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ABSTRACT

Karst aquifers are dynamic hydrologic systems which are sensitive tetestmort
recharge events (storms) and heterogeneous recharge characteristics (point recharge at
sinks, irregular soil thicknesse3hese aquifers are highly productive yet also vulnerable
to contamination, in large part becatise conduit network is a significant unknown for
predicting karst flow pathsTo address these uncertainties, two adjacent karst springs,
Tippery Spring and Nedrippery Spring, were monitored to better understand flow and
source mixing characteristic. he t wo springs in central Pen
have similar discharges and are o@fmeters apart, yet they show unique behaviors in
terms of water obmistry and discharge response to storkisst examined for flow
characterization in 1971 by Shuster and White, the springs were analyzed in this study
using highresolution logging and new tears such as rare earth element (RE&s)

Ca/Zr ratios. This research contributes to the field of karst hydrokbggughinnovative
water sampling anchonitoringtechniquego investigate karst recharge and flow
behavior along with conduit flow models incorporating multigaébration target
datasets such as watemperature and dye tracing.

St abl e i sot op e ®Q ofgtorm water sarsplex tiie Bvo &prings
varied based on storm intensity, but also due to their unique recharge behaviors.
Increased spring discharge preceded the arrival of stornn ast®nduits 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 enrichmemarearound peak flow, sooner than

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



indicated a stronger surface connection at Tippery Spring. Storm intensity also affected
the relative contribution of recharging water raaghboth springs, with a larger storm
producing a larger recharge signature compared to a smaller storm. At Tippery Spring,
for a short timehe majority of emerging water watrm water, which may indicate a
reversal in water exchange between the cosdunt 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
recharg 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 calciunmnich carbonate matrix water was displaced by zirconiiotm storm
rechage water from sinking streamsf tifie clastic uplandidges.Beinga storm water
arrival indicator in clasticidge-fed Valley and Ridge springs, this relationship made
Ca/Zr ratios a useful substitute for stable water isotopes while also providingatiform
on source area. In response to storm water recharge, REE concentrations increased with
the arrival of storm water. The timing and miagde of concentration increasesre
influenced both by the degree of surface connectivity intrinsic to each syihie
intensity of the recharge event. Elevated REE concentrations persisted after other
parameters recovered to g@rm levels, suggesting water which has interacted with
either the local carbonate matrix or the upland siliciclastics. These slowepdiths
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.



A flow and transport model ugrthe Finite Element Subsurface Flow Model
(FEFLOW) wascalibrated using quantitativdye trace and high resolution temperature
data to simulate the connection between a sinking streaijgpery SpringDye was
injected at the skhand monitored at thgoeng while emperature data was collected
using loggers aboth the sink and the springEFLOW was used to simulate the
connection between sink and spring through varying conduit geometries, sink and spring
discharges, conduit conductivity, conduit crgsestional area, matrix transmissivity,
matrix porosity, and dispersivity. Single conduit models reproduced larger peak and
recession concentrations than obseryefbrked conduit model diverted flow from the
main conduit, reducing the concentration oé dgaching 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 parameterBemperature data from higiesolution 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 paraméteaddition to conduit conductivity,
most notably matrix transmissivity and inflow rates at the Sihke.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 tadi possible range in conduit conductivithis
studyimproved conceptual and numerical models for karst by examining how data from

storm eventand tracergan be used to better understand recharge and flow paths.
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CHAPTER 1: KARST RESEARCH

1.1Introduction
1.1.1 KarstHydrology

Karst | andscapes cover apfeelandsurferd el y 20
(Figurel-1) and provide neayl25% of drinking water needqbord aml 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

(Figurel-2).
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Figurel-1. World distribution of karst rock§rom Williams and Fong, 2016)

These resulting features allow for the rapicharge 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



contaminatior(Bonacci et al., 2009)They also exhibit unique engineering hazards, such
as sinkholes, flooding, and landslid€utiérrez et al., 2014Hydrologically speaking,

the behavior of karstquifers 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 naturéBrookfield et al., 2017)

Figurel-2. Conceptual model of a karst aquifer (fr@oldscheider 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 éiavibr. 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 withenrtick matrix, small fractures
which develop from any structural activity, and larger conduits resulting from the
karstification process~{gure1-3). Conduits in particular represent a large source of
uncertainty in karst flow sysins as their location, geometry, and interaction with the
bedrock matrix are largely unknow@eyer 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 sunplifie
assumptiongHartmann et al., 2013; Quinn et al., 200BYe to simplification, these

models are unable to accurately simulate flow and contaminant transport in karst
(Scanlon et al., 2003Models which aim to address the complexity and heterogeneity of
karst expand beyond these simplified models, but are often limited in the amount of
information availake about specific karst heterogeneities, such as conduit location, size,
geometry, and matrix interactighite et al., 2016)Approaches such as nearrface
geophyics can be useful in locating these condiBerglund et al., 2014 plthough

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

conduits locatior{Zhu et al., 2011)
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Figurel-3. Conceptual model of flow in a karst systéfnom 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 conduftow dominated springs and diffuglew 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 catchifg@oldscheider 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 nointersect conduit@Bailly-Comte et al., 2010; Quinlan and Ewers, 1986)

From a water availability and contaminant transportpgeatve the conduit
system is the most important factor in a karst aqqiférite et al., 2016)These high

velocity conduits allow for the rapid distribution of canmtinants, 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,iassth wi | | di ct ate t he
behavior Figurel-4) especially when coupled with tracers such as(Biedd and

Pinsky, 2000) Studies focusing on the shderm transient nature of springsspecially

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

conduitmatrix interaction Toran and Reisch, 2013

i

Like Surface Water «—— BEHAVIOR ————> Like Ground Water

(a)

(b)

Fast < TRANSIT TIME > Slow
Thread-like «———— CONTAMINANT 5> Plume-like
Sharp < BASIN BOUNDARIES ———» Fuzzy

Figurel-4. Schematic of (a) possible conduitt®ya geometry patterns and (b) their
associated hydrological behavigivom White et al., 2016)

As the structure ofanduit 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 exame transient hydrological characteristics of karst catchments at
varying temporal scales, explore conelmitrix flow interaction using innovative

geochemical tracers, and produce flow models which address the transient nature of
recharge areas and conduonatrix interactiongWhite et al., 2016)This can be address

by incorporating modern methods such as 1)-hégolution longterm dataogging, 2)
high-frequency sirm 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 geochemictiacers in response to storm recharge and the development of a

transient conduit flow model calibrated to multiple tracers.

1.1.2 Rare Earth Elementsas Hydrological Tracers

Few studies have been performed in which transient geochemical tracers were
used to baracterize conduihatrix 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 |¢ogsré1-5). 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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Figure1-5. Hypothetical relationship between storm hydrograph separation and
hysteresis plots of conductivity along with schematic of flow components in(karst
Toran and Reisch, 2013)

Rare earth elements (REES) offer another promising geochemizal éigproach
as fingerprints of specific wateock 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 stableglived isotopegTweed et
al., 2006) Comprising the lanthanide series plus scandium and yttrium, they exhibit a
groupwide chemical behavior due to their similar ionic size and generafjent state
(Henderson, 1®4). Thus, REEs behave similar to neighboring elements while limiting
fractionation(Taylor and McLennan, 1988REE fractionation occurs as the result of
subtle variations in ionic radii and alternate valence states for particular elements
(Johannesson and Hendry, 200Dhe way fractionation occurs is through lanthanide
contraction, in which the ionic radii of the lanthanides decreases as atomic number

increasegJohannesson et al., 1998nother way is through changes to element mobility



and complexation due to the alternate redemsitive valence states for cerium and
europium(Leybourne and Johannessof0g)

These subtle fractionations result in uniqgue REE patterns during soil and rock
formation, which can then later be imparted on interacting waigure1-6). To smooth
out natural variation in abundances #ighlight 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 (@usinet et al., 1984More recent studies
have begun using thesry similarPost Archean Australian Shale (PAAS) standard,
which is usedn this researclnd discussed further in ChapteABlomalies in caum
and europium may also occur as they experience changing redox conditions during
agueous transpofiohannesson et al., 1999hese subtle fractionations make REEs
potentially useful tracers to demine recharge and flow behaviors within aqueous

systemgTang and Johannesson, 20Q06)

(a) (b)
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Figurel-6. Rare earth element spider plots for soil (a) and surface water (b) within a
study site, normalized to the North American IBl@omposite (NASC) standard. A
strong negative cerium anomaly in the soil was imparted on the surface water (b) by
interaction with the soil (a) (froheybourne and Johannesson, 2008



Although few studies exist that have specifically studied REE mobility and
fractionation in karst aquifer§weed et al., (2006howed spatial REE variations could
identify flow paths in sedimentary rock. Infiltration through soil produced progressively
higher REE concentrations along the flow path, wiilke 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 sorptien or co
precipitation. The authors concluded that demin 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 conditionshsas response to changing flow
conditions, to determine shadrm changes in recharge area and flow. A recent baseflow
analysis of karst springs in central Pennsylvania also showed variation in the Ce anomaly
(Figurel-7). In the baseflow analysis, springs were divided into two categories based on
where they would be classified on the condiififuse flow spectrum based on spring
temperature and major element chemistry trends as descril&tibter and White
(1971) The Ce anomalies are of particular importance as they are thought to be an
indicator of carbonate rock interactiidenderson, 1984 5prings with a larger deee of
conduitmatrix interaction showed stronger Ce anomalies, confirming a-natlker
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 exéinis t¢e

a better understanding of both recharge and flow.
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Figurel-7. NASGnormalized REE concentrations in more difffisv springs (a) and
more conduiflow like springs (right) during baseflow sammim 2016(from Toran et
al., 2019)
1.1.3 KarstConduit Flow Modeling

Although the conceptual model of a karst aquifer consisting of both conduits and
matrix components has been recognized since the 198, 1969) our inability to
accurately take into account the location and geometry of conduits is stillariantal
limitation to developing accurate models of both fiMthite, 2002)and mass transport
(Ghasemizadeh et.a2016)in karst settings. Hydrologists are often left to use traditional
porousmedia models, which can fail to accurately represent local hydrofogyre
1-8). This shortcoming is recognized and, as suchspleeifics of how these dual
porosity systems behave hydrologically is still an active field of res¢areimd Field,
2016)

Recent research exploring heat transport within karst conduits is an ongoing field
of researctiLuhmann et al., 2015, 2012)eat transport from the surface to the

subsurfae in granulatype 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 con§ldemgadchi,

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 Figure1-9). With the expected changes in rainfall patterns and
temperatures resulting from climate chan@epokfield et al., 2017¢xamined the role

of precipitation patterns on groundwater temperature in a karst setting. Due to the unique
nature of flow in karsthey 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 ofchanging 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 higlsolution spring temperature data sets and comparisons

with recorded historical spring temperatures from the late 1960s.
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Figure1-9. Process length scale in a karst conduit showing modification of water
temperature along a conduit from the recharge point to discharge (frmim (Covington
et al., 2012)

Karst springs exhibdiagnostic 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., 2011Yhisthermal 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, indicatingapid 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 stace temperature inputisuhmann et al(2011)identified
four idealized thermal patterns based on their sprifggi{e1-10) , although some

springs displayed one pattern superimposed on another.

Thermal Patterns

Ineffective heat exchange Effective heat exchange
(localized recharge, (distributed recharge,
small Stanton number) large Stanton number)

Event-scale Seasonal variability Changing aquifer Constant aquifer
variability (perennial sinking stream) termperature temperature
Pattern 1 Pattern 2 Pattern 3 Pattern 4

l: 27T 777N
t Iy " \ S0l beoooo o ____
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1 | _ -~ S S -
" R
!
JFMAMIJASOND JFMAMIJASOND JFMAMIJJASOND JIFMAMIJJIASOND

Figurel-10. Thermal patterns of karst springs based on heat exchange and temperature
inputs (modifiedrom Luhmann et al., 20)1

While flow within the bedrock matrix is slow and diffuse, flow within conduits
can vary from sutmeter to thasands of meters per d@yorthington, 1999)Flow
models then have to account for this unique -ghaabsity (conduit and matrix) nature
(Taylor and Greene, 20Q8)Vhen the conduits are walbnnected, the aquifer can be
modeled as a homogeneous media using one of many basic flow codes, such as
MODFLOW (Anderson et al., 2015yWhen conduit geometry is heterogeneous, then the
conduits must be modeled discretely as variable geometry will have an effect on such

parameters as travel timdsdure1-11). 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
straightline 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 MODFL-OWP (Shoemaker et al., 2008)s
these codes are often only capable of simulating flow and not mass transport, further
specialized codes must be utilized, such as FEFI(DMfsch, 2013)FEFLOW in
particular is a valuable modeling tan 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.

15



(A) Travel time distribution

Metwork |
backbone ~
E 0 Cumulative
: = breakthrough
Y =T g
L]
£ 04 | |, i, =35.01
E 0.2 :iL:-..‘“'chs.-c 276
X CTTF=0.123
_,————'____'____'__ o l_.ll_L
—— 0 05 1 1.5 'Y 3
Mormalized time
) Network Travel time distribution
1
backbone 3
? 08 Cumulative
v 3 breakthrough
LY g 06
(]
% 0.4 o/l =291
& skewness = 0,79
. € 02 . i
X CTTF = 0.045
— . [
— 0 05 1 15 3 25 3

Mormalized time

Figure1-11. Modeling conduitlow travel time distribution in a lowortuosity conduit
geometry model (A) and a higbrtuosity conduit geometry model (Bfjom Ronayne,
2013.
1.1.4 Summary

Knowledge gaps still remain in understanding transient karst recharge behavior
and conduHmatrix interaction dynamics. Recent karst research has improved our
understanding of flow within conduits, from thermal interacti@@svington et al.,
2011) solute transpoffRonayne, 2013)and storm response geochemigirgran 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 geomey, flow, and transport. Variations in REE patterns in response to storm
events were interpreted to determine exssratle recharge behaviors in karst.

Temperature and dye trace analyses were used to produce calibrated conduit flow models
in order to betteunderstand 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 Backgund
Karst regions, such as in central Penns
springs which reflect the hydrology of the aquifers feeding them. These springs have
been the subject of multiple reselmrch proj
1960s such as suspended sediment minerdldgyman et al., 2007 stormscale
variations in sediment load and specific conductgrezman et b, 2008; Toran et al.,
2006) time-series analyses of dischai@erman et al., 2009macroinvertebrate
assemblage variatiorig§&ooch and Glazier, 1991and dye trace@ull, 1980) These
sites continue to provide research opportunities for graduate and undergraduate studies
collaborating between Temple UniversiBucknell University, West Virginia
University, and the Pennsylvania State University. This suite of springs emanate from

folded and faulted carbonate rocksgurel1-12) and were part of the Shuster & White
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(1971)bi-weekly sampling study classifying springs based on a cofldwitdiffuse-

flow continuum Figure1-13). One of the findings from this study was that the
characteristics of conduit and diffuse flow was that itrbticorrelate with spring
discharge Table1-1), warranting further study into measurable parameters at the spring
mouth which characterize this continuum.

Two springs in particular were chosen for this researchdb@séheir unique
behaviors; Tippery Spring and Near Tippery Spring. While classified by Shuster and
White as conduiflow springs based on their seasonal chemistry and temperature
variations, it was also noted they exhibit contrasting behaviors, despitgdnly65
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 hig¢solution loggers and sampling in 262617
reaffirmed this contrast, while also showing that Tippery Spring showed greater
temperature variation in response to storm evéhgai(e1-14) and in water chemistry
tracers such as dissolved £&hd Mg/Ca ratiosKigure1-15). 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 Spkigufel-16). This contrast
in behaviors despite their close proximity is likely the result of differences in each
springbés recharge area and associated cond
intensity, and temperature of local recharge &seks 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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Figure1-12. Map of Nittany Valley springs which emahate from the folded andkarst
prone Ordovician carbonates of the Upper Appalachian Valley and Ridge Province,
Central Pennsylvania, USA, from previous studfesm PASDA, 2016 Shuster and

White, 1971; Toran et al., 2019)
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Figure1-13. Classification system proposed by Shuster and White (1971) contrasted
diffuse flow paths with water primarily flowing through rock matrix aeesduit flow
paths with water primarily flowing through larger openings in the rock, although the
system recognized a continuum between theserendbers. The authors found that the
discharge point of the springs did not provide a visual cue to the smiwork. 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 (frofforan et al., 2019
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Tablel1-1. Description of Shuster and White (S&W) springs revisited @man et al.,
2019

S&W

Spring hame class Size (I/s) Thermal Response
Juniata basin
Birmingham Cave D 0.0850.26 Stable
Tippery C 28-230 Seasonal and storstale
Near Tippery C 28110 Seasonal and storstale
Arch C 280-11,000 Seasoal
Penns basin
Springhouse D 14-85 Seasonal, buffered
Weaver D 85-340 Stable
Elk Creek Rise/Smullton
Sink C Elk: 1405,700 | Seasonal and storstale

In column "S&W class" D indicates diffusitominated flow and C indicates conduit
dominated flow

(a) (b)
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16 16
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Figurel-14. Temperature for Tippery Spring (a) and Near Tippery Spring (b) fream 15
minute logger data for 2016 and 2QToran et al., 20199ompared to historic
temperatures measured twice a month in 1967/{9B&ter and White, 1971)
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Figure1-15. Comparison of chemographs for £&€oncentration and Mg/Ca ratios for
Tippery Spring (a) and Near Tippery Spring (b) during a storm on 7/29(2@h7 Toran
et al., 2019)
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Figurel1-16. Comparison of normalized REE concentrations in Tippery Spring and Near

Tippery Spring during baseflow conditiofmodified 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 steresponse geochemical sampling, Righ
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 conefilotv models calibrated with new spring
monitoring techigues, 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 may (International Association of Hydrogeologists, 2Q0R)is research can
help regulators and decisionakers involved with groundwater protection address
problems specific to karst aquifers such as how to monitor fortpotk) 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 Ouitline

The research presented in this dissertation consists of three additional chapters in
the format of journadrticles. The initial phase of this research was also published in the
Handbook of Environmental Chemisifforan 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 contrastfitararrival at
Tippery Spring and Near Tippery Spring published in the National Cave and Karst

Research Institute Symposium 7 ConferefBerglund et al., 2018)
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Chapter 3: Rare earth and trace element analysis itwo karst springs after
storms. This chapter is a study using rare earth elements to determine varyingocater
interactions and source areas in response to storms at Tippery Spring and Near Tippery
Spring published in the Journal of Hydrolo@erglund et al., 2019)

Chapter 4: Conduit flow model between a sinking stream and a spring-his
chapter is a flow modeling study using dye tracer and logger datadace 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 SPRING*

2.1 Abstract

Two karst springs, Tippery Spring and Near Tippery Spring, have similar
discharges (~5 cfs) and are oBlymeters apart, yet they show unique behaviors in terms
of water chemistry and discharge response to storms. Near Tipgehigher Mg/Ca
ratio and Tippery Spring has more variable temperature response to storm events. This
contrast was further extendeddiféferences in recharge pathways based on stable isotope
anal ys i) d¢f sping watetisamples collected using ISCO automated samplers
during a May (1 inch) storm and June (3 inch) storm in 2017.

Increased spring discharge preceded the arrivabohswater as conduits were
purged of prestorm 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 emment 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 relativéidraof total discharge before recovering
to prestorm values within 286 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 tlag gtorm. At Tippery, for a short time the

lReprinted with permission from J. Berglunc
Stable Isotopes to Distinguish Sinkhole and Diffuse Storm Infiltration in Two Adjacent
Springso, National Cave "SmkholekCanfesehce,Resear ch
Shephadstown, WV. Copyright NCKRI 2018.
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majority of emerging water is storm water, with the absolutesfmen contribution
falling below its baseflow value. This reduction in{sterm water may indicate a
reversal in water exchange between the cosdunt 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 travellyawithin
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 coiveetnegeer with
which to characterize how other parameters, such as temperature, alkalinity, and

turbidity, are reflected in different spring recharge behaviors.

2.2Introduction
2.2.1 Background

Water emerging from a karst spring is a mixture of different sowegers
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 interactewit
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., 201 Different thermal patterns develop 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 recharget #loor 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 atetsvalong the flow path
are distinctly different, then a hydrograph separation can be performed through an end
member mixing analysis. In the simplest two -@neimber scenario, spring water can be
divided into prestorm water and storm water (Lakey & Kretl1996; 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 & Kr@d&). Z'hus, 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 r@sges 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 sgabe 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) proeislinsights 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 spr i neaptmnsigosingiuphifl o enestones shlegang e ar
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 Springhile the remaining sinkhole has been traced to Near
Ti ppery Spring (Hull, 1980). The two sprin
sinkhole elevations are rom10000 3 06 MSL, with total relief
springsoé 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 t
dye traces, no crossover flow was apparent
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 aksbci
sinkholes is | argely within the I imestone

within both the limestone and the dolomikegure2-1).
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Figure2-1. Location of TipperySpring and Near Tippery Spring. Geology and
hydrography data from Pennsylvania Spatial Data Access (PASDA).
Tippery Spring and Blar Tippery Spring aré5 meters apart and emerge at

similar baseflow discharge (~5 cfs), but show historical differencesasosal water
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chemistry, such as slightly greater seasonal variation in temperature at Tippery Spring
(Figure2-2) and a higher Mg/Ca ratio in Near Tippery Spring (Shuster & White, 1971).
More recent research with highsolution dscharge monitoring has further explained

these behavioral differences (Herman et al., 2009).
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Figure2-2. Seasonal temperature patterns fromvbekly sampling for Tippery Spring
and Near Tippery Spring,taef 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 temperaélravior of the two springs is
more recently observed behavioral differences in temperature response after a storm
(Figure2-3). Tippery Spring tends to have a flashier thermal response, while Near
Ti ppery $ponseiistmpré delaye@ and buffered. As Tippery Spring and Near

Ti ppery Springd6s recharge areas receive r a

these ther mal variations can be attributed
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connectivity and condugeometry. For Tippery Spring, this suggests a stronger surface
connection and a wetleveloped conduit network between surface and spring. For Near
Tippery Spring, this suggests a dampened surface connection and greateoekater
interaction due to thergater 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 spiagsitions 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 dontistorm water signal. For Near

Tippery Spring, this would be represented with a more buffered storm water signal.
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Figure2-3. Temperature response at Tippery Spring and Near Tippery Spring in response
to aJune 2017 storm as part of this study. Vertical grid has doneminor 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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2.3Methods

Water samplg were collected as grab samples during field visits and with ISCO
3700 autesamplers triggered from rising spring water level in response to storms. The
ISCO autesamplers fill 24, dliter, acidwashed bottles over the course of 24 hours,
beginning with aigh 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 head$psbottles.

Spring watetevel and temperature were recorded with Onset HOBO pressure
loggers at 18ninute 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 dad was recorded using a HOBO rain gauge data logger. pH was recorded
using Manta2 data loggers at-fibnute intervals and during field visits with an 1Q
Scientific Instruments 1Q150 meter with a Thermo Scientific Orion 9106BNWP pH
electrode.

Samples were atyzed for!80/*%0 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 reped in delta ) notation in parts per thousand (permil)

such that
1 0RO — opmnm (1)
whereRw is the ratio of®0/1%0 or D/H in the water sampRysmowis the ratio of80/A¢0

or D/H in the VSMOW standard.
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Stable isotope data for rainwater were available for ZIIA from the nearby
Shale Hills Critical Zone Observatory approximately 25 km from the springs (Duffy and
Thomas, 2011). Precipitation was collected from the ridgenttipei 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
estimatedusing 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 reasured digitallyRigure2-4). TDS was calculated from ion
concentrations measured with a Thermo Scientific ICAP 7200 inductively coupled
plasma optical emission spectrometry (JOES) analyzer and a Dionex ion
chramatography (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.

Figure2-4. 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-@@00.
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2.4 Sampled Storm Events
2.4.1 1-inch Storm (May 47, 2017)

A 1-inch storm lasting 7 hours fell on the study site on May 4, 2Bijle2-5).
Preceding this storm, water level was 27 cm at Tippery Spring and 21 cm &tipjeay
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 eldvades 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 matmplers were activated at
Tippery Spring andNear 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). Followup grab samples were collected at the springs about 12 hours

after the end of th24-hour ISCO sampling period.

37



o

= III|"IF
g
c
‘™
o
1
60
50
E HDW}{
= 40 OB PO
2 —04'"—-.5 A8
§ §%m<>-o~%¢o O
wo 30
E e OV ‘,@
& .-v_d“u”"\-.-...f" —0— Tippery Sample
20 -<—- Near Tippery Sample
12:00 0:00 12:00 0:00 12:00 0:00

5/5 5/6 5/7

Figure2-5. Rainfall, storm hydrograph, and sampling times for Tippery Spring and Near

Tippery Spring, May 47, 2017. Vertical grid has a ot@ur minor interval and sikour
major interval.

2.4.2 3-inch Storm (Jun 1417, 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, smalleinth 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 aage 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 Simi®lamd 11 days
before rainfall. The ISCO autsamplers 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 limls, pea descending

limbs d both storm pulsedgure2-6).

0
£ [HH]]! '
g
c
‘m
e
1
60
4™
E >0 l\\""-\
- \N
<
2 40 <,
a- i'¢ Oho--—' -q'\n
(] * T
=14}
= 30 j
a
W
20 ’:" —0— Tippery Sample
ol b --0-- Near Tippery Sample
Ay PO
| | | |
12:00 0:00 12:00 0:00 12:00
6/15 6/16
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Tippery Spring, Jum 1417, 2017. Vertical grid has a cheur minor interval and six
hour major interval.
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2.5Results
2.5.1 Samples vs. Local Meteoric Water Line

From 20082012, local springtime precipitation isotopic composition varied from
-100a to 7a UuD-weightedmesof- ® .1 Lane t BQ varedfiom U
114a t o®0wih adrolumeweighted mean o4 . 5 ¥O. Brestorm (baseflow)
isotopic values, determined from pgrm influence samples, were similar between both
springs and for both storms,-84.61+1 . 2 2 & ndé8®2+d) . 3 6%, wiich were
similar to the volumeveighted annual means of precipitation valuesof . 35a 0D
-8 . 7 1'% atithe Shale Hills CZGr{gure2-7). In response to the May storm, Tippery
and Near Tiigpcpngosiianswelie semdorarpy perturbed to maximum
valuesot4 9 . 54 &4 -70 B 48D, atd4 9. 19 a-70 @ 88D, réspectively,

before returning to baseflow values. Following the June storm, Tippery and Near

and

Ti pperyb6s composi tritudbhedsdo marémum vatues eBp6o.r5a2rai ItyD p e

&-6. 52'%,add-3 9. 87 a-6u D 28D, réspectively. All spring samples from

the storm events plotted near the weighted Local Mean Water Line (Figure 7). Since the

isotopic compositions of pretorm and storm ater 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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Figure2-7. Storm sample isotopic composition. Mayifith) storm values (yellow

circles) highlighted overall by the orange oval. Jure 8c h) st orm val ues (
highlighted by the blue oval. Unique symbols for each spring were not plotted tihge to

strong overlap in values.

2.5.2 Hydrograph Separation
Assuming a two enthember mixing model, storm water in the{sterm water

components can be separated as a binary mixing model

1 1 — (2)
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whereQr is the fraction of discharge which is storm wa,is the discharge at

the time of samplajwv is the measured isotopic composition of spring wateris the

isotopic composition of pretorm spring water, anik is the isotopic cmposition of the

storm water. Prstorm spring waterdbs) values were determined from baseflow samples

prior to storm response. Storm water value$ \Were based on average values for spring

precipitation (Duffy and Thomas, 2011). A summary of isotoplaes is provided in

Table2-1.

Table2-1. Summary of isotopic values.

Source Parameter D%  6'30%.
( 23[1;18?5{1? 2) Mean Spring Precipitation (6 _R) -26.10  -5.50
Tippery Spring, pre-storm (6 PS) -55.00  -8.80
May 2017 Tippery Spring, maximum response -49.54  -7.64
Storm (1-inch) Near Tippery Spring, pre-storm (8 PS) -55.00  -8.54
Near Tippery Spring, maximum response  -49.19  -7.98
Tippery Spring, pre-storm (6 PS) -55.00  -8.80
Tune 2017 Tippery Spring, maximum response -36.52  -6.52
Storm (3-inch) Near Tippery Spring, pre-storm (6 PS) -53.50  -8.55
Near Tippery Spring, maximum response  -39.88  -6.72

Applying Equation (2) to the measured isotopic composition and spring depth for

each sample results in astohydrograph, 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 ismie 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 coponent.

2.5.3 May (1-inch) Storm Hydrographs

Ti pper y wae level heg@ndo rise 2 hours after the start of rainfall, from
27 cm to 50 cm over the course of 9 hotigire2-8). Isotopic composition of spring
water showed no sigiicant 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 decreask returning to 0% 282 hours after sampling began and 26 hours after the
start of rainfall. This isotopic recovery occurred despite the lack of water level recovery

to prestorm levels.
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Near Ti pp evatgr lelstartedtg riss 3 hours af@nfall began

ubD

(Figure2-9). 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. Springter at this time was more depletediihanditO

relative to prestorm 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 relatisgonent 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 peastorm values during the

May storm at Tippery Spring, spring water level did not return tesfmen levels, which

was the case for both springs during both storms.
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2.5.4 June (3inch) Storm Hydrographs

Ti ppery Springos wa ursafter raiefall belganrignga n t
sharply from 20 cm to 57 cm over the course of 6 h(ftiggire2-10). Similar to the May
storm, spring water showed no significant isotopic change throughout the rising limb,
with thefirst 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 andsiotopic composition could recover to {mterm 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 Hie@4water sampling

period.
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Near Ti pper ylev8l peganitogise g hows dfter the start of rainfall.

Water level rose from 14 cm to 40 cm over the course of 8 hbigngré2-11). Spring
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water isotopic composition first indicated mixing with a depleted isotope signal which
lasted for 23 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 dume st

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 agai@4fam
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 thelz4

sampling period.
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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 scake ciahges

reflected the distinct behavior of the two springs and the two storm events.

2.5.6 May (1-inch) Storm lons and Turbidity

Ti ppery Springdés i on chemistry and turb
recharge in relation to water levéligure2-12). 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 coantration 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 turtiidchange 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 tudity by the end of sampling.
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Tippery Spring, May Storm
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Figure2-12. Tippery Spring, May (4inch) Storm parameters in addition to separated
hydrograph: Total dissolved solids (TDS), alkalinity, and turbidity. Turbidity values were
determined sermjuantitatively 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 gridomashaur
minor interval and sbhour major interval.

Near

highlights differences between how these two springs behave, most notably the initial
response and the relation of valueséalpflow. 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

(Figure2-13). Unlike Tippery Spring, this first mixed water source corresponded to a

Ti ppery

Springo
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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 valuestyptecovered,

but increased beyond pstorm values, reaching peak concentration 6 hours after peak
flow. Turbidity also recovered and increased beyonespem values, reaching peak
turbidity nearly 12 hours after peak flow. TDS, alkalinity, and tutpithen gradually

recovered to prstorm values by the end of sampling.

Near Tippery Spring, May Storm
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Figure2-13. Near Tippery Spring, May {ihch) Storm additional parameters in relation
to rainfall and spring water level: TDS, dlikaty, and turbidity. Vertical grid has a one
hour minor interval and sikour major interval.
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2.5.7 June (3inch) Storm lons and Turbidity
Ti ppery Springds response to the June s
May storm; an initial spike, followed bydecrease in TDS and alkalinity corresponding
to the onset of storm water around peak fléwg(re2-14). The increase in turbidity
again lagged behind the TDS peak. This pattern repeated during the second storm pulse
during the Joe 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 tespoem levels by the end of

sampling.
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Figure2-14. Tippery Spring, June {Bich) Storm additional parameters in relation to
spring hydrograph: TDS, alkaligitand turbidity. Vertical grid has a oheur minor
interval and sixhour major interval.

Near Tippery Springdés TDS response to t
the response for the May storm. TDS values fluctuated £ 50ppm, while alkalinity values
were steady until % 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 Figure2-15). Although the second storm pelproduced a subsequent
water level rise, it did not produce an apparent change in TDS and alkalinity.

Near Tippery Springds turbidity respons
variable, with several peaks occurring throughout the sampling perioddityihitially
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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 p@fx&].alkalinity, and

turbidity all returned to values similar to the {sterm values by the end of sampling.

Near Tippery Spring, June Storm co
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Figure2-15. Near Tippery Spring, June-({8ch) Storm additional parameters in relation
to rairfall and spring water level: TDS, alkalinity, and turbidity. Vertical grid has a one
hour minor interval and sikour major interval.
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2.6 Discussion

Water level change, stable isotope chemistry, ion chemistry, and turbidity were all
affected by storm inteitg. 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 fmegolution water sampling.

2.6.1 Effect of Antecedent Caditions, Storm Intensity, and Spring Recharge Style on

Spring Response
2.6.1.1Antecedent 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 antecede
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 systemm prior
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 Aunknownod third soolirce t
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 betweenwoestorms
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 diversamples were collected

a month apart, i.e., in the same season.

2.6.1.2Storm Intensity

In response to intensity, theidich 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, furthe
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 strm 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 prestorm water was lower and the TDS and alkalinity data were more

variable.
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In general, conentration 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 hagifor 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.

2.6.1.3Spring Recharge Style

Before intensive isotopianalysis 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 werdrdbuted 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
rechar ge. Th eassandcaceptmabnodels Weretfuativer described and
guantified here through high resolution sampling for stable isotopes and additional
parameters and the subsequent hydrograph separation. Due to their close proximity,
storm response contrasts betweensgrengs 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. ppery Springdés isotope data su

a recharge area with a stronger surface connection andievaloped conduit network,
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whil e Near Tippery Springds responses supp

surface connection drless developed conduit network.

2.6.1.4Third 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 variale 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 a new source before briefly returning to baseflow
isotopic values preceding the arrivdilthe storm water signal. During the May storm,
this period had isotopic values which were more depleted (arbuid 0 a UD) t han
basefow(56 3. 5a UuUD). As the storm isotopic value
this period of mixing with a depleted ispic 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 watemfa colder precipitation event which was
then flushed into the flow network in response to recharge from above.

This shortduration mixing signal variation also occurred during the June storm,
although isotopic composition showed enrichment instead détitmp 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 stormewatther 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 sirstiampre
baseflow isotopic compositions. In response to individual storms, though, tiepics
signatures vary based on storm intensity, but also due to their unique recharge behaviors.
For Tippery Spring, a more rapid recharge through-defined surface inputs,
such as sinks and sinkholes, with rapid transit through a more developeit cetaork
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 intensityomly 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 resptmséorms 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 impofte 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) ancehsjeneous 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 respse to two storms in May and June 2017. Monitoring
techniques included higtesolution discharge and temperature logging and collection of
spring water using automatic samplers to analyze chemical parameters such as stable
water isotopes and Mg/Ca ratia®ng 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. Springpecific behaiors included discharge and isotopic response, with
Tippery Spring having a flashier and faster conduit flow behavior relative to Near
Ti ppery Springdés del ayed storm r-spscgi@nse.
owing to the relative fraction dimestone and dolostone in their respective recharge

areas, although both springs showed similar Mg/Ca ratio shifts after storms. While Ca/Zr

2 Reprintedirom 1 Berglund, L. Toran, E.Hermg@n2 0 19) fdDeducing Fl ow
by Storminduced Bulk Chemistry and REE Variations in Two Karst Springs: With

Trends Li ke These Who Needs,5AMm0lmal i es?0 Jo
https://doi.org/10.1016/j.jhydrol.2019.01.050 as per t he Journal of
Guidelines for Published Authorbkt{ps://www.elsevier.com/about/policies/shajing

CopyrightJ. Hydrology 2019.
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ratios changed in timing and intensity with storm intensity, both springs exhibited a
decline in Ca/Zr ratios asalciumrich carbonate matrix water was displaced by
zirconiumrich 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 <0.1ppb 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 tracgechniques to better understand transient recharge and flow

behaviors in karst springs.

3.2Background
3.2.1 Assessing Transient Behaviors in Karst

As conduits make karst aquifers particularly vulnerable to contamination from a
variety of sources, quantifying tipeoportion 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 knyshorterm storage
reservoirs for contaminant®umerows approaches exist to characterize the structure and
behavior of karst aquifers to address the inherent uncertainties in these complex
hydrologic systeméThrailkill, 1987; Mangin, 1994; Padilla, A. et al., 1994; Larocque et
al., 1998; Pinault et al., 2001; White, 2002; Bakalowicz, 2005; Goldssh&015;
Scanlon, B.R.)These approaches have included correlations between surficial karst
features and floWKresic, 1995) hydrological modeling approaches (Hill, 2010), dye

tracing(Goldscheider, 2008peophysical methodéSchwartz and Schreibe2009) and
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spring monitoring Desmarais and Rojstaczer, 200Zemperature and specific
conductance are easily measured with relatively inexpensive, easily deployable data
loggers, allowing for the collection of highequency data sets over long periods of time.
Monitoring physiochemical parameters of spring wdieth 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 residemoegd 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 classificatiddisusyer and

White (1971)used temperature and majonickemistry to classify springs as conduit
flow dominant and matrilow 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, 1996jastflow and slowflow components based on
discharge recession curvi@octor, 2005)localized vs. distributed recharge based on
spring temperature patterfisuhmann, 2011 )and conduiflow vs. matrixflow
components based on Mg/Ca ratios during storm {lbovan and Reisch, 2013)
Goldscheider (2015pointed 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 o
mixing of fast and slow paths not indicated by other tra@®sston and Criss, 2004;
Schwarz et al., 2009)Thicker soil cover leading to slower recharge has bsed t0

explain some isotope mixin@hao et al., 2018) The lag between discharge response
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and conductivity response has been used to estimate trave(Biriest al., 2004)

Seaonal variation in mixing along flow paths has been demonstrated by discriminant
factor analysis of major ions and Mg/Ca ratio in a studBicglho and others (2012)

Chloride and specific conductance have been used to evaluate variations in contributions
such as activation of deeper flow ps(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 systemWe classify karst flow systems to better understand the complex pathways
formed by the fast flow paths in conduits and slow flow paths through the miatrix.
actuality, the matrix comprises both primary and fracture porosity and permeability,
resulting n 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 aad 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 pb&tihor 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), gadolini(@d), 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))jHenderson, 1984)The main chemicaliifierence
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 mineral@Vhite, 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 excepftioarium, 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 conditguch as redox

variations, making them useful natural geochemical trgtesgourne and Johannesson,
2008)

REE patterns from host materials can also be transferred to water, providing a
useful tool for tragig recharge areas and flow patRtaya et al., 2007)Hydrological
studies have used REEs to better understand flow paths througfrecikt@rteractions
(Johannesson et al., 1997; Tang and Johannesson, 2006; GOb et al, re2dibE3ye
conditions(Mdller et al., 2006; Tweed et al., 2006; Willis and Johannesson, ,281d)
transport(Ingri, 2000; Pourret, 2010)

In an early studyJohannesson et al. (199#)served the unique REE patterns of
carlonate 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. Mdller et al.(2006) also noted the imparting of lithological REE patterns on
groundwater in a region with variable basalt, bagakestone, limestone, and gypsum

dominated recharge areas. Willis and Johannesson (2011) observed homogeneous flat

68



shalenormalized REE patterns and groundwater compositions throughout an aquifer
indicating relatively homogeneous recharge patterns throughsiealiered 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 REEa@ncentrations and dissolved aluminum (Al) derived frormiéth
sediments. Other authors, such as Tang and Johannesson (2006), measured dissolved
REE concentrations throughout a sand aquifer, which generally decreased in
concentration, indicating changesredox and pH conditions along flow paths. Tweed et
al. (2006) explored changing REE patterns
increased REE concentrations when pH conditions were lowest (<6.1) typically near the
aqguifer s r ec h asinggREE comcentaationsaas pHhincrdased r e a
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 concentratiorGpb et & (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, 201&)dditionally, the relative significance
and complexity of the factors controlling REE pattein 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 aquiferghich are inherently complexlohannesson and others
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(2000)observed that shaleormalized 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)sed contrasting REE ratios (e.g., Pr/Yb, Y/H0)
between lime®ne and sandstone in a lowland karst network to determine varying
recharge contributions from each lithologyrou and others (201&)entified middle rare
earth element (MREE) enrichment in stalagmites related to changing recharge conditions
through the overlying soil layeiToran and others (2018sed REES to id#ify 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 twodgacent 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 fonstsponse
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 areasi@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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Pennsyl vani ads Ni fingsemerge Woalthe ot of Candedlountairg s p

a topographic ridge which merges with Brush Mountain and Bald Eagle Mountain to the
west which form the western boundary of the Allegheny Hieatg 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. Nhor 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 uplad sinkholes, while Near Tippery Spring has been traced to one sinkhole, with
no observed crossver between capture arggtull, 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 @.28 n¥/sec with storm flow
discharges up to 0.85%sec(Shuster and White, 1971he drainage area of each

spring is estimated to be around &n?, extendimy up to the ridgetofHerman 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 hetseasonal scal8huster and White, 197apd storm

response scalg¢lerman et al., 2009)
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Figure 3-1. Map of study area for Tippery Spring and Near Tippery Spring.

A study byBerglund and others (2018}-examined Tippery Spring and Near

Tippery Spring from the Shuster and White (1971) study by comparing stable water

isotope chemisyrafter 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
respose 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 higéolution data, these results allowed for

a greater understanding of the two springs

3.4Methods
3.4.1 Spring Monitoring

Water temperature and pressure were recordedairitie intervad 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 atiiBute intervals. During fid visits pH data
were collected using an IQ Scientific Instruments 1Q150 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 Bsteciments
407313 conductivity and temperature meter. Total suspended solids (TSS) was
calculated from weighing 0.45m filter paper before and after filtration. A HOBO rain
gauge logger recorded rainfall-site. A Zday antecedent precipitation ind@Pl),
which is an index of soil moisture from recent rainfall weighted towards more recent rain
events, was calculated for each st¢Ah et al., 2010)

500B 07 (1)
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where APE antecedent precipitation index (Gri) = rainfall (cm) that occurs
from time t; t = time (days); k = recession constant frora0098 (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 APlicates a drier period.

3.4.2 Sample Collection

Water samples were collected during two storm events; a 2.5 cm storm in May
2017 Figure3-2) and a 7.6 cm storm in June 20Ffg(re3-3). ISCO 3700 auto
samplers ontaining 24, 1liter, acidwashed 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 wihin 1
days after the storm. When possible, grab samples were also collected before and after
the storm. All water samples were filtered with Og4B nitrocellulose paper and
refrigerated in headspafe=e bottles until analysis. As water samples were filtered with
0.45em filters, elemental analysis of water samples does not differentiate antaingere
contribution of different physical components (truly dissolved, small particulate, and
colloidal) smaller than 0.46m.

Samples analyzed for rare earth elements, cations, and heavy metals were

acidified with ultrahigh purity nitric acid after filteng.
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3.4.3 Sample Analysis

Major ion analysis was performed using a Thermo Scientific iCAP 7200
inductively coupled plasma opticamission spectrometry (ICBES) analyzer and a
Dionex ion chromatography (IC) analyzer. Alkalinity was measured with a Hanna
Instruments HI 775 alkalinity colorimeter. Stable isotope analy&s*fO and D/H) was
performed using a Laser Water Isotope Kner 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 mpsstsometry (ISO/IEC 17025
Accredited ICPMS, 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 anéBRaismand et al.,
2012) The cerium anomaly (Ce*) is the ratio of the normalized Ce concentration to the
expected value from interpolation between the measuredsvafue and P(Noack,

2014)

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 dzzle (1.25 cm) fell on the study site. As such, slightly wet antecedent
conditions prevailed at the onset of the sampling eveday7API = 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 (038and 0.01 Aifs, respectively) to

0.11 n¥/s and 0.09 ris, respectively. In response to the storm, Tippery Spring reached a
peak flow of 0.86 riis fourteen hours after the start of rainfall and receded to /49 m

by the end of sampling. Near Tippery Spring reached a peak flow of 8/giftaen

hours after the start of rainfall with a variable discharge plateau-Q043m?/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 depositit@0Zm 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 {day API = 0.06). Due to the dry antecedent conditions, discharges at
Tippery Spring and Near Tipperyfng initially had their annual average base flow
values of 0.03 rits and 0.01 His, respectively. In response to the storm, Tippery Spring
reached a peak flow of 1.20%s seven hours after the onset of rainfall, and recovered to
0.23 ni/s twelve hoursater, then peaked again at 1.19snhree hours after the
beginning of the second period of rainfall, and recovered slightly to 8%mthe end
of the sampling period. Near Tippery Spring reached a peak flow of G/§%aven
hours after the firsbccurrence of rainfall, recovered to 0.3%srten hours later, then
peaked again at 0.61%8 six hours after the second onset of rainfall. Near Tippery

recovered slightly to 0.53 s by the end of the sampling period.

77



3.5.3 Storm Chemographs
3.5.3.1ParameterGroupings

Water level (calibrated to discharge at a weir), temperature, and pH were
measured using dataloggers which provided-négolution and easily retrievable
indicators of storm water arrival at the springs. Total suspended solids (TSS), specific
condudance (SC), alkalinity, calcite saturation indexcjSand stable water isotopes
((PH  &?®0)iwere analyzed from water samples as they provide information on spring
chemistry changes during storm flow, such as matrix water dilution, carbonate rock
dissoluion and saturation, and parsing of isotopically distincigpoem 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 ratibs ind
varying conduimatrix 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 inda¢atptand
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 notedibg and thers (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.
BothiPH &?®Otell linearly along the local meteoric water line, so ciify is shown in
chemographsFor each spring, chemographs were produced from continuous loggers
and samples from automatic sampling, along with grab samples durirgt@ost

baseflow onditions Figure3-4 throughFigure3-7).
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Figure3-5. Tippery Spring June 2017 Storm results. Solid plot lines represent logger
data. Dashetines 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-gpt@m grab sample is off the scale and a post
storm gab sample was not available.
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Figure3-6. 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
hourinterval, minor vertical grid at 1 hour interval
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Figure3-7. Near Tippery Spring June 2017 Storm results. Solid plot lines represent
logger data. Dashed lines connect water sample point values. Mdjoagrid at 12

hour interval, minor vertical grid at 1 hour interval. The data were plotted to center the
storm and show recovery even though thegpoem grab sample is off the scale and a
post storm grab sample was not available.
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Certain parametensgaried 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, ang&led to vary together,
with the Mg/Ca atio 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
sometims showed a storm pulse, although laagn temperature logger data showed
that not all storm events have a temperature si@mahn et al., 2018)Little changan
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 teraperatu
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 Tippegy Sprin

3.5.3.2Pre-storm Conditions

Prestorm 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 Tippdilyis 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 Sl. Thetoren water chemistry prior

to the June Storm was more typical of baseflow samples foispatigs during this

study and from previous historical samplif®huster and White, 1971)n additionthe
initial Mg/ Ca ratio differed between the t
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 dolemrtthin its flow path Figure

3-1).

3.5.3.3Tippery SpringChemographs

At Tippery Spring during both storms, a brief (approximatehotir) spike in pH,
SC, alkalinity, and Sisignaled 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 bifHsing
patway through the rising limb of the discharge hydrographe 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 gueet (F
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 Mdi€alsa
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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 producedicairserease

in Mg/Ca. The Ca/Zr ratio and the stable water isotope signature followed inverse trends.
Ca/Zr decreased along with other chemical parameters &&tiecreased. However,

these two parameters showed a slower recovery compared to thdissoéred

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 peakety $tiggrtthen showed an
asymmetrical long tail decline that lingered longer than other dissolved constituents. The
Ce anomaly followed a similar pattern but returned tespoem baseflow values sooner

than the total REEs and metals (Figures 4 and 5).

3.5.3.4Near Tippery SpringChemographs

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 hydrografter 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 triggetadthe 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 lasg@rms 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,C2l/Zr ratio, and Mg/Ca ratio)

and an increase in the stable water isoggeature. 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. uding 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 fastelative 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 assated 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.

3.5.3.5Comparison ofStorm Responses

The timing and degree of rempse 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
springbés capture area (Tippery Spring havi
compared to Near Tippery Springs indicated by stable isotop&e(lund 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 &ipypeay
Spring than at Tippery Spring, and recovered more gradually than the chemical

parameters at both springs.

3.5.4 Spring REE Spidergram®uring Storm Response

With the exception of europium, all individual REE concentrations were above
detection limitsalbeit at low concentrations. PAA®rmalized plots of individual REE
concentrations for a single water sample (called spidergrams) illustrated internal REE
trends and anomalies resulting from geochemical processes andaeéterteractions in
the May Sorm where preand posistorm samples were available for clear comparison
with baseflow water chemistr§igure 3-8 andFigure3-9). Only the May Storm was
selected here due to the availability ofqmadpoststorm 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 springh wigreater component of slow matrix
flow contain more prominent negative cerium anomalies (Cefkdnan et al., 2018)
This relationship was further explored here where relative contributions of fastiric
flow and slower matrix flow varied in response to storm recharge.

For Tippery SpringKigure3-8), REE patterns during pigorm flow had low
REE concentrations with a slightly negative cerium anomaly. There was alse 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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cone@ntrations (time B) there were no cerium anomalies. As REE concentrations began
to drop to prestorm levels (time C) the slightly negative cerium anomaly returned. At
the time where other spring chemistry parameters recovered (time D), REE
concentrationsvere still slightly elevated above their gtorm 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
highlightsTi ppery Spr i n glownsinfligemce, avereduringbaseftbw, but

also suggests that a cerium anomaly may be a sensitive indicator of conduit flow mixing

with slow matrix flow during storm recovery.
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Figure3-8. PAAS-normalized REE spidergrams for Tippery Spring during the May 2017
Storm during select storm response sample times: Ajteren, B) Peak REE
Concentration, C) REE Concentration Falling Limb, and D)-Btwsin.
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For Near Tippery Springjgure3-9), REE patterns during pigtorm flow (time
AO6) were similar to Tippery Spring-, having
detect of europium, but differed by having a notably negative cerium anomaly. This
cerium anomiy 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 BO6) t he c e Aslightmtetamobtimeadriyn was el i m
anomaly was observed during the REE concen
concentrations remained slightly elevated with the return of the cerium anomaly (time

D6) after other chemical parameters have r
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Figure3-9. PAAS-normalized REE spidergrams for Near Tippery Spring during the May
2017 Storm at select periods-sobrsmtoBdm)r €ep
REE Concentration, Co6)li RBE €adto®d)r Bobson F

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 pattertiie 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 REEheneint 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 periodsKigure3-10). 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 #e larg
storm. The differences between these three periods provide evidence for mixing along

their recharge and flow paths.
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Post-storm Recovery ] Piston Flow

* Increase in discharge with little change in
water chemistry immediately following
the start of rainfall

* Baseflow discharge
* Invariable geochemistry
* Lingering REEs

Conduit + matrix flow

Mg/Ca steady

Conduit flow

Matrix flow

Mg/Carise | Mg/Ca drop

Period 2
Stormwater Arrival

« Stable water isotope shift (towards storm
water composition), increase in REEs and
TSS, and decrease in Ca/Zr ratio indicating
b surface water recharge arrival
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Figure3-10. a) Storm response cycle for Tippery Spring and Near Tippergdspri
consisting of three periods with similar discharge and geochemical responses; Period 1)
Storm Pressure Pulse, Period 2) Storm water Arrival, and Period 33tBoatRecovery.

b) Idealized hydrographs with timing of three periods for each spring folgpthie same

rain event. The arrival timing and duration of each Period, along with the relative
abundance of faster conddibw vs. slower matrixflow, is unique to each spring.
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Period 1: Piston Flow Spring discharge rises shortly after rainfall due fpiston 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 indlicptirging of older,

more concentrated pigorm water, which has been observed in other karst s{Bings

et al., 2004; Ravbar et al., 2011; Ryan and Meiman, 19B6¢ purging of older water

and faster flow response at Tippery Spring are indicative of faster flow paths. In contrast,
Near Tipperyods di schar ge atershderiwesl tomrotixfasn g be't

and slow flow responses

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

dominated rechargeThis period begins with the arrival of faftw storm water through
conduits connected to surface rifrfoom 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 pathsignaled by an increase in SC, alkalinity; &hd 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 beebserved by Cfluctuation in the chemogragMitrofan et

al., 2015) by age datingMartin et al., 2016)by isotope tracersSchwaz et al., 2009)

and by variation in temperature and SC particularly at low flow pe(ktigpini et al.,

2018)
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The timing ofPeriod 2 differs between Tippery Spring and Near Tippery Spring.
Tippery Spring showed storm water on the rising limb of the hydrograph. For Near
Tippery SpringPeriod 2 begins 4 hours after the peak flow plateau is reached, with
storm water graduallrising to a maximum about 12 hours after peak flow. This slower
response is |ikely due to Nfewportiohinppery Spr
discharge, creating a flow buffering capacity.

The slightly different timing in Mg/Ca ratios at both spsrgpmpared 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 tleerddg/Gbserved 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 cptuafrom 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. ippdry 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 oldeewal his 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 SpringThe 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 simstorm differences in response
indicating that flow paths include varied portions of conduit and slow components
dependingon 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, wth signaled flushing of surface sediments, and the decrease in Ca/Zr
ratios, which indicated the arrival of waters interacting witmi&n and Capoor ridgetop
sediments feeding sinks and sinkholes. Parameters associated with sediments such as
REEs andnetals 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 madorinated flowpaths 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 distincPeriod 3 was not observed at either spring. The lengiimeffor 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 stormghe 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 similao prestorm periods (high Mg/Ca, Stloser to saturation). In
addition to the high discharge, the stable water isotopes and Ca/Zr ratio were slow to
recover to prestorm conditions. The long tail of recovery for these components provides
further evideoe 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 iden&t in previous studig®.g., Ford and Williams, 2007; Ravbar et
al., 2011) the analysis here pointed out additional complexity in the arrival of storm
water inPeriod 2. By examining multiple tracers these mixing patterns were identified as
well as storrto-storm varations. 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, @rticularly at low flow(Martin et al., 2016; Filippini et al., 2018)ut the
distances were on the order of kilometers. In this study the springs were only 65 m apart

and still showed distinct responsaghe storm chemographs.
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3.6.2 Cal/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 iso{@®rglund et al.,
2018)showed a mixing relationship between-gterm water with a high Ca/Zr ratio, and
a storm water component with low Ca/Eiqure3-11). Prior to the influence of storm
recharge, bee 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-Gigimatrix water ¥
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 sedimahtelevated
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. Aesalt, 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 belown®.45a and Zr are

transported in both dissolved and colloidal phases.
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Figure3-11. 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 matrte component. During high storm water
flow component, a low Ca/Zr ratio suggests recharging water having interacted with Zr
rich and Cgpoor clastic sediments from upland clastic ridges and transporting Zr and Ca
in both dissolved and colloidal phases (Swh).

3.6.3 Rare Earth Element (REE) ConcentratioriSuring Storm Flow

During Period 1 andPeriod 3, total REE concentrations in both springs were
lowest (0.160.15 ppb). DurindgPeriod 2, with the arrival of storm water, total REE
concentrations increase at baprings (up to 1.30 ppb). Total REE concentrations in
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spring water showed a strong positive correlation with Zr and Fe concentr&iigmse

3-12). Increased total REE concentrations also appear to be influenced by theyimensit
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 {sterm and matritlow 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 highlight dlowlnflygnre wtyalsoSpr i ng o s
suggests that a cerium anomaly may be a sensitive indicator of conduit flow mixing with

slower matrix flow during storm recovery.
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Figure3-12. Relationship between total REE concentration and metadh 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 froméhsame areas as theld@aring 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 occurringangtieater storm water
fraction Figure3-13). The lowest REE concentrations (<0.15 ppb) occurred in spring
water with the greatest pstorm water fraction signature (pséorm baseflow samples).
With the arrival of storm watefft@r 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 fractidlihough these relationships
generally held true for both 3pgs when the prstorm water or storm water fractions
dominated, the transition from low to high REE concentrations as the slower matrix flow
mixedwith the faster conduit flow storm water was not smo@hatween storm water
fractions of 0.30.7, total AFEE concentrations were highly variable between the maximum
and minimum concentrations seen during high mataxer fraction and high storm
water fraction, respectively. This imperfect transition is likely due to irregular REE
mobility from changing pH ahredox 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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Figure3-13. Total REE conentrations 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 higlsé total REE concentrations occur during a high storm water
fraction.
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3.7 Conclusions
3.7.2 Storm Response Characteristics of Tippery and Near Tippery Springs
First analyzed for flow characterization 8iauster and White (197 1)ippery
Spring and Near Tipyy Spring were classified as condiliiw dominated springs based
on their seasonally variable water temperature and chemistry. While being classified as
conduitflow, it was also noted that the springs exhibited distinct behaviors despite their
close poximity. Using highresolution logging and water sampling in response to
storms, these springs wereagamined to better define the varying degrees of faster
conduit flow and slower flow along with multiple recharge modes for the two springs.
Of the twosprings, Tippery Spring exhibited more dominant-fast/ 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 drawsut 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 spr i ng datherthancstbran mgnsity arardegaedent 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 aival including varying degrees of faster conduit dominant flow and slower
matrix dominant flow, and Period 3) Patorm recovery. The relative timing and
duration of these three flow periods were a function of the intrinsic nature of recharge
and flowfor 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 cefiowipphase. 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

Ti pperyds characteristics with a | oryger re
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 NewTracers 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 hydrog&phle 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 &ibaclastic 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 prestorm baseflow, high Ca/Zr ratios reflected water which has
domnantly 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

clasticridge-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 informatioounte 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 teghes.

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 condlaitv 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 stormrecharged sediment was derived from the clastic rocks
along the ridges rather than the local carbonate bedrock. Elevated REE concentrations
persisting after other parameters recovered tesfmen levels suggested slower flow
pathsrecharging 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
indicatas (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

anomdy, may be a good indicator of matiaffected 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 isotope§a/igid Ca/Zr ratios, provided a more
complete understanding of karst flow and recharge paths, and showed how contrasts

between adjacent springs differentiates recharge pathways.

3.8 Acknowledgements

The authors would like to acknowledge the National Sciehoeu ndat i on 6 s
Hydrologic Sciences Program under award number 1417477. Special thanks to the
landowners of th springs who allowed us access and to the journal reviewers for their

helpful feedback.

3.9 References

Ali, S., Ghosh, N.C., Singh, R., 2010. Rainfalinoff simulation using a normalized
antecedent precipitation index. Hydrol. Sci. J. 55, 2G@.
https://doi.org/10.1080/02626660903546175

Bakal owicz, M., 2005. Kar st @eas.ddydmodenialt e r
13, 148 160. https://doi.org/10.1007/s106804-04029

Berg, T.M., Edmunds, W.E., Geyer, A.R., 1980. Geologic Map of Pennsylvania (2nd
ed.), Pennsylvania Geological Survey. Harrisburg, PA.

Berglund, J.L., Toran, L., Herman, E.K., 201&ih$) stable isotopes to distinguish
sinkhole and diffuse storm infiltration in two adjacent springs, in: NCKRI
Symposium 7 15th Sinkhole Conference.

Birk, S., Liedl, R., Sauter, M., 2004. Identification of localised recharge and conduit flow
by combined aalysis of hydraulic and physiechemical spring responses
(Urenbrunnen, SWsermany). J. Hydrol. 286, 17993.
https://doi.org/10.1016/j.jhydrol.2003.09.007

Caetano Bicalho, C., Batiguilhe, C., Seidel, J.L., Van Exter, S., Jourde, H., 2012.

104



Geochemicaledence of water source characterization and hydrodynamic responses
in a karst aquifer. J. Hydrol. 46851, 206218.
https://doi.org/10.1016/j.jhydrol.2012.04.059

Desmarais, K., Rojstaczer, S., 2002. Inferring source waters from measurements of
carbonate [@ing response to storms. J. Hydrol. 260, 1113!.
https://doi.org/10.1016/S002694(01)006072

Doctor, D.H., Alexander, E.C., Kuniansky, E.L., 2005. Interpretation of water chemistry
and stable isotope data from a karst aquifer according to flow regiamgied
through hydrograph recession analysis. U.S. Geol. Surv. Karst Interes. Gr.
Proceedings, Rapid City, South Dakota, Sept1322005 8292.

Duvert, C., Cendon, D.I., Raiber, M., Seidel, J.L., Cox, M.E., 2015. Seasonal and spatial
variations in ree earth elements to identify intaquifer linkages and recharge
processes in an Australian catchment. Chem. Geol. 396783
https://doi.org/10.1016/j.chemge0.2014.12.022

Filippini, M., Squarzoni, G., De Waele, J., Fiorucci, A., Vigna, B., Grillo, BraRA.,
Rossetti, S., Zini, L., Casagrande, G., Stumpp, C., Gargini, A., 2018. Differentiated
spring behavior under changing hydrological conditions in an alpine karst aquifer. J.
Hydrol. 556, 572584. https://doi.org/10.1016/}.jhydrol.2017.11.040

Ford, D, Williams, P., 2007. Karst Hydrogeology, in: Karst Hydrogeology and
Geomorphology. John Wiley & Sons Ltd., pp. 1034.
https://doi.org/10.1016/B978-08-0507620.500097

Gill, L.W., Babechuk, M.G., Kamber, B.S., McCormack, T., Murphy, C., 2018. Use of
trace and rare earth elements to quantify autogenic and allogenic inputs within a
lowland karst network. Appl. Geochemistry 90, 1014.
https://doi.org/10.1016/j.apgeochem.2018.01.001

Gob, S., Loges, A., Nolde, N., Bau, M., Jacob, D.E., Markl, G., 201jrMad trace
element compositions (including REE) of mineral, thermal, mine and surface waters
in SW Germany and implications for waterck interaction. Appl. Geochemistry
33, 127152. https://doi.org/10.1016/j.apgeochem.2013.02.006

Goldscheider, N., 2@l Karst Aquifer§ Characterization and Engineering 1245.
https://doi.org/10.1007/978-319-128504

Goldscheider, N., Meiman, J., Pronk, M., Smart, C., 2008. Tracer tests in karst
hydrogeology and speleology. Int. J. Speleol. 374R7
https://doi.org/0.5038/1827806X.37.1.3

Henderson, P., 1984. Rare Earth Element Geochemistry. Elsevier, Amsterdam.

Herman, E.K., Toran, L., White, W.B., 2009. Quantifying the place of karst aquifers in
the groundwater to surface water continuum: A time series analydysaftatorm
behavior in Pennsylvania water resources. J. Hydrol. 3763307
https://doi.org/10.1016/j.jhydrol.2009.07.043

Hua, G., Yuansheng, D., Lian, Z., Jianghai, Y., Hu, H., 2013. Trace and rare earth
elemental geochemistry of carbonate successitimei Middle Gaoyuzhuang
Formation, Pingquan Section: Implications for Early Mesoproterozoic ocean redox
conditions. J. Palaeogeogr. 2, 2291.
https://doi.org/10.3724/SP.J.1261.2013.00027

Hull, L.C., 1980. Mechanisms controlling the inorganic and isotgpbchemistry of
springs in a carbonate terrane. The Pennsylvania State University.

105



Ingri, J., Widerlund, A., Land, M., Gustafsson, O., Andersson, P., Ohlander, B., 2000.
Temporal variations in the fractionation of the rare earth elements in a Boreal rive
the role of colloidal particles. Chem. Geol. 166 £3
https://doi.org/10.1016/S0082641(99)001 78

Johannesson, K.H., Stetzenbach, K.J., Hodge, V.F., 1997. Rare earth elements as
geochemical tracers of regional groundwater mixing. Geochim. Cosmao&him
61, 360%3618. https://doi.org/10.1016/S00Z637(97)0017#4

Johannesson, K.H., Zhou, X., Guo, C., Stetzenbach, K.J., Hodge, V.F., 2000. Origin of
rare earth element signatures in groundwaters of circumneutral pH from southern
Nevada and eastern @afnia, USA. Chem. Geol. 164, 26857.
https://doi.org/10.1016/S0062541(99)0015

Kresic, N., 1995. Remote sensing of tectonic fabric controlling groundwater flow in
Dinaric karst. Remote Sens. Environ. 53; 8. https://doi.org/10.1016/0034
4257(95)@042Y

Lakey, B., Krothe, C., 1996. Stable isotopic variation of storm discharge from a perennial
karst spring, Indiana. Water Resour. Res. 32] 731.

Larocque, M., Mangin, A., Razack, M., 1998. Contribution of correlation and spectral
analyses to the gioonal study of a large karst aquifer ( Charente , France ) 206, 217
231.

Leybourne, M.I., Johannesson, K.H., 2008. Rare earth elements (REE) and yttrium in
stream waters, stream sediments, ant/lReoxyhydroxides: Fractionation,
speciation, and controlsyer REE + Y patterns in the surface environment.
Geochim. Cosmochim. Acta 72, 59G383.
https://doi.org/10.1016/j.gca.2008.09.022

Luhmann, A.J., Covington, M.D., Peters, A.J., Alexander, S.C., Anger, C.T., Green, J.A,,
Runkel, A.C., Alexander, E.C., 201Classification of Thermal Patterns at Karst
Springs and Cave Streams. Ground Water 49, 333l
https://doi.org/10.1111/].1746584.2010.00737.X

Mangin, A., 1994. Karst hydrogeology, in: Stanford, J., Gibert, J. (Eds.), Groundwater
Ecology. Academic Prespp. 43 67.

Martin, J.B., Kurz, M.J., Khadka, M.B., 2016. Climate control of decadale increases
in apparent ages of eogenetic karst spring water. J. Hydrol. 540, (BEB
https://doi.org/10.1016/j.jhydrol.2016.07.010

Mi trofan, H. 6 | ,M@5.PassibleConduifdrix Watar Exchange
Signatures Outlined at a Karst Spring. Groundwater 53,123
https://doi.org/10.1111/gwat.12292

Moller, P., Dulski, P., Salameh, E., Geyer, S., 2006. Characterization of the sources of
thermal springand well water in Jordan by rare earth element and yttrium
distribution and stable isotopes of H20. Acta Hydrochim. Hydrobiol. 34, 11(6EL
https://doi.org/10.1002/aheh.200500614

Noack, C.W., Dzombak, D.A., Karamalidis, A.K., 2014. Rare earth element diginb
and trends in natural waters with a focus on groundwater. Environ. Sci. Technol. 48,
4317 4326. https://doi.org/10.1021/es4053895

Padilla, A., PulideBosch, A., Mangin, A., 1994. Relative importance of baseflow and
quickflow from hydrographs of karspring. Groundwater 32, 26277.

Pinault, J., Plagnes, V., Aquilina, L., 2001. Inverse modeling of the hydrological and the

106



hydr ochemical behavior of hydrosystems
functioning. Water Resour. Res. 37, 219204.

Playa, E.Cenddn, D.l., Travé, A., Chivas, A.R., Garcia, A., 2007.-Mamnine
evaporites with both inherited marine and continental signatures: The Gulf of
Carpentaria, Australia, & 70ka. Sediment. Geol. 201, 26785.
https://doi.org/10.1016/j.sedge0.2007.0R0

Pourmand, A., Dauphas, N., Ireland, T.J., 2012. A novel extraction chromatography and
MC-ICP-MS technique for rapid analysis of REE, Sc and Y: Revisinghohdrite
and PostArchean Australian Shale (PAAS) abundances. Chem. Geol. 284.38
https://doiorg/10.1016/j.chemge0.2011.08.011

Pourret, O., Gruau, G., Dia, A., Davranche, M., Molénat, J., 2010. Colloidal control on
the distribution of rare earth elements in shallow groundwaters. Aquat.
Geochemistry 16, 359. https://doi.org/10.1007/s104989-9069-0

Ravbar, N., Engelhardt, I., Goldscheider, N., 2011. Anomalous behaviour of specific
electrical conductivity at a karst spring induced by variable catchment boundaries:
The case of the Podstenjgek si®t40.ng, Sl ov
https//doi.org/10.1002/hyp.7966

Ryan, M., Meiman, J., 1996. An examination of sHtertn variation sin water quality at
a karst spring in Kentucky. Ground Water 34 33.

Scanlon, B.R., Thrailkill, J., 1987. Chemical similarities among physically distinogspr
types in a karst terrain. J. Hydrol. 89, 23%9.

Schwartz, B.F., Schreiber, M.E., 2009. Quantifying potential recharge in mantled
sinkholes using ERT. Ground Water 47, B381. https://doi.org/10.1111/j.1745
6584.2008.00505.x

Schwarz, K., Barth, J.A.CPostigeRebollo, C., Grathwohl, P., 2009. Mixing and
transport of water in a karst catchment: A case study from precipitation via seepage
to the spring. Hydrol. Earth Syst. Sci. 13, 2892. https://doi.org/10.5194/he%Ss-
2852009

Shuster, E.T., Whita)V.B., 1971. Seasonal fluctuations in the chemistry of-atome
springs: A possible means for characterizing carbonate aquifers. J. Hydroli 14, 93
128. https://doi.org/10.1016/002%594(71)900011

Tang, J., Johannesson, K.H., 2006. Controls on the geisting of rare earth elements
along a groundwater flow path in the Carrizo Sand aquifer, Texas, USA. Chem.
Geol. 225, 156171. https://doi.org/10.1016/|.patcog.2005.08.006

Toran, L., Herman, E.K., Berglund, J.RQ19. Advances in Monitoring to Understand
Flow Paths in Karst: Comparison of Historic and Recent Data from the Valley and
Ridge of Pennsylvania, in: The Handbook of Environmental Chemistry. Springer,
pp. 65 89.

Toran, L., Reisch, C.E., 2013. Using stormwater hysteresis to characterize karst spring
discharge. Groundwater 51, 5B87. https://doi.org/10.1111/j.1745
6584.2012.00984.x

Tweed, S.0O., Weaver, T.R., Cartwright, I., Schaefer, B., 2006. Behavior of rare earth
elements in groundwater during flow and mixing in fractured rock aquifers: An
exampe from the Dandenong Ranges, southeast Australia. Chem. Geol. 284, 291
307. https://doi.org/10.1016/j.chemge0.2006.05.006

White, W.B., 2002. Karst hydrology: Recent developments and open questions. Eng.

107



Geol. 65, 85105. https://doi.org/10.1016/S00¥352(01)001168

White, W.M., 2015. Isotope Geochemistry, 1st ed. Wiley Works, West Sussex.

Willis, S.S., Johannesson, K.H., 2011. Controls on the geochemistry of rare earth
elements in sediments and groundwaters of the Aquia aquifer, Maryland, USA.
Chem. Geol285, 32 49. https://doi.org/10.1016/j.chemge0.2011.02.020

Winston, W.E., Criss, R.E., 2004. Dynamic hydrologic and geochemical response in a
perennial karst spring. Water Resour. Res. 4011
https://doi.org/10.1029/2004WR003054

Zhao, M., Hu, Y., Zeng, CLiu, Z., Yang, R., Chen, B., 2018. Effects of land cover on
variations in stable hydrogen and oxygen isotopes in karst groundwater: A
comparative study of three karst catchments in Guizhou Province, Southwest China.
J. Hydrol. 565, 374385. https://doorg/10.1016/j.jhydrol.2018.08.037

Zhou, H., Greig, A., Tang, J., You, C.F., Yuan, D., Tong, X., Huang, Y., 2012. Rare earth
element patterns in a Chinese stalagmite controlled by sources and scavenging from
karst groundwater. Geochim. Cosmochim. Acta 8381
https://doi.org/10.1016/j.gca.2011.12.027

108



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 predgtkarst 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 (FEF)L@®$constructed
using dye tracing and temperature data to simulateaheuitconnection 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 tres thah 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 flowtheasink 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 ptmansuch as conduit
conductivity, conduit crossectional 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 excessigklgye 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 fronmthgix. 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 wisle 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 cr@estional areanatrix 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 nekamnfiguration and 2) mass
balance between a sinking stream and a spring. Temperature data fren@siighion
loggers at the sink and spring were then incorporated into the model scenarios to
reproduce seasonal spring temperature using the condugwation 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 aedfrom fieldmeasurements and
estimatesand seasonal precipitation trends (i.e. wet season, dry season), producing a
improvedfit between modeled and observed temperature further confirming the forked
conduit geometry. Model discrepancies which renthinere often the result of

individual intense storm events. These results showed the usefulness of combining
temperature data logging, dye tracing and FEFLOW modeling foori)raining karst
conduit geometries, which are often poorly understood, 2) erglthe 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 maspdran
(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 andrsoispeit.
These shortcoming are recognized and, as such, the specifics of how thgsw akit)
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 witlsionduits
can vary from sulmeter to thousands of meters per day (Worthington et al., 2002). Flow
models then have to account for the do@alosity (conduit and matrix) nature (Taylor
and Greene, 2008). When the conduits are-ea@ihected, and only flowoaditions 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 carsdlies
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 characiegikarst 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 surrourglbedrock matrix. Later models
incorporated realvorld 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 shearm temperature variatiofsuhmann 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 vulrerability 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., 2042014b). For one hypothetical karst system, variations in
groundwatetemperature 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<{ et al., 2018Li et al., 2016Hartmann et al., 2037

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 coduits, 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;
transent 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.

112



4.2.2 Study Site

The study site consists of a sinking stream andiagjocated in the folded
carbonate bedrock of central MBergetaly | vani ab
1980) The sinking stream flows into a sinkhole (Tippery Sink) which has been
previously traced to the spring (Tippery Spring) 750 meters to the southdbktlby
1980)(Figure4-1). The adjacent Near Tippery spring is not connected to the sink, based
onthedye tracingoy Hull (1980) The perennial stream flowing into Tippery Sink is
sourcedrom the upland siliciclastic bedrock ridgetops. while raaeth element and
Ca/Zr ratio analysis shows this response is strongly connected to inflow from Tippery
Sink (Berglund et al., 2019)This strong connectidpetween the sink and spring is
further evident in the temporal variation in water temperature at Tippery Spring, with
annual temperature variations first describedHhyl (1980, Shuser and Whitg1971)
and shorterm eventscale temperature variations further describe@dranet al.,

(2018)
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Figure4-1. Locations of Tippery Sink, Tippery Spring, and Near Tippery Spring, along
with the suspected conduit (green) connecting Tippery Sink gopekilyi Spring.
Elevation contours in feet MSL.

4.3Methods
4.3.1 QuantitativeDye 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 similato 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 noentration of 12 g/liter. A lovflow peristaltic pump
(Figure4-2) delivered the liquid dye mixture into the sinking stream at a rate of 61)(+/

mL/minute for 9 hours for a total injection volume of 32.94 liters and a totaindgs 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 hourlgdb tte

stability of the input concentratioA. Cyclops7 Submersible logger was used to measure
fluorescein dye concentrations at Tippery Spring. The logger is capable of detecting
fluorescein concentrations from 0-800 ppbat a sample interval of 1 mute Sinking
stream discharge was initially estimated at 15 L/s by timing the filling oflae2(®ucket

as the stream flows over a spillway.

Figure4-2. Dye pump (left) and Cyclops fluorometer loggr (right).
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Figure4-3. Steadystate dye mixture injected into Tippery Sink using a-ftow
peristaltic pump (left) and monitored for arrival with a Cysld fluorometer logger
installed at Tippery Sprg (right).

4.3.2 ContinuousTemperatureMonitoring 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 afl&minute interval. An onset HOBO pressure and

temperature logger installed at Tippery Spring measured water temperature and pressure

at 15minute interval. Water pressure was converted to discharge for Tippery Spring as

there was a weir installed near gging mouth.
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Logger data for Tippery Sink and Tippery Spring from Aqpedrly December
2017 was used to produce the model presented Rigner€4-4). From later in December
through March, temperature values from the logger@dry Sink often approached or
fell below freezing due to a combinationloiver air temperatures and low flow from
decreased rainfall. For the modeled time p
from 6 degree€elsiusin April to 22 degrees in Jyiand down to 2 degrees by
December, closely reflecting ambient air t
temperature also showed seasonal trends but buffered compared to Tippery Sink. In
April, Tippery Springds wat egingtoamghefdmt ur e
degrees in June, and falling to 10 degrees by December. While Tippery Sink showed
diurnal variations in temperature, Tippery
result of storm events, as noted for the rainy season peoimd&pril to July, whereas

the lack of short term variations from August to December reflects the dry season.
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Figure4-4. Temperature of Tippery Sink and Tippery Spring from Apeicember 2017.

4.3.3 TransportModeling

Solute and heat transport between Tippery Sink and Tippery Speregnedeled
using the finite element groundwater flow and transport modeling code FEFLOW
(Diersch, 2013)This code was selected spezally 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 studiéafny et al., 2010; Kavouri and Karatza6,13),
the application here focused on transient flow and transport modeling between a sinking
stream and a spring telp constrainconduit geometry.

The domain for each FEFLOW model was 300 meters by 1000 meters wide with
a conduit connecting a sink inpand spring output which were spaced 750 meters apart

(Figure4-5). 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 finegf) met
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 condities. nod

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 tubugh

the model.
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Figure4-5. Example FEFLOW modejrid setup for a single straight cond@ontours
indicate steady state head elevation in meters above sea level.

Theporous medianatrix andconduit comecting the sink and sprirage modeled
as a combined flow system as described by Diersch (20ti8)governingquatiors for
flow, mass transport, and heat transpartheporous media matrix asgritten as

Equations 3, 4, and 5, respectively.

C

Y- YOU'H On'Q gQ (3)

C
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Y— AY 126¥NY B 4 4 (5)

C

Which incorporatetydraulic headH), specific storageS), hydraulic
conductivity K), viscosity relation functionf{), buoyancy ratiol), gravitational unit
vector(e), fluid/solute/heatlux (Q, c1), Darcy flux (), solute concentratiorC]j, porosity
(0, molecular diffusion D), mass transfer coefficiefi ), temperatureT|, To), and
thermaldispersion(s). These equations are further adapted to include the discrete
conduit, which is modeled as adimensional phreatic Darcy feature interconnected to
the 3dimensional surrounding aquifer geometryorder to account for the unique flow
properties of open fluidilled conduits, the governing equations for fl¢&; ), mass
transport(Qc)), and heat transpof@r), are modifiedor Darcy flowin a conduit

(Diersch, 2014) such that

5 — ¥ n ©)
- — D nd o) P

0 (7)
; — D o o) ®
and

6 0 p - ©)
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These modified equatiorisr flow (i ,), mass transport (), and heat transport
(i ) for the Edimensional discrete featuirgcorporate parameters which grertinent to
modeling flow within and around the conduihese includeonduit radiusk), velocity
vector of fluid {), molecular diffusion coefficientyd), mechanical dispersion tensor
(Dm), soluteretardation # ), thermal conductivity of fluid€), thermal conductivity of
solid @), specific heat capacity of fluid’}, density of fluid () and density of solid}¢).
Heat flow through both liquid and solid necessities two equations for heat transport
(Equations 8 and 9) which include heat flow through fluitt)(and solid { 57). The
detailed derivation and explanation of Equatior&d@e fully decribedby Diersch
(2014).

Along with varying model paramets, 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.flowelect range of

geometriesvasmodeledo be representative tiesefeaturesvhich aretypical in karst

4.4Results
4.4.1 DyeTraceModeb
Dye trace resulterere used to establish initial conditiorergets, ananass
balance constraints in which to pram#@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 * dibarge).The dye trace was performed from May2% 2018
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(Figure4-3). The resulting dye flux plot for Tippery Sink and Tippery Spring showed a

65% recovery, with a@hour lag between injection and peak recové&igre4-6).

700

Tippery Sink

600

500
o
-
2
= 400
3
~
oo
E
3 300
. 36 hours
S
fa) ~65% recovery \

200 ‘,‘ ap

WAL R ., Tippery Spring
af Y
100 "
357 g F"' 236 g '."'.\'Wﬂr
/' N
A [ e oo -
0 i —— X
25-May 26-May 27-May 28-May 29-May
Date

Figure4-6. Dye trace result§ he 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 comparéey(ire4-7) using similar yet varying
input parameters to achieve a peak timing match to observed dye breaktfrabigh (
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 consistesti@Eight
conduit connecting the sink and spring with the fieliderved sink inflow value, but with

the addition of a fork 150 meters from the sink which diverts flow to two side conduits.

Model 1

Fluorescein Concentration (ppb)

Observed

26-May 27-May 28-May 29-May  30-May

Figure4-7. 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 spiragk blackline indicates the observed
fluores@in concentration at the spring.

Table4-1. Initial dye trace model input parameters

. : Conduit .

Sink Condu_lt' Cross Matf'x. . Porosty | Dispersivity
Model Inflow | Conductivity . Transmissivity

: Sectional 2 (n) (m)

(Liter/s) (m/s) Area (m?) (m?/s)

Model 1| 14.0 0.16 0.5 0.0005 0.1 1 and 0075
Model 2 14 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 ge breakthrough curve in the field, peaking at 71 ppb in the model compared
to 39 ppb in the fieldFigure 47). 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
characteize 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 47), but required reducing the sink inflow value below which was observed in
thefield (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 2dye 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
requres 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 condaltpwing 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 cul¥egure4-7).

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 curtAgre4-8). ForModel 3, the branch in the
conduit wasl50 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 farthemyafsom the sink and closer
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to the spring, the simulated dye breakthrough curve arrived earlier and also had a higher
peak concentratiorfhis alteration of arrival time can be somewhat offset by decreasing
the conduit conductivityKigure4-9), but the resulting dye concentration curve still does
not produce as good a match as the Distal Fork scenario. iEsedesuggest that the
location of flow branching and piracy also controls the behavior of the dye breakthrough
curve, andhat high resolution dye trace studies can be used to better understand where

these flow diversions occur.
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Figure4-8. Varying dye peak responses based on location of conduit fork point between
sink and spng.
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Figure4-9. Decreased conduit conductivity comparison in the Proximal Fork model
resulting in a delayed peak response to better match the observed dye concentrations.

4.4.1.1Dye trace sensitivity analysisins

A Latin Hypercube sensitivity analydqi§ickay et al., 1979)vas conducted to
evaluate which parameters influence the results and whether a diffenelitc
configuration could be fiiby varying input parameters. This statistical method is often
used to produce neaandom sample parameters from a multidimensional distribution.
One of the benefits of this statistical approach is its ability to prodgoiicantly varied
model parameter combinations to determine parameter sensitivity using as few total
combinations as possibl€his parsimonyis accomplished by producing parameter
combinations in such a way as to ensure complete parameter diveositgptually a 2
dimensionaparameteqgrid is divided into discrete rows and columns in which parameter
combiration pointsoccupy cells in which there is 1) only one point for each column/row

combinationcell, 2) eachdiscreterow and column hashaassociad point, and 3) points
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do not share rows and columns with other poiikile this conceptual example only has
2-dimensions, a Latin Hypercube is multidimensional, and is able to satisfy parameter
diversity as above far dimensionsLatin Hypercube ana$ys allows for a much more
efficient way to perform parameter sensitivity analysrsmultiple parameters using
fewer models.

Base model parameters were varied usiigapproach to ensure a wide diversity
of parameter combinatioqertinent to flow modeng. Five parameters were varied
acrosgypical rangesconduit conductivity, conduit crossectional area, matrix
transmissivity, matrix porosity, a dispersivity modifier (multiplication factor applied to
both longitudinal and transverse dispersivifiyable 42). 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 ass both sets of parametelfsgiure
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 CrossSectional Area (R) 0.5 0.02 1.06
Matrix Transmissivity (rfs) 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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Figure4-10. Latin Hypercube Scatter plot of matrix transmiggi¢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 geometrypurhafiations
in conduit geometry were produced to test the sensitivity of the dye breakthrough curves:
the two previously described geometries, and two additional geonteatesre typical
of cave system@almer, 1999) These four geometries arestjaight conduit, 2) forked
conduit, 3) a tortuous conduit, and 4) an anastomosing coiayiré4-11). Each model
was varied around the same five base case model parameter values for conduit
conductivity, conduit crossectionalrea, matrix transmissivity, matrix porosity, and

dispersivity, which were similar to the forked network calibration values.
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Figure4-11. Latin Hyperclbe Model Run Conduit Geometrigssingle, straight aaduit.
2) forkedconduit,3) tortuous conduit, and) anastomosing conduit.
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