binary mixing of baseflow water with storm water. Considering the 

observation during the May storm, however, it is still possible that this was also a third 
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source mixing which had a similar isotopic signal to storm water rather than a depleted 

soil water signal due to dry antecedent conditions. 

 

2.7 Conclusions 

High-resolution sampling of stable water isotopes and additional parameters 

provided evidence to understanding the recharge and flow behavior for two karst springs, 

Tippery Spring and Near Tippery Spring. As these two springs are adjacent to each other, 

they experience recharge from the same storm events, and thus have similar pre-storm 

baseflow isotopic compositions. In response to individual storms, though, their isotopic 

signatures vary based on storm intensity, but also due to their unique recharge behaviors.   

For Tippery Spring, a more rapid recharge through well-defined surface inputs, 

such as sinks and sinkholes, with rapid transit through a more developed conduit network 

was supported. For Near Tippery Spring, a more diffuse, buffered recharge behavior 

through soil and epikarst, with a delayed transit through a less defined conduit network 

was supported. These behaviors appeared respective of storm intensity, which only varied 

the degree of response. Comparing the timing of storm water to additional parameters, 

such as TDS, alkalinity, and turbidity, further supported these conceptual models.  

High-resolution monitoring of spring isotopic signatures in response to storms can 

elucidate how storm water infiltrates and moves within a recharge area. For these two 

springs, their close proximity further contrasted their unique recharge behaviors. These 

comparisons produced useful hydrologic information which is important for designing 

appropriate monitoring programs to provide source water protection in karst.  
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 CHAPTER 3: DEDUCING FLOW PATH MIXING BY STORM-

INDUCED BULK CHEMISTRY AND REE VARIATIONS IN 

TWO KARST SPRINGS: WITH TRENDS LIKE THESE WHO 

NEEDS ANOMALIES?2 
 

3.1 Abstract 

Karst aquifers are dynamic hydrologic systems which can be sensitive to short-

term recharge events (storms) and heterogeneous recharge characteristics (point recharge 

at sinks, irregular soil thicknesses). In this study, two adjacent karst springs, Tippery 

Spring and Near Tippery Spring, were monitored to better understand flow and source 

mixing characteristics in response to two storms in May and June 2017.  Monitoring 

techniques included high-resolution discharge and temperature logging and collection of 

spring water using automatic samplers to analyze chemical parameters such as stable 

water isotopes and Mg/Ca ratios along with Ca/Zr ratios and rare earth elements (REEs) 

which have had limited testing in karst systems.  The two springs exhibited behaviors 

which were both unique to each spring and shared depending on which parameter is 

considered.  Spring-specific behaviors included discharge and isotopic response, with 

Tippery Spring having a flashier and faster conduit flow behavior relative to Near 

Tippery Spring’s delayed storm response.  Absolute Mg/Ca values were spring-specific, 

owing to the relative fraction of limestone and dolostone in their respective recharge 

areas, although both springs showed similar Mg/Ca ratio shifts after storms.  While Ca/Zr 

                                                 
2 Reprinted from J. Berglund, L. Toran, E. Herman (2019) “Deducing Flow Path Mixing 

by Storm-Induced Bulk Chemistry and REE Variations in Two Karst Springs: With 

Trends Like These Who Needs Anomalies?” Journal of Hydrology, 571. 571. 

https://doi.org/10.1016/j.jhydrol.2019.01.050, as per the Journal of Hydrology’s Sharing 

Guidelines for Published Authors (https://www.elsevier.com/about/policies/sharing). 

Copyright J. Hydrology 2019. 
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ratios changed in timing and intensity with storm intensity, both springs exhibited a 

decline in Ca/Zr ratios as calcium-rich carbonate matrix water was displaced by 

zirconium-rich storm recharge water from sinking streams off the clastic upland ridges.  

Flushing of recharged storm water resulted in an increase in total REE concentrations at 

both springs (from <0.15 ppb to >1.0 ppb), with the timing and magnitude of 

concentration increases determined by the degree of surface connectivity intrinsic to each 

spring and the intensity of the recharge event.  REEs and Ca/Zr ratios provided additional 

and complementary tracer techniques to better understand transient recharge and flow 

behaviors in karst springs. 

 

3.2 Background 

3.2.1 Assessing Transient Behaviors in Karst 

As conduits make karst aquifers particularly vulnerable to contamination from a 

variety of sources, quantifying the proportion of conduit flow is essential to aquifer 

protection.  The karst aquifer network and clastic sediments within serve not only as 

transmission pathways for contaminants, but also as long- and short-term storage 

reservoirs for contaminants.  Numerous approaches exist to characterize the structure and 

behavior of karst aquifers to address the inherent uncertainties in these complex 

hydrologic systems (Thrailkill, 1987; Mangin, 1994; Padilla, A. et al., 1994; Larocque et 

al., 1998; Pinault et al., 2001; White, 2002; Bakalowicz, 2005; Goldscheider, 2015; 

Scanlon, B.R.). These approaches have included correlations between surficial karst 

features and flow (Kresic, 1995), hydrological modeling approaches (Hill, 2010), dye 

tracing (Goldscheider, 2008), geophysical methods (Schwartz and Schreiber, 2009), and 
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spring monitoring (Desmarais and Rojstaczer, 2002).  Temperature and specific 

conductance are easily measured with relatively inexpensive, easily deployable data 

loggers, allowing for the collection of high-frequency data sets over long periods of time.  

Monitoring physiochemical parameters of spring water, both seasonally and in response 

to storm events, is an especially useful means to understanding karst aquifer behaviors.  

Short term and seasonal variations in spring water chemistry can provide insight into 

source water mixing and ground water residence times feeding a spring.  As such many 

attempts have been made to characterize karst springs based on their discharge and 

physiochemical parameters.  One of the earlier spring classifications by Shuster and 

White (1971) used temperature and major ion chemistry to classify springs as conduit-

flow dominant and matrix-flow dominant.   

More recent studies have further sought to classify and characterize other 

elements of flow behavior, such as vadose vs. phreatic storage using stable water isotopic 

analysis (Lakey and Krothe, 1996), fast-flow and slow-flow components based on 

discharge recession curves (Doctor, 2005), localized vs. distributed recharge based on 

spring temperature patterns (Luhmann, 2011), and conduit-flow vs. matrix-flow 

components based on Mg/Ca ratios during storm flow (Toran and Reisch, 2013).  

Goldscheider (2015) pointed out the need for multiple tracers such as dyes to determine 

fast flow paths and natural tracers such as stable water isotopes for slow flow paths.  

Lack of variation in isotope signals during storm events has been used as evidence of 

mixing of fast and slow paths not indicated by other tracers (Winston and Criss, 2004; 

Schwarz et al., 2009).  Thicker soil cover leading to slower recharge has been used to 

explain some isotope mixing (Zhao et al., 2018).  The lag between discharge response 
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and conductivity response has been used to estimate travel times (Birk et al., 2004).  

Seasonal variation in mixing along flow paths has been demonstrated by discriminant 

factor analysis of major ions and Mg/Ca ratio in a study by Bicalho and others (2012).  

Chloride and specific conductance have been used to evaluate variations in contributions 

such as activation of deeper flow paths (Ravbar et al., 2011; Martin et al., 2016). 

While these approaches allowed for improved conceptual models of karst 

aquifers, critical knowledge gaps still remain regarding recharge and flow paths within a 

karst system.  We classify karst flow systems to better understand the complex pathways 

formed by the fast flow paths in conduits and slow flow paths through the matrix.  In 

actuality, the matrix comprises both primary and fracture porosity and permeability, 

resulting in a flow system that is a continuum from larger to smaller openings and from 

conduit to diffuse flow.  Thus, the discharge chemistry reflects output from varied 

recharge, fast flow paths, slow flow paths, and flow paths that result from mixing of 

conduit and matrix water.  To move beyond using end members to describe flow paths, it 

is important to evaluate multiple storm events and use multiple tracers to capture these 

variations. 

 

3.2.2 Rare Earth Elements as Natural Tracers 

Rare earth elements (REEs) show potential for determining recharge zones and 

flow paths in karst aquifers.  REEs are a group of elements comprising the lanthanide 

series (lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium 

(Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), 

holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu)) plus 
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scandium (Sc) and yttrium (Y))  (Henderson, 1984).  The main chemical difference 

throughout the lanthanide series is the progressive shrinking in ionic radius from 115 pm 

(La) to 93 pm (Lu) which imparts distinct behaviors in their fractionation and 

incorporation into minerals (White, 2015).  Due to the similar ionic radii between 

neighboring REEs, they tend to maintain similar relative abundances in nature despite 

significantly variable absolute abundances.  With the exception of cerium, which can 

have a +2 valence, and europium, which can have a +4 valence, the REEs have a +3 

valence.  The variable valence state for cerium and europium allows them to fractionate 

relative to their neighbors under certain environmental conditions, such as redox 

variations, making them useful natural geochemical tracers (Leybourne and Johannesson, 

2008). 

REE patterns from host materials can also be transferred to water, providing a 

useful tool for tracing recharge areas and flow paths (Playà et al., 2007).  Hydrological 

studies have used REEs to better understand flow paths through water-rock interactions  

(Johannesson et al., 1997; Tang and Johannesson, 2006; Göb et al.,, 2013), recharge 

conditions (Möller et al., 2006; Tweed et al., 2006; Willis and Johannesson, 2011), and 

transport (Ingri, 2000; Pourret, 2010).   

In an early study, Johannesson et al. (1997) observed the unique REE patterns of 

carbonate and felsic rocks were imparted in waters recharging through them, allowing for 

groundwater mixing to be assessed between the two sources further along in their flow 

paths.  Möller et al. (2006) also noted the imparting of lithological REE patterns on 

groundwater in a region with variable basalt, basalt-limestone, limestone, and gypsum 

dominated recharge areas.  Willis and Johannesson (2011) observed homogeneous flat 
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shale-normalized REE patterns and groundwater compositions throughout an aquifer 

indicating relatively homogeneous recharge patterns through shale-weathered bulk 

sediments.  Ingri et al. (2000) reported on the positive relationship between REE 

concentrations and sediment weathering, with a strong linear correlation being noted 

between REE concentrations and dissolved aluminum (Al) derived from Al-rich 

sediments.  Other authors, such as Tang and Johannesson (2006), measured dissolved 

REE concentrations throughout a sand aquifer, which generally decreased in 

concentration, indicating changes in redox and pH conditions along flow paths.  Tweed et 

al. (2006) explored changing REE patterns along an aquifer’s flow paths, noting 

increased REE concentrations when pH conditions were lowest (<6.1) typically near the 

aquifer’s recharge area, with decreasing REE concentrations as pH increased 

downgradient.  Studies on the mobility of REEs, such as by Pourret et al. (2010), have 

noted the tendency for REEs to be sorbed and strongly mobilized with colloids.   In 

addition to variable concentrations, Göb et al. (2013) reported on the presence of negative 

cerium (Ce) anomalies in oxidized waters due the variable oxidation states of Ce 

controlling its mobility. 

Studies exploring REE transport and temporal variability, though, are still limited 

(Ingri et al., 2000; Pourret et al., 2010; Gill, 2018).  Additionally, the relative significance 

and complexity of the factors controlling REE patterns in hydrologic systems, such as 

redox, pH, colloidal transport, and host rock contribution, are still not entirely understood 

(Noack et al., 2014; Duvert, 2015). 

The application of REEs to better understand flow paths and recharge makes them 

promising tools in karst aquifers which are inherently complex.  Johannesson and others 
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(2000) observed that shale-normalized REE patterns in aquifer water reflected that of the 

host rock, with carbonate rocks exhibiting heavy REE enrichment and negative Ce 

anomalies.  Gill and others (2018) used contrasting REE ratios (e.g., Pr/Yb, Y/Ho) 

between limestone and sandstone in a lowland karst network to determine varying 

recharge contributions from each lithology. Zhou and others (2012) identified middle rare 

earth element (MREE) enrichment in stalagmites related to changing recharge conditions 

through the overlying soil layer.  Toran and others (2018) used REEs to identify springs 

with a greater contribution to discharge from slow flow through the carbonate bedrock 

matrix. Subdued REE signatures were observed after rain events in karst springs 

(Filippini et al., 2018).  Despite these results, more research is needed, especially into 

behaviors unique to karst systems such as temporal variability and recharge 

heterogeneity. 

For this study, the two adjacent springs were analyzed for natural tracers.  These 

tracers can provide a more complete understanding of source area, recharge, and flow 

behavior feeding the two springs.   

 

3.3 Study Site 

Two karst springs, Tippery and Near Tippery, were chosen for storm response 

monitoring (Figure 3-1).  These springs have been included in historic and recent 

research for examining the similarities and differences in their recharge and flow 

behaviors.  Their separate yet adjacent capture areas provide identical rainfall conditions 

since the springs are only 65 m apart, but allow for comparison of recharge and flow path 

differences.  Located within the folded and faulted Valley and Ridge Province of central 
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Pennsylvania’s Nittany Valley, the two springs emerge from the foot of Canoe Mountain, 

a topographic ridge which merges with Brush Mountain and Bald Eagle Mountain to the 

west which form the western boundary of the Allegheny Front (Berg et al., 1980).  Canoe 

Mountain forms the axis of a syncline with Silurian and Ordovician sandstones forming 

the ridges and Ordovician shales and carbonates forming the flank and foot of the ridge, 

respectively.  Minor streams off the ridge typically flow after storms, although some 

streams, such as Tippery Sink, are perennial.  These streams often feed sinkholes in the 

carbonate rocks, which in turn feed nearby springs.  Tippery Spring has been traced to 

three upland sinkholes, while Near Tippery Spring has been traced to one sinkhole, with 

no observed cross-over between capture areas (Hull, 1980).  Dye trace travel times were 

less than 48 hours for Tippery Spring and less than 72 hours for Near Tippery Spring.  

Both springs show similar baseflow discharges of 0.14-0.28 m3/sec with storm flow 

discharges up to 0.85 m3/sec (Shuster and White, 1971).  The drainage area of each 

spring is estimated to be around 3-4 km2, extending up to the ridgetop (Herman et al., 

2009; Hull, 1980).  The springs are at an elevation of 274 meters MSL, with a capture 

area extending up to the ridge top of 396 meters.  Both springs have variable discharge, 

temperature, and chemistry at the seasonal scale (Shuster and White, 1971) and storm-

response scale (Herman et al., 2009). 
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Figure 3-1. Map of study area for Tippery Spring and Near Tippery Spring. 

 

A study by Berglund and others (2018) re-examined Tippery Spring and Near 

Tippery Spring from the Shuster and White (1971) study by comparing stable water 

isotope chemistry after storm recharge.  The results revealed recharge behaviors which 
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were dependent on both the size of the storm and the intrinsic recharge characteristics of 

each spring.  For a given storm size, Tippery Spring showed a flashier storm hydrograph 

response than Near Tippery Spring, which translated into a relatively greater portion of 

storm water based on stable water isotopes.  In contrast, Near Tippery Spring had a 

buffered stable water isotope response, showing a lesser overall portion of storm water, 

spread across the hydrograph.  Along with high-resolution data, these results allowed for 

a greater understanding of the two springs’ recharge and flow behaviors. 

 

3.4 Methods 

3.4.1 Spring Monitoring 

Water temperature and pressure were recorded at 15-minute intervals using Onset 

HOBO pressure loggers.  Rectangular weirs with openings measuring 100 cm wide and 

34 cm tall at each spring allowed water level to be converted to discharge.  Water pH was 

recorded using Manta2 data loggers at 15-minute intervals.  During field visits pH data 

were collected using an IQ Scientific Instruments IQ150 meter with a Thermo Scientific 

Orion 9106BNWP pH electrode to provide calibration and drift correction.  Specific 

conductance (SC) was measured after sample retrieval using an Extech Instruments 

407313 conductivity and temperature meter.  Total suspended solids (TSS) was 

calculated from weighing 0.45 m filter paper before and after filtration.  A HOBO rain 

gauge logger recorded rainfall on-site.  A 7-day antecedent precipitation index (API), 

which is an index of soil moisture from recent rainfall weighted towards more recent rain 

events, was calculated for each storm (Ali et al., 2010): 

𝐴𝑃𝐼 =  ∑ 𝑃𝑡𝑘−1−𝑖
𝑡=−1                                                         (1) 
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where API = antecedent precipitation index (cm); Pt = rainfall (cm) that occurs 

from time t; t = time (days); k = recession constant from 0.8-0.98 (0.9 used for this study, 

a typical value used in the cited literature).  A larger API indicates more recent and 

intense storm events, while a lower API indicates a drier period. 

 

3.4.2 Sample Collection 

Water samples were collected during two storm events; a 2.5 cm storm in May 

2017 (Figure 3-2) and a 7.6 cm storm in June 2017 (Figure 3-3).  ISCO 3700 auto-

samplers containing 24, 1-liter, acid-washed bottles, collected spring water samples 

triggered by rising spring water level in response to each storm.  The 24 samples at each 

spring were collected over the course of 24 hours with a higher initial sampling rate 

(every 30 minutes) then progressively slower frequency (to every 2 hours) to capture 

more variable initial geochemical signatures.  ISCO bottles were recovered within 1-3 

days after the storm.  When possible, grab samples were also collected before and after 

the storm.  All water samples were filtered with 0.45 μm nitrocellulose paper and 

refrigerated in headspace-free bottles until analysis.  As water samples were filtered with 

0.45 μm filters, elemental analysis of water samples does not differentiate among relative 

contribution of different physical components (truly dissolved, small particulate, and 

colloidal) smaller than 0.45 μm. 

Samples analyzed for rare earth elements, cations, and heavy metals were 

acidified with ultra-high purity nitric acid after filtering. 
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Figure 3-2. May 2017 Storm rainfall, spring hydrograph, and sample times for Tippery 

Spring and Near Tippery Spring. Spring discharge is calculated from 15-minute interval 

water level readings at each spring’s weir. Rainfall was calculated from hourly rain gauge 

totals. 

 

Figure 3-3. June 2017 Storm rainfall, spring discharge, and sample times for Tippery 

Spring and Near Tippery Spring. Spring discharge is calculated from 15-minute interval 

water level readings at each spring’s weir. Rainfall was calculated from hourly rain gauge 

totals. 
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3.4.3 Sample Analysis 

Major ion analysis was performed using a Thermo Scientific iCAP 7200 

inductively coupled plasma optical emission spectrometry (ICP-OES) analyzer and a 

Dionex ion chromatography (IC) analyzer.  Alkalinity was measured with a Hanna 

Instruments HI 775 alkalinity colorimeter. Stable isotope analysis (18O/16O and D/H) was 

performed using a Laser Water Isotope Analyzer V2 (Los Gatos Research Inc., UC Davis 

Isotope Laboratory, Mountain View, CA) and reported relative to Vienna Standard Mean 

Ocean Water (VSMOW).  Water samples were analyzed for rare earth element 

concentrations using inductively coupled plasma mass spectrometry (ISO/IEC 17025 

Accredited ICP-MS, Geoscience Laboratories, Ontario Geological Survey, Sudbury, 

Ontario, Canada).  Rare earth element concentrations were normalized to the Post-

Archean Australian Shale (PAAS) for spidergram and anomaly analysis (Pourmand et al., 

2012).  The cerium anomaly (Ce*) is the ratio of the normalized Ce concentration to the 

expected value from interpolation between the measured values of La and Pr (Noack, 

2014). 

𝐶𝑒∗ =  
2∗ [𝐶𝑒]

𝐿𝑎 + 𝑃𝑟
                                                             (2) 

3.5 Results 

3.5.2 Monitored Storms 

The May 2017 Storm began on May 4, 2017, at 19:00 EST; precipitation lasted 

for 13 hours, with a total rainfall of 2.54 cm.  Two days prior to the May 2017 Storm 

event, a slight drizzle (1.25 cm) fell on the study site.  As such, slightly wet antecedent 

conditions prevailed at the onset of the sampling event (7-day API = 2.94).  The water 

sampling period continued until 16:30 EST on May 6, 2017.  Due to the wet antecedent 
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conditions, discharges at Tippery Spring and Near Tippery Spring were slightly elevated 

above their average annual base flow values (0.03 m3/s and 0.01 m3/s, respectively) to 

0.11 m3/s and 0.09 m3/s, respectively.  In response to the storm, Tippery Spring reached a 

peak flow of 0.86 m3/s fourteen hours after the start of rainfall and receded to 0.49 m3/s 

by the end of sampling.  Near Tippery Spring reached a peak flow of 0.46 m3/s fifteen 

hours after the start of rainfall with a variable discharge plateau (0.37-0.49 m3/s) for the 

remainder of the sampling period. 

The June 2017 Storm fell during two pulses; the first beginning on June 15, 2017, 

at 19:00 EST and depositing 5.30 cm of rain over 7 hours, and the second beginning on 

June 16, 2017, at 16:00 EST depositing 2.30 cm of rain over 2 hours.  Spring water 

sampling continued until 1:30 EST on June 17.  Little to no rainfall occurred prior to the 

June 2017 Storm (7-day API = 0.06).  Due to the dry antecedent conditions, discharges at 

Tippery Spring and Near Tippery Spring initially had their annual average base flow 

values of 0.03 m3/s and 0.01 m3/s, respectively.  In response to the storm, Tippery Spring 

reached a peak flow of 1.20 m3/s seven hours after the onset of rainfall, and recovered to 

0.23 m3/s twelve hours later, then peaked again at 1.19 m3/s three hours after the 

beginning of the second period of rainfall, and recovered slightly to 0.95 m3/s by the end 

of the sampling period.  Near Tippery Spring reached a peak flow of 0.59 m3/s seven 

hours after the first occurrence of rainfall, recovered to 0.39 m3/s ten hours later, then 

peaked again at 0.61 m3/s six hours after the second onset of rainfall. Near Tippery 

recovered slightly to 0.53 m3/s by the end of the sampling period. 
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3.5.3 Storm Chemographs 

3.5.3.1 Parameter Groupings 

Water level (calibrated to discharge at a weir), temperature, and pH were 

measured using dataloggers which provided high-resolution and easily retrievable 

indicators of storm water arrival at the springs. Total suspended solids (TSS), specific 

conductance (SC), alkalinity, calcite saturation index (SIC), and stable water isotopes 

(δ2H & δ18O) were analyzed from water samples as they provide information on spring 

chemistry changes during storm flow, such as matrix water dilution, carbonate rock 

dissolution and saturation, and parsing of isotopically distinct pre-storm water and storm 

water fractions.  In addition, this study examined the temporal variations in molar Mg/Ca 

ratios and Ca/Zr ratios, and metals such as Fe and Zr, and REEs.  Mg/Ca ratios indicate 

varying conduit-matrix water interactions as matrix water tends to have higher Mg/Ca 

ratios than conduit water. Metals were analyzed to further explore their relationship with 

REE mobility and concentration.  Zr was selected as a potential indicator of upland 

source waters as Zr concentrations in the upland sandstones and shales are found in 

higher concentrations than in the local carbonate rocks from whole rock analysis (131 

ppm and 16 ppm, respectively), as similarly noted by Hua and others (2013).  Ca/Zr 

ratios were explored as an indicator of recharged storm water from the clastic upland 

ridges which are enriched in Zr and depleted in Ca relative to the carbonate bedrock.  

Both δ2H & δ18O fell linearly along the local meteoric water line, so only δ2H is shown in 

chemographs.  For each spring, chemographs were produced from continuous loggers 

and samples from automatic sampling, along with grab samples during post-storm 

baseflow conditions (Figure 3-4 through Figure 3-7).  
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Figure 3-4. Tippery Spring May 2017 Storm results. Solid plot lines represent logger 

data. Dashed lines connect water sample point values. Major vertical grid at 24 hour 

interval, minor vertical grid at 1 hour interval. 
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Figure 3-5. Tippery Spring June 2017 Storm results. Solid plot lines represent logger 

data. Dashed lines connect water sample point values. Major vertical grid at 12 hour 

interval, minor vertical grid at 1 hour interval. The data were plotted to center the storm 

and show recovery even though the pre-storm grab sample is off the scale and a post 

storm grab sample was not available. 

\ 
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Figure 3-6. Near Tippery Spring May 2017 Storm results. Solid plot lines represent 

logger data. Dashed lines connect water sample point values. Major vertical grid at 24 

hour interval, minor vertical grid at 1 hour interval. 
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Figure 3-7. Near Tippery Spring June 2017 Storm results. Solid plot lines represent 

logger data. Dashed lines connect water sample point values. Major vertical grid at 12 

hour interval, minor vertical grid at 1 hour interval. The data were plotted to center the 

storm and show recovery even though the pre-storm grab sample is off the scale and a 

post storm grab sample was not available. 
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Certain parameters varied together in the chemographs for both springs, and there 

were different patterns for the parameter groups.  Being carbonate springs with high Ca 

concentrations, the chemical parameters SC, alkalinity, and SIC tended to vary together, 

with the Mg/Ca ratio showing similar variability but a slightly more complex response.  

Stable water isotopes and Ca/Zr ratios also showed similar timing to these chemical 

parameters in the initial response, but differed later in the hydrograph.  TSS, metals, total 

REEs, and the Ce anomaly grouped together based on their similar timing, suggesting 

transport with or as sediment for these constituents.  Temperature and pH varied from 

storm to storm and did not show similar timing to the other variables.  Temperature 

sometimes showed a storm pulse, although long-term temperature logger data showed 

that not all storm events have a temperature signal (Toran et al., 2018).  Little change in 

temperature was observed during the May Storm at either spring due to the relatively 

small size of the storm and lack of temperature contrast between the storm water and 

ambient ground water.  In contrast, the June Storm resulted in a notable temperature 

change at both springs due to a greater amount of rainfall and a greater temperature 

contrast between storm water and ambient ground water, producing a temperature spike 

for each storm pulse at Tippery Spring and a gradual increase at Near Tippery Spring. 

 

3.5.3.2 Pre-storm Conditions 

Pre-storm conditions varied for both springs before the two storms.  May pre-

storm concentrations were likely a consequence of the wet antecedent conditions prior to 

the May Storm (Figure 4 for Tippery and Figure 6 for Near Tippery). This included 

elevated TSS and dissolved metals (Fe, Zr), slightly enriched stable isotope values, 
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decreased SC, alkalinity, Ca/Zr ratio, and calcite SI. The pre-storm water chemistry prior 

to the June Storm was more typical of baseflow samples for both springs during this 

study and from previous historical sampling (Shuster and White, 1971).  In addition, the 

initial Mg/Ca ratio differed between the two springs for both storms.  Tippery Spring’s 

pre-storm water chemistry parameters showed low Mg/Ca ratios, reflecting the 

predominantly limestone flow path area, while Near Tippery Spring had a higher overall 

Mg/Ca ratio due to the relatively greater fraction of dolomite within its flow path (Figure 

3-1). 

 

3.5.3.3 Tippery Spring Chemographs 

At Tippery Spring during both storms, a brief (approximately 1-hour) spike in pH, 

SC, alkalinity, and SIC signaled the initial arrival of storm water; this increase was likely 

flushing of older, more concentrated water stored in the system (Figures 4 and 5).  This 

spike occurred just before the stable isotope signal of storm water, indicated by rising δ2H 

partway through the rising limb of the discharge hydrograph.  The Mg/Ca ratio also 

spiked although slightly delayed from the other initial responses.  As the storm water 

isotope signal arrived, SC and alkalinity became diluted followed by a gradual recovery 

for the May Storm (Figure 4).  For the June Storm, the same initial dilution from arriving 

storm water was observed, but the larger storm resulted in a slightly longer dilution 

period and more gradual recovery that was interrupted by a second storm event (Figure 

5).  The Mg/Ca ratio followed these trends with slight differences.  During the May 

Storm the dilution period for Mg/Ca was slightly longer than for SC and other dissolved 

constituents, and the recovery was slower as well.  The timing of the Mg/Ca ratio also 
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differed from other dissolved constituents in the June Storm: there was a larger initial 

increase (possibly piston flow component of older water) and a delay in the dilution 

phase.  The second storm water pulse during the June Storm produced a second increase 

in Mg/Ca.  The Ca/Zr ratio and the stable water isotope signature followed inverse trends.  

Ca/Zr decreased along with other chemical parameters as the δ2H increased.  However, 

these two parameters showed a slower recovery compared to the other dissolved 

constituents. 

The arrival of the storm pulse at Tippery Spring was accompanied by an increase 

in TSS, trace metals (shown by Fe and Zr) and total REEs.  This increase began at the 

same time as the isotope storm water increase, but peaked slightly later then showed an 

asymmetrical long tail decline that lingered longer than other dissolved constituents.  The 

Ce anomaly followed a similar pattern but returned to pre-storm baseflow values sooner 

than the total REEs and metals (Figures 4 and 5). 

 

3.5.3.4 Near Tippery Spring Chemographs 

Near Tippery showed a similar grouping of dissolved constituent response and 

sediment parameter response, but with slightly different timing (Figures 6 and 7).  The 

initial storm signal arrived later in the discharge hydrograph, after the peak for both the 

May and the June Storms.  There was no initial spike as observed at Tippery in several 

parameters.  However, for the June Storm, a signal from additional overland flow was 

observed initially.  This overland flow was triggered by the larger June Storm and was 

indicated by a rapid storm signal (increase in storm water stable isotopes, temperature, 

and sediment, along with dilution of dissolved constituents).  The overland flow mixing 
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with spring flow has been observed for large storms during site visits.  The separate 

arrival of groundwater storm discharge at Near Tippery Spring was indicated by a 

decrease in the dissolved constituents (SC, alkalinity, SIC, Ca/Zr ratio, and Mg/Ca ratio) 

and an increase in the stable water isotope signature.  During the May Storm, dilution in 

the dissolved constituents was followed by a rebound to concentrations above the 

baseflow conditions (except for Ca/Zr), then a gradual decline back to baseflow levels on 

the falling limb of the hydrograph.  During the June Storm, recovery did not rebound to 

concentrations above the baseflow conditions.  The timing of the changes in Mg/Ca ratio 

for the May Storm was similar to the other parameters.  However, for the June Storm the 

Mg/Ca ratio responded faster relative to the other parameters, and a rise in Mg/Ca was 

seen for the second storm pulse in June.  The Ca/Zr ratio and the isotope signature both 

showed a slower recovery to baseflow values than other chemical parameters.  For both 

storms, the sediment associated parameters (TSS, Fe, Zr, and REEs) showed the same 

pattern at Tippery Spring and Near Tippery Spring, with an increase on the rising limb 

and an asymmetrical decrease on the falling limb. 

 

3.5.3.5 Comparison of Storm Responses 

The timing and degree of response varied based on the size of the storm event (the 

larger June Storm vs. the weaker May Storm) and the intrinsic nature of recharge of each 

spring’s capture area (Tippery Spring having a larger storm water recharge volume 

compared to Near Tippery Spring) as indicated by stable isotopes (Berglund et al., 2018). 

The dilution and recovery was more gradual at Near Tippery Spring than at 

Tippery Spring and more gradual for the larger June Storm compared to the smaller May 
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Storm.  The TSS, metal, and REE concentrations also increase later at Near Tippery 

Spring than at Tippery Spring, and recovered more gradually than the chemical 

parameters at both springs. 

 

3.5.4 Spring REE Spidergrams During Storm Response 

With the exception of europium, all individual REE concentrations were above 

detection limits, albeit at low concentrations.  PAAS-normalized plots of individual REE 

concentrations for a single water sample (called spidergrams) illustrated internal REE 

trends and anomalies resulting from geochemical processes and water-rock interactions in 

the May Storm where pre- and post-storm samples were available for clear comparison 

with baseflow water chemistry (Figure 3-8 and Figure 3-9).  Only the May Storm was 

selected here due to the availability of pre- and post-storm samples to make inferences 

about lingering effects of storms on REE characteristics.  Baseflow sampling of select 

carbonate springs in Pennsylvania (including Tippery Spring and Near Tippery Spring) 

for cerium anomalies suggested that springs with a greater component of slow matrix 

flow contain more prominent negative cerium anomalies (Ce*<1) (Toran et al., 2018).  

This relationship was further explored here where relative contributions of faster conduit 

flow and slower matrix flow varied in response to storm recharge. 

For Tippery Spring (Figure 3-8), REE patterns during pre-storm flow had low 

REE concentrations with a slightly negative cerium anomaly.  There was also a non-

detect of europium (time A).  The apparent europium anomaly during baseflow 

conditions is the result of being near or below detection limit instead of association with 

the carbonate bedrock, and its behavior is not considered further here.  At peak REE 
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concentrations (time B) there were no cerium anomalies.  As REE concentrations began 

to drop to pre-storm levels (time C) the slightly negative cerium anomaly returned.  At 

the time where other spring chemistry parameters recovered (time D), REE 

concentrations were still slightly elevated above their pre-storm values.  Despite other 

indicators of slow matrix flow contributions flow contribution, a strong cerium anomaly 

was not seen at Tippery Spring during any period of storm response.  This further 

highlights Tippery Spring’s greater conduit-flow influence, even during baseflow, but 

also suggests that a cerium anomaly may be a sensitive indicator of conduit flow mixing 

with slow matrix flow during storm recovery. 

 

 

Figure 3-8. PAAS-normalized REE spidergrams for Tippery Spring during the May 2017 

Storm during select storm response sample times: A) Pre-storm, B) Peak REE 

Concentration, C) REE Concentration Falling Limb, and D) Post-storm. 
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For Near Tippery Spring (Figure 3-9), REE patterns during pre-storm flow (time 

A’) were similar to Tippery Spring, having low overall REE concentrations and non-

detect of europium, but differed by having a notably negative cerium anomaly.  This 

cerium anomaly discrepancy between the two springs was also observed in the baseflow 

sampling (Toran et al., 2018).  During peak REE concentrations in response to storm 

flow (time B’) the cerium anomaly was eliminated.  A slight return of the cerium 

anomaly was observed during the REE concentration recovery (time C’).  REE 

concentrations remained slightly elevated with the return of the cerium anomaly (time 

D’) after other chemical parameters have recovered. 

 

 

Figure 3-9. PAAS-normalized REE spidergrams for Near Tippery Spring during the May 

2017 Storm at select periods of storm response sample times: A’) Pre-storm, B’) Peak 

REE Concentration, C’) REE Concentration Falling Limb, and D’) Post-storm. 

The presence of the negative cerium anomaly during baseflow suggests carbonate 

bedrock interaction and its subsequent anomaly neutralization during storm flow suggests 
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faster flow paths.  Storm water REEs had similar REE patterns to the PAAS shale 

standard, with no enrichment in light, middle or heavy REEs (LREE/MREE/HREE), but 

instead showed a relatively flat pattern.  The lack of anomalies, and similar REE pattern 

to the PAAS shale standard further support that stormflow REE enrichment is sourced in 

the detrital clastics upgradient feeding into the carbonate sinkholes rather than in the 

carbonate rocks themselves.  

 

3.6 Discussion 

The two springs shared a similar cycle of storm response characterized by three 

distinct periods (Figure 3-10). The three periods are similar for each storm, but 

nonetheless there are distinctions between the two springs.  There were differences in 

arrival times of storm pulses for the two springs and longer recovery times for the larger 

storm.  The differences between these three periods provide evidence for mixing along 

their recharge and flow paths. 
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Figure 3-10. a) Storm response cycle for Tippery Spring and Near Tippery Spring 

consisting of three periods with similar discharge and geochemical responses; Period 1) 

Storm Pressure Pulse, Period 2) Storm water Arrival, and Period 3) Post-storm Recovery. 

b) Idealized hydrographs with timing of three periods for each spring following the same 

rain event.  The arrival timing and duration of each Period, along with the relative 

abundance of faster conduit-flow vs. slower matrix-flow, is unique to each spring. 
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Period 1: Piston Flow: Spring discharge rises shortly after rainfall due to a piston flow 

effect from increased pressure head in the recharge area.  No geochemical variation in 

spring mouth chemistry occurred at Near Tippery Spring during this period, while a short 

spike in chemical parameters occurred at Tippery Spring indicating purging of older, 

more concentrated pre-storm water, which has been observed in other karst springs (Birk 

et al., 2004; Ravbar et al., 2011; Ryan and Meiman, 1996).  The purging of older water 

and faster flow response at Tippery Spring are indicative of faster flow paths.  In contrast, 

Near Tippery’s discharge showed mixing between source waters derived from both fast 

and slow flow responses. 

 

Period 2: Arrival of storm water from a combination of faster and slower flow-

dominated recharge: This period begins with the arrival of fast-flow storm water through 

conduits connected to surface runoff from the ridge tops.  This storm water pulse was 

indicated by signatures such as an enrichment in stable water isotope values and dilution 

of chemical parameters, including Ca/Zr.  The dilute storm water was then replaced by 

water from slower flow paths signaled by an increase in SC, alkalinity, SIC and Mg/Ca 

ratio.  Mixing of waters from fast and slow flow paths was observed, however, based on 

different patterns in the timing of chemical parameters.  In previous studies, mixing 

induced by storms has been observed by Cl- fluctuation in the chemograph (Mitrofan et 

al., 2015), by age dating (Martin et al., 2016), by isotope tracers (Schwarz et al., 2009), 

and by variation in temperature and SC particularly at low flow periods (Filippini et al., 

2018).  
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The timing of Period 2 differs between Tippery Spring and Near Tippery Spring.  

Tippery Spring showed storm water on the rising limb of the hydrograph.  For Near 

Tippery Spring, Period 2 begins 4-6 hours after the peak flow plateau is reached, with 

storm water gradually rising to a maximum about 12 hours after peak flow.  This slower 

response is likely due to Near Tippery Spring’s decreased conduit-flow portion in 

discharge, creating a flow buffering capacity. 

The slightly different timing in Mg/Ca ratios at both springs compared to the 

other chemical parameters suggested that mixing can be complex.  As Mg/Ca increases, 

more contact with the matrix is inferred, while faster flow paths are inferred from Mg/Ca 

decreases.  There were both increases and decreases in the Mg/Ca ratio observed in 

Period 2.  We detailed the Mg/Ca ratio because it is an important example of mixing.  As 

conduits vary from larger to smaller openings, varying degrees of interaction occur with 

the matrix.  Furthermore, different recharge events can capture from varying areas, also 

creating variable mixtures.  Thus, at Near Tippery Spring during the May Storm, the 

Mg/Ca ratio declined at a similar time as SC and other dissolved constituents, but showed 

an earlier decline than SC in the June Storm.  At Tippery Spring, Mg/Ca ratios took 

longer to recover than SC and other chemical parameters for the May Storm.  For the 

June Storm, Mg/Ca increased while SC decreased, indicating a stronger matrix 

component possibly indicating a piston flow pulse of older water.  This piston flow 

component may explain the delayed dilute storm water signature in Mg/Ca ratios.  Thus, 

Period 2 showed both increases and decreases in Mg/Ca ratios at Tippery Spring which 

provided evidence of mixing of fast and slow flow paths. 
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All parameters showed a more extended storm signal and recovery for the larger 

June Storm, as expected.  The June Storm resulted in about two times more discharge 

than the May Storm at Tippery Spring and nearly three times more discharge at Near 

Tippery Spring. The dilution factors and recovery periods differed more between the May 

and June storms at Near Tippery, even though the flow is the more buffered at this spring.  

The contrast in discharge between the two storms and larger dilution reflects the slower 

travel times to Near Tippery Spring.  Mg/Ca ratios varied more than SC and other 

dissolved constituents.  Thus, each spring has storm-to-storm differences in response 

indicating that flow paths include varied portions of conduit and slow components 

depending on the storm.  A more buffered spring may require longer sampling periods to 

capture chemograph variations and faster flow paths require finer time intervals.   

Recharge source area parameters also appear during this period, such as an 

increase in TSS, which signaled flushing of surface sediments, and the decrease in Ca/Zr 

ratios, which indicated the arrival of waters interacting with Zr-rich and Ca-poor ridgetop 

sediments feeding sinks and sinkholes.  Parameters associated with sediments such as 

REEs and metals also increased during this period.  This study pointed out that ion ratios 

can better indicate chemical variations that tag source areas (Ca/Zr) and matrix 

components (Mg/Ca). 

 

Period 3: Recovery to new base flow fed by slower matrix-dominated flow paths: The 

third period was marked by a decline in TSS and metals for the May Storm.  There was 

more TSS variation in the June Storm, and recovery was interrupted by a second storm, 

so a distinct Period 3 was not observed at either spring.  The length of time for recovery 
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was difficult to estimate with the gap between automated sampler measurements and the 

second storm event in June, although for a given rainfall event Tippery Spring showed a 

shorter recovery time than Near Tippery Spring. 

For both storms, the REE concentrations retained a storm pulse signal (i.e., 

slightly elevated concentration) longer than TSS and chemical parameters in the recovery 

period.  Spring discharge also remained elevated as the water chemistry returned to 

concentrations similar to pre-storm periods (high Mg/Ca, SIC closer to saturation).  In 

addition to the high discharge, the stable water isotopes and Ca/Zr ratio were slow to 

recover to pre-storm conditions.  The long tail of recovery for these components provides 

further evidence of mixing of flow paths and storm water input that extends further than 

indicated by the dilution and recovery of dissolved constituents such as SC. 

In summary, although these periods in the hydrographs and chemographs of karst 

springs have been identified in previous studies (e.g., Ford and Williams, 2007; Ravbar et 

al., 2011), the analysis here pointed out additional complexity in the arrival of storm 

water in Period 2.  By examining multiple tracers these mixing patterns were identified as 

well as storm-to-storm variations.  The importance of continuous monitoring, including 

the tail of the hydrograph was also reinforced by the monitoring at these adjacent springs.  

Variations in age and mixing in springs that are in close proximity have been identified 

previously, particularly at low flow (Martin et al., 2016; Filippini et al., 2018), but the 

distances were on the order of kilometers.  In this study the springs were only 65 m apart 

and still showed distinct responses in the storm chemographs. 

 

 



96 

 

3.6.2 Ca/Zr Ratios as Indicators of Storm Recharge Source Area 

One relationship which stood out during storm water arrival was the ratio between 

Ca and Zr in relation to stable water isotope storm water fraction.  Comparing Ca/Zr 

ratios to storm water fraction determined from stable water isotopes (Berglund et al., 

2018) showed a mixing relationship between pre-storm water with a high Ca/Zr ratio, and 

a storm water component with low Ca/Zr (Figure 3-11).  Prior to the influence of storm 

recharge, base flow matrix water contained elevated Ca relative to Zr, as the carbonate 

bedrock contains little detrital Zr contributing to stored water.  During storm flow, a drop 

in Ca/Zr ratio corresponded to the arrival of storm water as indicated from the stable 

water isotopes.  This ratio decrease during the arrival of storm water was due to the 

concurrent decrease of Ca concentration and increase in Zr concentration.  The decrease 

in Ca concentration was due to the flushing and dilution of high-Ca matrix water by 

recharging storm water, which contains little to no Ca.  In contrast, Zr concentrations 

increased with increasing storm water component.  This increased Zr concentration likely 

resulted from storm water having interacted with surficial clastic sediments with elevated 

concentrations of Zr relative to the carbonates.  These clastic sediments are transported 

after storms by the sinking streams draining the clastic ridge tops which feed into 

sinkholes within the carbonate rock at the foot of the hills.  As a result, Ca/Zr ratios 

provided both a useful indicator of storm water arrival along with source of recharge 

water.  As the analyzed water samples included materials below 0.45 m, Ca and Zr are 

transported in both dissolved and colloidal phases. 
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Figure 3-11. Relationship between storm water component and Ca/Zr ratio in spring 

water as an indicator of recharge area. During low storm water flow component, a high 

Ca/Zr ratio suggests a high carbonate matrix-water component. During high storm water 

flow component, a low Ca/Zr ratio suggests recharging water having interacted with Zr-

rich and Ca-poor clastic sediments from upland clastic ridges and transporting Zr and Ca 

in both dissolved and colloidal phases (<0.45um). 

 

3.6.3 Rare Earth Element (REE) Concentrations During Storm Flow 

During Period 1 and Period 3, total REE concentrations in both springs were 

lowest (0.10-0.15 ppb).  During Period 2, with the arrival of storm water, total REE 

concentrations increase at both springs (up to 1.30 ppb).  Total REE concentrations in 
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spring water showed a strong positive correlation with Zr and Fe concentrations (Figure 

3-12).  Increased total REE concentrations also appear to be influenced by the intensity of 

recharge and surface connectivity, with a relatively greater REE increase during the 

larger June Storm than the May Storm, and a relatively greater REE increase for Tippery 

Spring than Near Tippery Spring.  During pre-storm and matrix-flow conditions, total 

REE concentrations were consistently low, indicating minor contribution from carbonate 

matrix dissolution.  Furthermore, there was a weaker cerium anomaly at Tippery Spring, 

which further highlights Tippery Spring’s greater conduit-flow influence, but also 

suggests that a cerium anomaly may be a sensitive indicator of conduit flow mixing with 

slower matrix flow during storm recovery. 

 

 

Figure 3-12. Relationship between total REE concentration and metals such as iron (Fe) 

and zirconium (Zr) in all spring water samples at Tippery Spring and Near Tippery 

Spring during the May Storm and June Storm. 
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Total REE increased with Zr, indicating REEs are introduced into the aquifer 

during storm flow sourced from the same areas as the Zr-bearing sediments, namely the 

high-Zr low-Ca clastic ridge tops feeding into the sinkholes. 

Total REE concentrations correlated well with the relative fraction of matrix 

water and storm water, with increased total REEs occurring with a greater storm water 

fraction (Figure 3-13).  The lowest REE concentrations (<0.15 ppb) occurred in spring 

water with the greatest pre-storm water fraction signature (pre-storm baseflow samples).  

With the arrival of storm water after rain events, REE concentrations increased with 

increasing storm water component to the springs, with the greatest REE concentrations 

(>0.8 ppb) occurring near maximum storm water fraction.  Although these relationships 

generally held true for both springs when the pre-storm water or storm water fractions 

dominated, the transition from low to high REE concentrations as the slower matrix flow 

mixed with the faster conduit flow storm water was not smooth.  Between storm water 

fractions of 0.3-0.7, total REE concentrations were highly variable between the maximum 

and minimum concentrations seen during high matrix-water fraction and high storm-

water fraction, respectively.  This imperfect transition is likely due to irregular REE 

mobility from changing pH and redox conditions from mixing water sources after a 

storm, but could also be the result of recharge source area heterogeneities affecting REE 

mobility in different source areas. 
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Figure 3-13. Total REE concentrations on a mixing line between high stored water 

fraction and high storm water fraction based on hydrograph analysis of stable water 

isotopes and Ca/Zr ratios. The lowest total REE concentrations occur during high stored 

water fraction while the highest total REE concentrations occur during a high storm water 

fraction. 

 

 

 

 



101 

 

3.7 Conclusions 

3.7.2 Storm Response Characteristics of Tippery and Near Tippery Springs 

First analyzed for flow characterization by Shuster and White (1971), Tippery 

Spring and Near Tippery Spring were classified as conduit-flow dominated springs based 

on their seasonally variable water temperature and chemistry.  While being classified as 

conduit-flow, it was also noted that the springs exhibited distinct behaviors despite their 

close proximity.  Using high-resolution logging and water sampling in response to 

storms, these springs were re-examined to better define the varying degrees of faster 

conduit flow and slower flow along with multiple recharge modes for the two springs. 

Of the two springs, Tippery Spring exhibited more dominant fast-flow conduit 

behavior through rapid storm response and recovery of discharge and chemistry, while 

Near Tippery Spring exhibited a relatively delayed storm response, buffered 

geochemistry, and drawn-out recovery.  These comparative differences between the two 

springs were maintained during the smaller May 2017 Storm and the larger June 2017 

Storm, indicating behaviors intrinsic to the natural recharge and flow characteristic of 

each spring’s recharge area rather than storm intensity or antecedent conditions.  Despite 

the inherent differences, both springs did experience a similar sequence of storm response 

characteristics marked by the following periods: Period 1) Storm piston pulse, Period 2) 

Storm water arrival including varying degrees of faster conduit dominant flow and slower 

matrix dominant flow, and Period 3) Post-storm recovery.  The relative timing and 

duration of these three flow periods were a function of the intrinsic nature of recharge 

and flow for each spring along with storm intensity.  A larger storm produced a greater 

Period 2 duration, and a stronger surface connection (such as Tippery Spring) had a 
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relatively shorter Period 1 duration and greater Period 2 conduit-flow phase.  The nature 

of these periods, unique to each spring, has important hydrological implications such as 

water sampling intervals and contaminant storage and transport.  A spring with Near 

Tippery’s characteristics with a longer recovery should be sampled longer, while Tippery 

Spring needs a finer interval to capture different pulses of storm water.  Furthermore, 

constituents associated with sediment transport showed a longer recovery and should be 

sampled for a longer time to better understand their transport behavior. 

 

3.7.3 New Tracers for Recharge and Flow Paths 

Two natural tracers were applied in new ways for this study:  Ca/Zr ratios and 

REE patterns.  Both tracers provided additional information about flow paths and 

recharge sources as they varied during the storm hydrograph.  Stable water isotopes 

directly indicated the arrival of storm water to the springs while Ca/Zr ratios provided 

insight into recharge area source and timing.  These patterns and results may be shared 

among other karst systems with allogenic recharge from siliciclastic areas, while karst 

systems with autogenic recharge may show muted response in these tracers due to greater 

flow path lengths and more buffered storm recharge behavior. 

During pre-storm baseflow, high Ca/Zr ratios reflected water which has 

dominantly interacted with the carbonate host rock.  With the arrival of storm water, 

Ca/Zr ratios dropped as the previously elevated Ca concentrations from storage became 

diluted by storm water while Zr concentrations increased from the influx of storm water 

which had interacted with clastic surface sediments.  As a storm water arrival indicator in 

clastic-ridge-fed Valley and Ridge springs, this relationship made Ca/Zr ratios a useful 
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substitute for stable water isotopes while also providing information on source area.  An 

advantage of the Ca/Zr signature is that Zr analysis is typically provided with other trace 

elements, whereas stable water isotopes typically require extensive sampling to develop a 

local meteoric water line and additional analytical techniques.  

REE concentrations were lowest (<0.15 ppb) at both springs during baseflow 

conditions. In response to storm water recharge, REE concentrations increased with the 

arrival of storm water.  REE spidergrams varied throughout different periods of storm 

response.  For these springs, REE patterns during periods of little storm water influence 

(Periods 1 and 3) exhibited negative cerium anomalies which were weak (Tippery 

Spring) to moderate (Near Tippery Spring).  This behavior coincided with the conceptual 

model of Tippery Spring being inherently more conduit-flow dominated while Near 

Tippery Spring is inherently more affected by slower flow. During periods of surficial 

sediment recharge (Period 2) the REE patterns exhibited neutral (Ce* = 1) cerium 

anomalies, suggesting the storm-recharged sediment was derived from the clastic rocks 

along the ridges rather than the local carbonate bedrock.  Elevated REE concentrations 

persisting after other parameters recovered to pre-storm levels suggested slower flow 

paths recharging the two springs which was less apparent with the other parameters. 

These results illustrate the sensitivity of REE concentrations and anomalies in 

karst springs to storm events, recharge areas, and flow paths.  Even as other storm flow 

indicators (e.g. stable water isotopes, TSS, Mg/Ca ratios) may have subsided, elevated 

REE concentrations and altered cerium anomalies may linger for an extended period of 

time.  As such, the presence of low REE concentrations, along with a pronounced cerium 

anomaly, may be a good indicator of matrix-affected recharge and storm flow recovery to 
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a spring.  Elevated REE concentrations after a storm, along with neutralized cerium 

anomaly, differentiate between water which has interacted with either the local carbonate 

matrix or the upland siliciclastics. 

This study illustrated the relationships among multiple tracers to understand 

source waters in different periods of storm hydrographs.  REE concentrations, along with 

other parameters such as stable water isotopes, Mg/Ca and Ca/Zr ratios, provided a more 

complete understanding of karst flow and recharge paths, and showed how contrasts 

between adjacent springs differentiates recharge pathways.   
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 CHAPTER 4: DUAL APPROACH TO CALIBRATING A 

KARST NETWORK MODEL FROM SINKING STREAM TO 

SPRING USING DYE TRACERS AND TEMPERATURE 

SIGNALS 
 

4.1 Abstract 

The conduit network is a significant unknown for predicting karst flow paths, but 

modeling flow and transport using both temperature and dye tracing provides constraints 

that can improve our understanding. To better characterize conduit networks, a flow 

model using the Finite Element Subsurface Flow Model (FEFLOW) was constructed 

using dye tracing and temperature data to simulate the conduit connection between a 

sinking stream and a spring in central Pennsylvania. The sink (Tippery Sink) drains a 

perennial stream at approximately 20 liters/second; some of this water then reappears 750 

m to the southeast at Tippery Spring with a baseflow discharge of approximately 140 

liters/second. The quantitative dye trace using drip injection at the sink and a high-

resolution fluorometer at the spring showed 65% of the flow into the sink reaches the 

spring with ~10x dilution from additional inflow from the surrounding matrix. FEFLOW 

was used to simulate the connection between sink and spring through varying conduit 

geometries, sink and spring discharges, and intrinsic model parameters such as conduit 

conductivity, conduit cross-sectional area, matrix transmissivity, matrix porosity, and 

dispersivity. Single conduit models were unable to reproduce the observed dye 

concentration at the spring as they either resulted in excessively high dye concentrations 

or required unrealistically low sink inflow values to lower concentrations to observed dye 

concentrations. Single conduit models also resulted in large recession curve 

concentrations due to dye flowing back into the conduit from the matrix. Similarly, 
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overly tortuous and anastomosing conduit models resulted in peak arrival delays and long 

tails. A forked conduit model in which flow is diverted from the main conduit, reducing 

the overall concentration of dye reaching the spring while also reducing the amount of 

dye flowing back into the main conduit, eliminating the excessive tail concentrations. 

Latin Hypercube Sampling was performed to generate 52 stratified parameter 

combinations of conduit conductivity, conduit cross-sectional area, matrix transmissivity, 

matrix porosity, and dispersivity for four conduit geometry scenarios. Dye breakthrough 

curves were highly sensitive to conduit conductivity, suggesting that dye tracing is an 

ideal way to determine 1) conduit conductivity and network configuration and 2) mass 

balance between a sinking stream and a spring. Temperature data from high-resolution 

loggers at the sink and spring were then incorporated into the model scenarios to 

reproduce seasonal spring temperature using the conduit configuration fit to the dye trace. 

Simulated temperature signals at the spring were sensitive to parameters in addition to 

conduit conductivity, most notably matrix transmissivity and inflow rates at the sink. 

Variable sink inflow was incorporated into the model from field measurements and 

estimates, and seasonal precipitation trends (i.e. wet season, dry season), producing an 

improved fit between modeled and observed temperature further confirming the forked 

conduit geometry. Model discrepancies which remained were often the result of 

individual intense storm events. These results showed the usefulness of combining 

temperature data logging, dye tracing and FEFLOW modeling for 1) constraining karst 

conduit geometries, which are often poorly understood, 2) exploring the role of conduit 

and matrix interaction for contaminant flow and storage, and 3) quantifying the effect of 

seasonal trends on karst aquifers. 
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4.2 Introduction 

4.2.1 Background 

Although the conceptual model of a karst aquifer consisting of both conduits and 

matrix components has been recognized since the 1960s (White, 1969), our inability to 

accurately take into account the location and geometry of conduits is still a fundamental 

limitation to developing accurate models of both flow (White, 1999) and mass transport 

(Ghasemizadeh et al., 2016) in karst settings. Equivalent porous media (EPM) models in 

karst have also been used which attempt to treat dual porosity as a lumped parameter 

(Scanlon et al., 2003), although they are unable to simulate heat and solute transport. 

These shortcoming are recognized and, as such, the specifics of how these dual-porosity 

systems behave hydrologically is still an active field of research (Li and Field, 2016). 

While flow within the bedrock matrix is slow and diffuse, flow within conduits 

can vary from sub-meter to thousands of meters per day (Worthington et al., 2002). Flow 

models then have to account for the dual-porosity (conduit and matrix) nature (Taylor 

and Greene, 2008). When the conduits are well-connected, and only flow conditions are 

under consideration, the aquifer can be modeled as a homogeneous media using one of 

many basic flow codes, such as MODFLOW (Anderson et al., 2015). When conduit 

geometry is heterogeneous or transport processes are included, then the conduits must be 

modeled discretely. Variable geometry requires the use of specialized flow and mass 

transport model codes which can handle conduits, such as FEFLOW (Diersch, 2013) and 

MODFLOW-CFP (Shoemaker et al., 2008). 

One ongoing approach to better characterizing karst recharge, flow, and conduit 

geometry is through the use of temperature as a natural tracer. Birk et al. (2006) produced 
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hypothetical karst conduit models with temperature as a tracer which would become 

dampened with interaction with the surrounding bedrock matrix. Later models 

incorporated real-world data to test and verify these models (Covington et al., 2011; 

Covington and Perne, 2015), resulting in classification schemes for springs based on their 

seasonal and short-term temperature variations (Luhmann et al., 2011, 2012, 2015). 

Despite these findings there are still uncertainties regarding effects of conduit geometry, 

catchment boundaries, and temporally variable recharge (Geyer et al., 2013; 

Ghasemizadeh et al., 2016; Hartmann, 2016). 

The vulnerability of karst flow systems to changing climate conditions is also 

being explored due to the sensitivity of karst systems to varying recharge and temperature 

(Hartmann et al., 2014a; 2014b). For one hypothetical karst system, variations in 

groundwater temperature were seen to be a function of both the intensity and the seasonal 

timing of storm events (Brookfield et al., 2017). There remains a lack of real world data 

to verify these models (Xu et al., 2018; Li et al., 2016; Hartmann et al., 2017).   

However, gaps remain in understanding the flow within conduits, such as the 

interaction between conduit geometry and recharge patterns and the interaction between 

conduits and matrix. Recent karst research has improved our understanding of flow 

within these conduits, from thermal interactions (Covington et al., 2011), solute transport 

(Ronayne, 2013), and storm response (Toran and Reisch, 2013).  The research presented 

here will address these knowledge gaps through research at the Nittany Valley springs; 

transient data sets from thermal and geochemical monitoring will provide data on storm 

response, and the numerical flow models developed will simulate and test conduit 

geometry, flow, and transport. 
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4.2.2 Study Site 

The study site consists of a sinking stream and a spring located in the folded 

carbonate bedrock of central Pennsylvania’s Valley and Ridge Province (Berg et al., 

1980). The sinking stream flows into a sinkhole (Tippery Sink) which has been 

previously traced to the spring (Tippery Spring) 750 meters to the southeast by (Hull, 

1980) (Figure 4-1). The adjacent Near Tippery spring is not connected to the sink, based 

on the dye tracing by Hull (1980). The perennial stream flowing into Tippery Sink is 

sourced from the upland siliciclastic bedrock ridgetops.  while rare earth element and 

Ca/Zr ratio analysis shows this response is strongly connected to inflow from Tippery 

Sink (Berglund et al., 2019). This strong connection between the sink and spring is 

further evident in the temporal variation in water temperature at Tippery Spring, with 

annual temperature variations first described by Hull (1980), Shuster and White (1971), 

and short-term event-scale temperature variations further described by Toran et al., 

(2018). 
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Figure 4-1. Locations of Tippery Sink, Tippery Spring, and Near Tippery Spring, along 

with the suspected conduit (green) connecting Tippery Sink and Tippery Spring. 

Elevation contours in feet MSL. 

 

4.3 Methods 

4.3.1 Quantitative Dye Tracing 

A dye trace using a controlled injection and monitoring was performed to 

determine a more precise connectivity between Tippery Sink and Tippery Spring, 

following methods similar to Gouzie et al. (2015).  At Tippery Sink, a mixture of 453 

grams of fluorescein dye powder was mixed with 37.75 liters of water to produce a liquid 

dye mixture with a fluorescein concentration of 12 g/liter. A low-flow peristaltic pump 

(Figure 4-2) delivered the liquid dye mixture into the sinking stream at a rate of 61 (+/- 1) 

mL/minute for 9 hours for a total injection volume of 32.94 liters and a total dye mass of 
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357 grams were injected. The drip point was 15 meters upstream of where the sinking 

stream enters the cave in order to ensure proper mixing. Samples of the reservoir dye 

mixture and sinking stream water at the cave inlet were collected hourly to check the 

stability of the input concentration. A Cyclops-7 Submersible logger was used to measure 

fluorescein dye concentrations at Tippery Spring.  The logger is capable of detecting 

fluorescein concentrations from 0.01-500 ppb at a sample interval of 1 minute. Sinking 

stream discharge was initially estimated at 15 L/s by timing the filling of a 20-liter bucket 

as the stream flows over a spillway.   

 

 

Figure 4-2. Dye pump (left) and Cyclops-7 fluorometer logger (right). 
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Figure 4-3. Steady-state dye mixture injected into Tippery Sink using a low-flow 

peristaltic pump (left) and monitored for arrival with a Cyclops-7 fluorometer logger 

installed at Tippery Spring (right). 

 

4.3.2 Continuous Temperature Monitoring of Sink and Spring 

Several loggers installed within the study site were used to measure sink and 

spring temperature, and spring discharge. A HOBO Tidbit logger measured water 

temperature at Tippery Sink at a 15-minute interval. An onset HOBO pressure and 

temperature logger installed at Tippery Spring measured water temperature and pressure 

at 15-minute interval. Water pressure was converted to discharge for Tippery Spring as 

there was a weir installed near the spring mouth. 
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Logger data for Tippery Sink and Tippery Spring from April- early December 

2017 was used to produce the model presented here (Figure 4-4). From later in December 

through March, temperature values from the logger at Tippery Sink often approached or 

fell below freezing due to a combination of lower air temperatures and low flow from 

decreased rainfall. For the modeled time period, Tippery Sink’s water temperature varied 

from 6 degrees Celsius in April to 22 degrees in July and down to 2 degrees by 

December, closely reflecting ambient air temperatures. Tippery Spring’s water 

temperature also showed seasonal trends but buffered compared to Tippery Sink. In 

April, Tippery Spring’s water temperature began around 7 degrees, rising to a high of 15 

degrees in June, and falling to 10 degrees by December. While Tippery Sink showed 

diurnal variations in temperature, Tippery Spring’s short term variations were largely the 

result of storm events, as noted for the rainy season period from April to July, whereas 

the lack of short term variations from August to December reflects the dry season. 
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Figure 4-4. Temperature of Tippery Sink and Tippery Spring from April-December 2017. 

 

4.3.3 Transport Modeling 

Solute and heat transport between Tippery Sink and Tippery Spring were modeled 

using the finite element groundwater flow and transport modeling code FEFLOW 

(Diersch, 2013). This code was selected specifically for its ability to simulate transient 

flux along a conduit using both mass and heat parameters. Although FEFLOW has been 

used successfully in a few karst studies (Dafny et al., 2010; Kavouri and Karatzas, 2015), 

the application here focused on transient flow and transport modeling between a sinking 

stream and a spring to help constrain conduit geometry. 

The domain for each FEFLOW model was 300 meters by 1000 meters wide with 

a conduit connecting a sink input and spring output which were spaced 750 meters apart 

(Figure 4-5). The domain was refined into an irregular unstructured triangular grid with 
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cell sizes ranging from coarse (20 meters) for the majority if the model and fine (1 meter) 

around the conduit. Flow values for the sink and spring in the model were based on field 

observations (for Tippery Sink) and discharge values from a pressure transducer and weir 

(Tippery Spring) and modeled as specified discharge boundary condition nodes. 

Hydraulic head for the model was modeled using specified head boundary conditions at 

either end of the model estimated from elevation contours for both the sink and spring 

from USGS topographic maps. A matrix recharge value of 1 m/year was used throughout 

the model.  
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Figure 4-5. Example FEFLOW model grid setup for a single straight conduit. Contours 

indicate steady state head elevation in meters above sea level. 

  

The porous media matrix and conduit connecting the sink and spring are modeled 

as a combined flow system as described by Diersch (2013). The governing equations for 

flow, mass transport, and heat transport for the porous media matrix are written as 

Equations 3, 4, and 5, respectively. 

 

          𝑄𝜌 = 𝑆
𝜕ℎ

𝜕𝑡
− ∆ ∙ (𝐾𝑓𝜇𝐵 ∙ (∇ℎ + Θ𝑒))                                                         (3) 

          𝑄𝑐 = 𝑆
𝜕𝐶

𝜕𝑡
+ 𝑞 ∙ ∇𝐶 − ∇ ∙ (𝐵휀𝐷 ∙ ∇𝐶) + ΦC                                                         (4) 
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            𝑄𝑇 = 𝑆
𝜕𝑇

𝜕𝑡
+ 𝑞 ∙ ∇𝑇 − ∇ ∙ (𝐵Λ ∙ ∇𝑇) + Φ(T − T𝑜)                                            (5) 

  

Which incorporates hydraulic head (h), specific storage (S), hydraulic 

conductivity (K), viscosity relation function (fμ), buoyancy ratio (B), gravitational unit 

vector (e), fluid/solute/heat flux (Qρ,c,T), Darcy flux (q), solute concentration (C), porosity 

(ε), molecular diffusion (D), mass transfer coefficient (Φ), temperature (T, To), and 

thermal dispersion (Λ). These equations are further adapted to include the discrete 

conduit, which is modeled as a 1-dimensional phreatic Darcy feature interconnected to 

the 3-dimensional surrounding aquifer geometry. In order to account for the unique flow 

properties of open fluid-filled conduits, the governing equations for flow (Qρ), mass 

transport (Qc)), and heat transport (QT), are modified for Darcy flow in a conduit 

(Diersch, 2014) such that 

 

�̅�𝜌 =
𝑆

𝜕ℎ

𝜕𝑡
− ∆∙( 𝐾𝑓𝜇𝐵 ∙(∇ℎ+Θ𝑒))

𝜋𝑅2𝜀
                                                                                    (6) 

 

�̅�𝑐 =
𝑆

𝜕𝐶

𝜕𝑡
+𝑅2𝜀𝑣∙∇𝐶−∇∙((𝜋𝑅2𝜀(𝐷𝑑𝐼+𝐷𝑚)∙∇𝐶)+𝜋𝑅2(𝜀�̅�𝜌+ℜ)C

𝜋𝑅2𝜀
                                              (7) 

 

�̅�𝑇 =
𝑆

𝜕𝑇

𝜕𝑡
+𝜋𝑅2𝜀𝜌𝑓𝑐𝑓𝑣∙∇𝑇−∇∙(𝜋𝑅2{[𝜀λ𝑓+(1−𝜀)λ𝑠]𝐼+𝜀𝜌𝑓𝑐𝑓 𝐷𝑚}∙∇𝑇)+𝜋𝑅2𝜀𝜌𝑓𝑐𝑓�̅�𝜌(T−T𝑜)

𝜋𝑅2        (8) 

 

and 

 

�̅�𝑇 = 휀𝜌𝑓�̅�𝑇
𝑓

+ (1 − 휀)𝜌𝑠�̅�𝑇
𝑠                                                                                 (9) 
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These modified equations for flow (Ǭρ), mass transport (Ǭc), and heat transport 

(ǬT) for the 1-dimensional discrete feature incorporate parameters which are pertinent to 

modeling flow within and around the conduit. These include conduit radius (R), velocity 

vector of fluid (v), molecular diffusion coefficient (Dd), mechanical dispersion tensor 

(Dm), solute retardation (ℜ), thermal conductivity of fluid (λf), thermal conductivity of 

solid (λs), specific heat capacity of fluid (cf), density of fluid (ρf) and density of solid (ρs). 

Heat flow through both liquid and solid necessities two equations for heat transport 

(Equations 8 and 9) which include heat flow through fluid (Ǭf
T) and solid (Ǭs

T). The 

detailed derivation and explanation of Equations 3-8 are fully described by Diersch 

(2014).  

Along with varying model parameters, varying conduit geometries were produced 

and tested. These geometries ranged from simple, straight conduits, to conduits with 

increasing tortuosity and additional side conduits to divert flow. A select range of 

geometries was modeled to be representative of these features which are typical in karst. 

 

 

4.4 Results 

4.4.1 Dye Trace Models 

Dye trace results were used to establish initial conditions, targets, and mass 

balance constraints in which to produce models. Sink discharge was further verified at 14 

L/s by checking the dye concentration of the sink water as the known dye flux rate of the 

injection pump (concentration * injection rate) will equal the dye flux rate of the sink 

water (concentration * discharge). The dye trace was performed from May 25-29, 2018 
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(Figure 4-3). The resulting dye flux plot for Tippery Sink and Tippery Spring showed a 

65% recovery, with a 36-hour lag between injection and peak recovery (Figure 4-6). 

 

 

Figure 4-6. Dye trace results. The dye flux in at Tippery Sink is used as a model input, 

while the dye flux out at Tippery Spring is a model target. 

 

Three network models were compared (Figure 4-7) using similar yet varying 

input parameters to achieve a peak timing match to observed dye breakthrough (Table 

4-1). Model 1 consisted of a single 750 meter straight conduit connecting the sink and 

spring with the base sink inflow value observed during the dye trace (14 L/s). Model 2 

also consisted of a single straight conduit connecting the sink and spring with values 
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similar to Model 1 but with a decreased sink inflow value. Model 3 consisted of a straight 

conduit connecting the sink and spring with the field-observed sink inflow value, but with 

the addition of a fork 150 meters from the sink which diverts flow to two side conduits. 

 

 

Figure 4-7. Initial dye trace models. Model 1) full flow between sink and spring, Model 

2) reduced flow between sink and spring, and Model 3) full flow into sink but diverted 

through forking branches between sink and spring. Dark black line indicates the observed 

fluorescein concentration at the spring. 

 

Table 4-1. Initial dye trace model input parameters 

Model 

Sink 

Inflow 

(Liter/s) 

Conduit 

Conductivity 

(m/s) 

Conduit 

Cross-

Sectional 

Area (m2) 

Matrix 

Transmissivity 

(m2/s) 

Porosity 

(n) 

Dispersivity 

(m) 

Model 1 14.0 0.16 0.5 0.0005 0.1 1 and 0.075 

Model 2 1.4 0.18 0.5 0.0005 0.1 1 and 0.075 

Model 3 14.0 0.105 0.5 0.0005 0.1 1 and 0.075 

 

 The modeled dye breakthrough peak for Model 1 was significantly larger than the 

observed dye breakthrough curve in the field, peaking at 71 ppb in the model compared 

to 39 ppb in the field (Figure 4-7). Despite achieving a good peak arrival time, Model 1 
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resulted in too much predicted dye reaching the spring, and is therefore unable to 

characterize conduit flow between the sink and spring. Model 2 was able to produce a 

better fit in terms of both timing of the dye peak and the concentration of the dye peak 

(Figure 4-7), but required reducing the sink inflow value below which was observed in 

the field (reduced from 14 L/s to 1.4 L/s). Conduit conductivity was also increased 

slightly from Model 1 to Model 2 in order to maintain the correct peak arrival time, 

although no other parameters needed changing. Additionally, the falling limb of the 

Model 2 dye curve was notably higher than what was observed in the field. The results of 

Model 1 and Model 2 suggest that the flow between the sink and spring cannot be 

accurately simulated as a single conduit as it either results in too much modeled dye or 

requires an erroneously lowered sink inflow value. 

 Model 3 resulted from addressing the issues from Model 1 and Model 2 through 

the incorporation a forked branch conduit geometry. This forked conduit setup diverts 

both flow and dye away from the main conduit, allowing for the full sink inflow value to 

be used as an input while also resulting in a decreased overall dye concentration reaching 

the spring. As such, Model 3 resulted in the best overall fit between modeled and 

observed dye breakthrough curve (Figure 4-7). 

The location of the conduit fork (as shown in Model 3 from the initial dye trace 

and temperature models) also had an effect on both the timing and the peak concentration 

for a simulated dye breakthrough curve (Figure 4-8). For Model 3, the branch in the 

conduit was 150 m from the sink. Two other modeling scenarios were conducted with the 

same parameters in which the branch was moved closer to the spring (the Medial Fork 

and Proximal Fork models). As the fork is moved farther away from the sink and closer 



126 

 

to the spring, the simulated dye breakthrough curve arrived earlier and also had a higher 

peak concentration. This alteration of arrival time can be somewhat offset by decreasing 

the conduit conductivity (Figure 4-9), but the resulting dye concentration curve still does 

not produce as good a match as the Distal Fork scenario. These results suggest that the 

location of flow branching and piracy also controls the behavior of the dye breakthrough 

curve, and that high resolution dye trace studies can be used to better understand where 

these flow diversions occur.  

 

 

Figure 4-8. Varying dye peak responses based on location of conduit fork point between 

sink and spring. 
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Figure 4-9. Decreased conduit conductivity comparison in the Proximal Fork model 

resulting in a delayed peak response to better match the observed dye concentrations. 

 

4.4.1.1 Dye trace sensitivity analysis runs 

A Latin Hypercube sensitivity analysis (Mckay et al., 1979) was conducted to 

evaluate which parameters influence the results and whether a different conduit 

configuration could be fit by varying input parameters. This statistical method is often 

used to produce near-random sample parameters from a multidimensional distribution. 

One of the benefits of this statistical approach is its ability to produce significantly varied 

model parameter combinations to determine parameter sensitivity using as few total 

combinations as possible. This parsimony is accomplished by producing parameter 

combinations in such a way as to ensure complete parameter diversity. Conceptually, a 2-

dimensional parameter grid is divided into discrete rows and columns in which parameter 

combination points occupy cells in which there is 1) only one point for each column/row 

combination cell, 2) each discrete row and column has an associated point, and 3) points 
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do not share rows and columns with other points. While this conceptual example only has 

2-dimensions, a Latin Hypercube is multidimensional, and is able to satisfy parameter 

diversity as above for n dimensions. Latin Hypercube analysis allows for a much more 

efficient way to perform parameter sensitivity analysis for multiple parameters using 

fewer models. 

Base model parameters were varied using this approach to ensure a wide diversity 

of parameter combinations pertinent to flow modeling. Five parameters were varied 

across typical ranges: conduit conductivity, conduit cross-sectional area, matrix 

transmissivity, matrix porosity, a dispersivity modifier (multiplication factor applied to 

both longitudinal and transverse dispersivity) (Table 4-2). A normal distribution of 

parameter combinations were used which varied around the mean (base) parameter value. 

An example of the resulting parameter combinations for matrix transmissivity and 

conduit conductivity illustrates the distribution across both sets of parameters (Figure 

4-10). While this example shows only an example in 2 dimensions, the actual parameter 

combinations exist in 6 dimensions as there are 6 parameters being varied, including the 

conduit geometry. 

 

Table 4-2. Latin Hypercube parameter input ranges 

Parameter Mean (base) Minimum Maximum 

Conduit Conductivity (m/s) 0.105 0.009 0.242 

Conduit Cross-Sectional Area (m2) 0.5 0.02 1.06 

Matrix Transmissivity (m2/s) 0.0005 0.000013 0.0011383 

Matrix Porosity (n) 0.1 0.01 0.25 

Dispersivity Modifier 1 0.03 2.41 

Conduit geometry (integer) 2 (forked) 1 4 
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Figure 4-10. Latin Hypercube Scatter plot of matrix transmissivity (T) vs. conduit 

conductivity (K) showing point cloud variation between two model parameters. 

 

A total of 52 model parameter combinations were run based on the Latin 

Hypercube generated variables, or 13 models per conduit geometry. The four variations 

in conduit geometry were produced to test the sensitivity of the dye breakthrough curves:  

the two previously described geometries, and two additional geometries that are typical 

of cave systems (Palmer, 1999) . These four geometries are 1) straight conduit, 2) forked 

conduit, 3) a tortuous conduit, and 4) an anastomosing conduit (Figure 4-11). Each model 

was varied around the same five base case model parameter values for conduit 

conductivity, conduit cross-sectional area, matrix transmissivity, matrix porosity, and 

dispersivity, which were similar to the forked network calibration values. 
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Figure 4-11. Latin Hypercube Model Run Conduit Geometries 1) single, straight conduit. 

2) forked conduit, 3) tortuous conduit, and 4) anastomosing conduit.  
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The resulting breakthrough curves show the effects of varying model parameters 

within each of the four conduit geometry scenarios. For Geometry 1 results (straight 

conduit, Figure 4-12), modeled dye breakthrough curves were typically at higher 

concentrations than the observed dye peak concentration. For Geometry 2 results (forked 

conduit, Figure 4-13) the modeled peak concentrations varied higher and lower than 

observed, while at times arriving sooner or later than observed. For Geometry 3 results 

(tortuous conduit, Figure 4-14) the modeled dye peak concentration and arrival times 

were most similar to Geometry 1, although there was a notable buffering effect to peak 

concentration and peak dye arrival. For Geometry 4 results (anastomosing conduit, 

Figure 4-15), the concentration and timing of peak arrival was the most buffered with the 

greatest time delay compared to the observed concentration. 

These trends are a consequence of selecting a range of parameters that centered 

around the base model parameters derived from the forked model which had the best fit 

with the observed dye concentration. Cumulative concentration and normalized 

cumulative concentration curves were used to identify diagnostic dye breakthrough curve 

analyses (Table 4-3). These included the time of 50% dye arrival, timing of dye peak 

arrival, width of the dye curve (calculated as the time difference from 16% arrival to 84% 

arrival), and the ratio between the modeled dye peak and observed and base model peak. 

Of the 52 models produced, 43 resulted in distinct dye curve peaks, while only 36 models 

showed a complete recovery within 12 days. The inability for some models to result in a 

dye breakthrough curve was largely the result of conduit conductivity, with lower conduit 

conductivity having the greatest effect on dye recovery (Figure 4-16).  
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Figure 4-12. Geometry 1 (straight conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. 
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Figure 4-13. Geometry 2 (forked conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. 
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Figure 4-14. Geometry 3 (tortuous conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters. 
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Figure 4-15. Geometry 4 (anastomosing conduit) dye concentration curves, cumulative 

concentration curves, and normalized concentration curves for Latin Hypercube 

sensitivity runs. Refer to Table 4-3 for parameters.
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Table 4-3. Latin Hypercube sensitivity analysis model runs 

Model Run ID 

Model Parameters Model Breakthrough Curve Results 

Conduit 

K (m/s) 

Conduit 

Area 

(m2) 

Matrix 

Transm. 

(m2/s) 

Porosity 

(n) 

Dispersivity 

Modifier 

16% 

Dye 

Arrival 

(days) 

50% 

Dye 

Arrival 

(days) 

84% 

Dye 

Arrival 

(days) 

Peak 

Arrival 

(days) 

Dye 

Curve 

Width 

(days) 

Peak 

Ratio 

(observed) 

Peak 

Ratio 

(base) 

G
eo

m
et

ry
 1

 (
st

ra
ig

h
t 

co
n

d
u

it
) 

Base 0.105 0.50 0.00050 0.10 1.00 2.10 2.46 3.14 2.31 1.03 1.37 1.00 

LHC1 0.075 0.92 0.00032 0.15 1.15 2.73 3.14 3.68 3.01 0.95 1.31 0.96 

LHC8 0.156 0.60 0.00101 0.13 0.08 1.46 1.69 2.01 1.63 0.55 4.47 3.28 

LHC9 0.101 0.44 0.00033 0.13 1.32 2.16 2.51 3.09 2.36 0.94 1.70 1.25 

LHC11 0.087 0.67 0.00107 0.14 0.29 2.50 2.90 3.51 2.75 1.01 1.79 1.31 

LHC14 0.010 0.55 0.00016 0.04 1.04 - - - - - - - 

LHC16 0.124 0.78 0.00067 0.06 2.41 1.74 2.04 2.66 1.92 0.92 1.61 1.18 

LHC20 0.114 0.21 0.00001 0.04 1.14 0.71 0.86 1.02 0.86 0.31 3.32 2.43 

LHC25 0.140 0.25 0.00013 0.01 1.25 1.19 1.36 1.55 1.35 0.36 2.51 1.84 

LHC32 0.170 0.42 0.00017 0.11 0.87 1.30 1.52 1.76 1.48 0.46 2.91 2.13 

LHC35 0.060 0.40 0.00020 0.01 0.77 1.88 2.47 2.91 2.60 1.03 0.87 0.64 

LHC37 0.025 0.66 0.00059 0.14 1.07 - - - 9.61 - 0.13 0.10 

LHC39 0.042 0.51 0.00114 0.11 1.01 - - - 6.11 - 0.22 0.16 

LHC50 0.198 0.30 0.00035 0.10 1.44 1.30 1.56 2.04 1.46 0.74 1.80 1.32 

G
eo

m
et

ry
 2

 (
fo

rk
ed

 

co
n

d
u

it
) 

Base 0.105 0.50 0.00050 0.10 1.00 1.33 1.60 2.14 1.48 0.80 1.04 1.00 

LHC10 0.177 1.06 0.00014 0.17 2.09 0.61 0.80 1.34 0.77 0.73 3.09 2.98 

LHC12 0.159 0.33 0.00026 0.20 1.68 0.96 1.27 2.75 1.05 1.79 1.00 0.96 

LHC13 0.009 0.89 0.00003 0.07 0.65 - - - - - - - 

LHC19 0.129 0.49 0.00050 0.02 0.49 0.95 1.14 1.34 1.10 0.40 2.31 2.22 

LHC22 0.117 0.26 0.00065 0.07 0.68 1.46 1.79 2.48 1.60 1.02 0.57 0.55 

LHC26 0.064 0.55 0.00046 0.12 1.85 0.78 1.17 2.09 0.86 1.31 0.35 0.34 
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Table 4-3 (continued) 

Model Run 

ID 

Model Parameters Model Breakthrough Curve Results 

Conduit 

K (m/s) 

Conduit 

Area 

(m2) 

Matrix 

Transm. 

(m2/s) 

Porosity 

(n) 

Dispersivity 

Modifier 

16% 

Dye 

Arrival 

(days) 

50% 

Dye 

Arrival 

(days) 

84% 

Dye 

Arrival 

(days) 

Peak 

Arrival 

(days) 

Dye 

Curve 

Width 

(days) 

Peak 

Ratio 

(observed) 

Peak 

Ratio 

(base) 

G
eo

m
et

ry
 2

 (
fo

rk
ed

) LHC27 0.090 0.20 0.00040 0.15 1.20 2.46 3.30 5.04 2.64 2.58 0.09 0.09 

LHC31 0.210 0.34 0.00048 0.05 1.51 0.70 0.89 1.17 0.85 0.47 1.71 1.65 

LHC40 0.035 0.52 0.00061 0.18 0.26 4.60 5.47 7.23 5.00 2.62 0.23 0.22 

LHC41 0.049 0.57 0.00090 0.16 0.54 3.49 4.22 5.59 3.79 2.10 0.21 0.20 

LHC43 0.141 0.27 0.00022 0.09 0.20 0.79 0.95 1.09 0.95 0.30 3.02 2.91 

LHC44 0.104 0.47 0.00071 0.08 0.91 1.49 1.78 2.34 1.65 0.85 0.84 0.81 

LHC46 0.080 0.82 0.00055 0.18 0.35 1.67 1.94 2.43 1.84 0.76 1.68 1.62 

G
eo

m
et

ry
 3

 (
to

rt
u

o
u

s 
co

n
d

u
it

) 

Base 0.105 0.50 0.00050 0.10 1.00 2.14 2.44 2.83 2.36 0.70 1.52 1.00 

LHC2 0.039 0.74 0.00051 0.06 1.35 - - - 5.32 - 0.41 0.27 

LHC4 0.182 0.02 0.00037 0.03 0.74 - - - - - 0.32 0.21 

LHC5 0.066 0.53 0.00084 0.05 1.39 1.66 4.57 7.47 3.34 5.81 0.51 0.34 

LHC15 0.119 0.12 0.00045 0.10 1.92 - - - 4.00 - 0.09 0.06 

LHC18 0.107 0.80 0.00043 0.10 1.95 2.10 2.45 3.19 2.29 1.08 1.66 1.10 

LHC24 0.163 0.70 0.00053 0.07 0.03 1.36 1.55 1.74 1.54 0.38 5.54 3.66 

LHC29 0.082 0.16 0.00094 0.25 1.77 - - - - - - - 

LHC36 0.020 0.75 0.00054 0.21 0.71 - - - 11.68 - 0.08 0.05 

LHC45 0.220 0.38 0.00028 0.12 1.11 1.24 1.44 1.66 1.41 0.42 3.22 2.12 

LHC48 0.132 0.36 0.00088 0.05 1.58 1.82 2.51 5.94 1.91 4.11 0.97 0.64 

LHC49 0.094 0.29 0.00056 0.09 1.22 2.72 3.45 8.28 2.86 5.56 0.47 0.31 

LHC51 0.147 0.47 0.00070 0.03 1.00 1.41 1.63 1.86 1.58 0.46 2.50 1.65 

LHC52 0.051 0.86 0.00004 0.03 0.94 2.67 3.01 3.40 2.96 0.73 1.85 1.22 
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Table 4-3 (continued) 

Model Run ID 

Model Parameters Model Breakthrough Curve Results 

Conduit 

K (m/s) 

Conduit 

Area 

(m2) 

Matrix 

Transm.  

(m2/s) 

Porosity 

(n) 

Dispersivity 

Modifier 

16% 

Dye 

Arrival 

(days) 

50% 

Dye 

Arrival 

(days) 

84% 

Dye 

Arrival 

(days) 

Peak 

Arrival 

(days) 

Dye 

Curve 

Width 

(days) 

Peak Ratio 

(observed) 

Peak 

Ratio 

(base) 

G
eo

m
et

ry
 4

 (
a
n

a
st

o
m

o
si

n
g

 c
o

n
d

u
it

s)
 

Base 0.105 0.50 0.00050 0.10 1.00 2.70 3.57 7.04 2.80 4.34 0.92 1.00 

LHC3 0.166 0.63 0.00082 0.09 1.55 1.82 2.30 3.81 1.93 1.99 1.15 1.25 

LHC6 0.086 0.58 0.00067 0.01 0.17 2.53 2.83 3.16 2.80 0.63 2.90 3.14 

LHC7 0.121 0.15 0.00079 0.11 0.54 - - - 6.72 - 0.20 0.21 

LHC17 0.189 0.62 0.00026 0.13 0.45 - - - - - - - 

LHC21 0.055 0.64 0.00058 0.15 1.44 5.22 7.23 10.29 - 5.07 - - 

LHC23 0.149 0.15 0.00073 0.16 0.56 - - - 2.76 - 0.16 0.17 

LHC28 0.021 0.37 0.00074 0.10 0.85 - - - - - - - 

LHC30 0.108 0.04 0.00077 0.08 1.65 - - - - - 0.10 0.11 

LHC33 0.039 0.45 0.00042 0.06 0.80 - - - 7.10 - 0.28 0.30 

LHC34 0.243 0.71 0.00008 0.12 1.30 - - - - - - - 

LHC38 0.098 0.98 0.00039 0.19 0.60 5.52 6.90 9.44 5.99 3.92 0.05 0.06 

LHC42 0.134 0.68 0.00062 0.08 0.95 2.20 2.67 4.18 2.34 1.98 1.11 1.20 

LHC47 0.071 0.43 0.00034 0.12 0.40 3.74 0.36 9.39 3.95 5.65 0.85 0.92 
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Figure 4-16. Plots of modeling parameter ranges between models which showed a dye 

recovery (n=36 and those which did not (n=16). Models with a lower conduit 

conductivity (mean = 0.05 m/s) were significantly less likely to result in a modeled dye 

recovery than models with a higher conduit conductivity (mean = 0.09 m/s). 
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The relationship between 50% dye arrival time and variable model parameters for 

each of the 4 conduit geometries showed that there were no parameter combinations 

which make up for the increased spreading and longer travel times from the tortuous and 

anastomosing geometries (Figure 4-17 through Figure 4-21). A decrease in conduit 

conductivity resulted in a greater amount of time for 50% of modeled dye to reach the 

spring (Figure 4-17). This relationship generally held true for all 4 of the geometry 

scenarios, with the best match to peak height and tail seen for Geometry 2 (forked 

conduit model). For Geometry 4 (Figure 4-17) the relationship between conduit 

conductivity and travel time was the least apparent of all the conduit geometry models. 

Conduit cross-sectional area did not show a consistent effect on the 50% dye arrival time 

(Figure 4-18). Matrix transmissivity showed a weak positive relationship, with increased 

matrix transmissivity resulting in a longer 50% dye arrival time, most notably for 

Geometries 1-3 (Figure 4-19). Increased matrix porosity resulted in a greater 50% dye 

arrival time, although this was not consistent for the 4 conduit geometry scenarios (Figure 

4-20). Dispersivity showed no consistent relationship to 50% dye arrival time for the 

modeled scenarios (Figure 4-21). 
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Figure 4-17. Modeled 50% dye arrival time vs. conduit conductivity for Conduit 

Geometry 1-4 scenarios. 
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Figure 4-18. Modeled 50% dye arrival time vs. conduit cross-sectional area for Conduit 

Geometry 1-4 Scenarios. 
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Figure 4-19. Modeled 50% dye arrival time vs. matrix transmissivity for Conduit 

Geometry 1-4 scenarios. 
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Figure 4-20. Modeled 50% dye arrival time vs. matrix porosity for Conduit Geometry 1-4 

scenarios. 
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Figure 4-21. Modeled 50% dye arrival time vs. dispersivity modifier for Conduit 

Geometry 1-4 scenarios. 

 

4.4.2 Variation in Matrix Flow Paths for Different Conduit Geometries 

In two modeling scenarios comparing a straight conduit and a tortuous conduit 

with a similar peak dye timing, differences in peak dye concentration, dye falling limb 

concentration, and temperature buffering were observed (Figure 4-22). An increase in 

tortuosity resulted in a decreased dye concentration peak and a more drawn out dye 
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recession limb. The model showed that the increased tortuosity resulted in a greater 

interaction of dye with the surrounding bedrock matrix, which had the effect of drawing 

dye out of the conduit and lowering the maximum concentration. In this scenario the dye 

flowing into the matrix was only temporary as it then dispersed back into the conduit 

further down gradient, feeding the recession limb of the dye breakthrough curve.  

 

 

Figure 4-22. Effects of tortuosity on the falling limb of dye and temperature responses. 

 

Comparing two similar models, a symmetrical forked conduit and a semi-forked 

conduit scenario, also illustrates the effect of matrix flow on dye breakthrough curves 

(Figure 4-23). In the symmetrical forked conduit scenario, dye is pirated out of the main 
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conduit through these side conduits, drawing dye away from the main conduit and 

decreasing the total amount of dye reaching the spring. In the semi-forked conduit with 

only one side-branching conduit, dye is only pirated by flow to one side. This results in a 

greater overall concentration of dye reaching the spring, and also has the effect of 

creating a large recession tail as the dye which would have been pirated away from a 

symmetrical conduit instead feeds back into the main conduit. 

 

 

Figure 4-23. Effect of single and dual conduit branching on the modeled dye 

breakthrough curve. 
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4.4.3 Temperature Models 

A temperature model was set up by incorporating temperature data into the three 

models initially used for the dye trace calibration. Along with the initial parameters used 

from the three dye trace models, a temperature model required parameters for the heat 

capacity (810 J/kg/K) and thermal conductivity of the rock matrix (2.15 W/m/K). 

Transient temperature data for Tippery Sink from April-December was used for input at 

the Sink in the models, while the temperature data for Tippery Spring was used as a 

temperature target at the spring. 

The resulting spring temperature models using constant sink inflow showed 

contrasts in seasonal responses (Figure 4-24). Model 1 (full sink discharge) resulted in 

spring temperatures which were lower than observed from April-July and higher than 

observed from July-December. Models 2 and 3 produced similar spring temperature plots 

to each other, but were below observed spring temperatures from April-August, although 

matched observed spring temperature from August-December. 
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Figure 4-24. Modeled vs. observed spring temperature results using a steady sink inflow 

value for Model 1 (straight conduit, high sink discharge), Model 2 (straight conduit, low 

sink discharge) and Model 3 (forked conduit, high sink discharge). 

 

The different inflow rates provided a fit to observed temperature for different 

seasons, so a variable sink inflow rate was incorporated into the models. Both Model 2 

and Model 3 resulted in modeled spring temperatures from August-December fitting 

observed at a sink inflow rate of 14 liters/second, indicating this is a good sink flow value 

for that time period. Variable sink flow values were then applied to the straight conduit 

model (based on Models 1 and 2) and the forked conduit model (Model 3) based on 

rough estimates of sink discharge during field visits, although the exact values and 

seasonal variability unknown. These flow values are 60 liter/second from April-June, 30 

liter/second from June-August, and 14 liter/second from August-December. The resulting 

temperature model showed an improved fit to seasonal variation (Figure 4-25). The flow 

value of 60 liter/second for the entire span from April-June may represent an average of 
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storm and non-storm conditions, as some field visits during this time period showed 

lower sink flow (such as during the dye trace). Flow at the sink may have a faster flow 

recovery after storms than the spring, so a 14 liter/second value during the dye trace may 

be reasonable for the short duration dye trace (several days) in which rain had not 

occurred recently, despite the higher spring discharge. The details of discharge rate 

variation requires further investigation, but these “average” values result in a good model 

fit.  

Furthermore, the forked geometry model showed enhanced temperature response 

during storms, based just on temperature variation at the sink, not including discharge 

variation during storms.  This storm response further supported a forked geometry for the 

conduit.  On the other hand, the tortuous conduit increased interaction with the bedrock 

matrix creating a temperature dampening effect similar to the modeled dye trace in a 

tortuous conduit (Figure 4-22). These results suggest that both dye tracing and 

temperature modeling are sensitive to conduit geometry and matrix interaction, and 

therefore both are useful for studying this interaction.  
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Figure 4-25. Temperature model results from the straight conduit geometry model and 

the forked conduit geometry model using variable sink inflow. 

 

4.5 Discussion 

4.5.1 Effect of Conduit Geometry and Matrix Interactions on Dye Breakthrough 

Curves 

The geometry of the conduit (straight, forked, tortuous, anastomosing) had a 

strong effect on the resulting dye concentration breakthrough curve and parameter 

sensitivity analysis. In the Latin Hypercube sensitivity analysis, some runs did not 

produce a breakthrough within the observation window, and the number of successful 

runs varied with the geometry of the conduit. The forked conduit geometry (Geometry 2) 

resulted in the greatest number of successful model runs (12 out of 13), while the 

anastomosing conduit geometry (Geometry 4) resulted in the least number of successful 

model runs (7 out of 13). The single straight conduit model (Geometry 1) resulted in 10 
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successful runs out of 13. The models with increased degree of matrix interaction 

(Geometry 3 tortuous conduit and Geometry 4 anastomosing) resulted in the fewest 

number of successful model runs (8 out of 13 and 7 out of 13, respectively). These results 

suggest a limited degree of conduit anastomosing/bending and matrix interaction between 

the sinking stream and the spring, supporting the conceptual model of a single linear 

conduit with only flow diversion out of the main conduit to account for dye loss. Conduit 

conductivity was a sensitive parameter for Geometries 1-3, indicating it is a predictable 

parameter to vary for producing a realistic model. Geometry 4 did not show a predictable 

response to varying conduit conductivity, further indicating that it is not a good 

representation of the conduit. The results from the anastomosing conduit scenarios also 

varied more widely than the results from the other conduit geometries.  

The forked conduit model (Geometry 2) resulted in the best match with observed 

dye concentrations but also depended on the location of the fork. With all other 

parameters equal, a split occurring closer to the spring results in a faster dye arrival time 

and a greater peak concentration. This effect is likely the result of the steepened gradient 

within the main conduit resulting from shifting the conduit split (and therefore the effect 

of the split on the main conduit) closer to the spring. This resulting decrease in arrival 

time and increase in peak concentration can be somewhat offset by increasing the conduit 

conductivity, as seen in the example with the Proximal Fork model, but the resulting 

curve still does not provide as good a match as the Distal Fork model. Specifically, there 

is a notable decrease in dye concentrations in both the rising and falling limbs, and a 

more drawn-out dye recovery. This may be the result of greater matrix interaction in the 

conduit segment between the sink and the fork point due to the decreased conductivity 
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contrast between the conduit and the matrix. This extra interaction between the conduit 

and matrix would result in an initially decreased dye peak concentration followed by dye 

re-entering the conduit as the dye plume passes through the conduit, which appears to be 

supported by these findings. As such, not only does the moving of the branching point 

affect timing of the dye arrival, it will also have an effect on the rising and falling limbs, 

along with the recovery tail. These relationships further help constrain the conceptual 

model and flow behavior of the conduit connecting the sinking stream and spring. 

 

4.5.2 Temperature Model Sensitivity to Conduit Geometry 

Similarly to the dye, increased matrix interaction resulting from particular conduit 

geometries also affects modeled temperature at the spring. A more tortuous conduit 

network increased the degree of water-rock interaction, causing temperature input signals 

at the sink to become more equilibrated with the rock before reaching the spring. A 

decrease in water-rock interaction, as in the case of a straight conduit, allows for the 

temperature signal from the sink to be better preserved by the time it reaches the spring.  

As such, the model scenarios which produced dye breakthrough curves which best 

matched the observed dye trace also resulted in the best modeled temperatures. In the 

case of a single straight conduit model, the only way to reproduce the observed spring 

temperature is to use unrealistically low sink inflow values, in much the same way as the 

dye trace. Likewise, the best model fit occurred using the forked conduit model with full 

sink inflow values used. This co-sensitivity to certain model parameters helps give 

confidence in narrowing possible ranges of model parameters and conduit geometries.  

4.5.3 Temperature Model Sensitivity to Model Parameters 
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Increased conduit conductivity had a noticeable effect on modeled spring 

temperature (Figure 4-26). As conduit conductivity increased, the resulting modeled 

spring temperature more closely mimicked sink temperature, as a faster travel time 

results in less buffering from sink to spring. In the case of the example below (from April 

8-29, 2017), a greater conduit conductivity resulted in a higher modeled spring 

temperature as the higher sink temperatures were transmitted more readily to the spring. 

Additionally, short term diurnal temperature signals were better translated from the sink 

to the spring, resulting in more variation in modeled spring temperature. As such, a 

decrease in conduit conductivity resulted in both a lower modeled spring temperature 

with buffered storm response. This temperature decrease and buffering was due to the 

greater travel time resulting from the decreased conduit conductivity, resulting in greater 

thermal interaction with the surrounding bedrock matrix. 

Unlike the dye trace models, which are largely sensitivity to just conduit 

conductivity, the thermal models are highly sensitive to other model parameters, such as 

conduit cross-sectional area (Figure 4-27) and matrix transmissivity (Figure 4-28). 

Increasing conduit cross-sectional area results in less thermal equilibrium between the 

conduit water and surrounding rock due to a greater ratio between conduit area and 

circumference, reducing thermal interaction between the conduit and the surrounding 

matrix. A subsequence reduction in conduit cross-sectional area results in more thermal 

buffering. Matrix transmissivity has the opposite effect, with an increased transmissivity 

creating more thermal buffering while a decreased transmissivity results in less thermal 

buffering. This is due to inflow of water into the conduit being affected by the ability of 

the surrounding matrix to transmit water to the conduit. When this transmissivity is high, 
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the stable background water temperature of the matrix more readily enters the conduit 

and buffers conduit water temperature. When transmissivity is reduced, less inflow 

occurs into the conduit, so there is a decrease in thermal buffering, and a greater degree 

of temperature input into the sink is able to be transmitted to the spring. Thus, 

temperature was sensitive to more model parameters than the dye because it interacts 

with the matrix more than dye. These results support the conceptual understanding of 

using temperature as a tracer in karst to better understand conduit flow geometry and 

dynamics, although it is sensitive to multiple parameters, making unique solutions based 

on temperature alone more elusive. 

 

 

Figure 4-26. Short duration of modeled temperature response at spring based on varying 

hydraulic conductivity. 



156 

 

 

Figure 4-27. Modeled spring temperature vs. conduit cross-sectional area. 

 

 

Figure 4-28. Modeled temperature variation with variable matrix transmissivity. 
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4.6 Conclusions 

Latin Hypercube sensitivity analysis indicated that dye concentration 

breakthrough curves were most sensitive to conduit conductivity and less sensitive to 

other model parameters. As the dye has less interaction with the matrix, its timing and 

concentration from sink to spring is largely a function of the travel time through the 

conduit. In addition to conduit conductivity, the geometry of the conduit also affects the 

resulting breakthrough curve. As shown here, a flow piracy scenario (the forked conduit) 

was needed to accurately simulate initial arrival, peak concentration, and recession curve, 

whereas single conduit models were unable to reproduce recession results. Too much 

dispersion into the matrix due to anastomosing and tortuosity in the conduit geometry had 

compounding effects on the dye breakthrough curve, buffering peak concentration, 

delaying dye arrival, or failing to produce a breakthrough curve at all. Both modeled dye 

and temperature profiles were sensitive to conduit geometry scenarios, indicating they are 

both valid methods for better understanding the geometry of karst conduits.  

Both dye tracing and temperature data were needed to calibrate and test the 

transient seasonal conduit flow models. High resolution dye tracing is an ideal method for 

setting up an initial conduit flow model as the dye is largely dependent on the conduit 

conductivity and conduit geometry, and less so on other model parameters. As 

temperature models are sensitive to multiple parameters with non-unique solutions, the 

initial determination of conduit conductivity and geometry from a dye trace limits the 

number of solutions for resulting temperature models. While the dye trace was useful for 

setting up an initial model, it is a time intensive process which only records a snapshot of 

flow from sink to spring. In contrast, water temperature is much easier to measure and 
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record over long time periods, allowing for changing flow behaviors to be observed. The 

dual approach to karst model calibration using a temperature model set up from an initial 

dye trace results in greater model confidence due to a limited possible range in conduit 

conductivity. 
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