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Katherine J. Knierim, Erik Pollock ¢ Phillip D. Hays Using
isotopes of dissolved inorganic carbon species and water to
separate sources of recharge in a cave spring, northwestern
Arkansas, USA

Blowing Spring Cave in northwestern Arkansas is represen-
tative of cave systems in the karst of the Ozark Plateaus, and
stable isotopes of water (8O and §°H) and inorganic carbon
(8"C) were used to quantify soil-water, bedrock-matrix wa-
ter, and precipitation contributions to cave-spring flow during
storm events to understand controls on cave water quality. Wa-
ter samples from recharge-zone soils and the cave were collect-
ed from March to May 2012 to implement a multicomponent
hydrograph separation approach using §'*O and §*H of water
and dissolved inorganic carbon (§"*C-DIC). During baseflow,
median 6°H and 60 compositions were —41.6%o and -6.2%o
for soil water and were —37.2%o0 and -5.9%o for cave water, re-
spectively. Median DIC concentrations for soil and cave wa-
ters were 1.8 mg/L and 25.0 mg/L, respectively, and median
§"*C-DIC compositions were —19.9%o and -14.3%o, respec-
tively. During a March storm event, 12.2 cm of precipitation
fell over 82 h and discharge increased from 0.01 to 0.59 m?/s.
The isotopic composition of precipitation varied through-
out the storm event because of rainout, a change of 50%o and
10%o for 6°’H and 'O was observed, respectively. Although,
at the spring, 6°H and 8O only changed by approximately
3%o and 1%o, respectively. The isotopic compositions of pre-
cipitation and pre-event (i.e., soil and bedrock matrix) water
were isotopically similar and the two-component hydrograph
separation was inaccurate, either overestimating (>100%) or
underestimating (<0%) the precipitation contribution to the
spring. During the storm event, spring DIC and §"*C-DIC de-

Katherine J. Knierim, Erik Pollock ¢ Phillip D. Hays Upo-
raba izotopov raztopljenega anorganskega ogljika v vodi za
loc¢evanje virov napajanja izvirne jame, severozahodni Ar-
kansas, ZDA

Jama Blowing Spring Cave v severozahodnem Arkansasu je
tipi¢ni jamski sistem krasa na planoti Ozark. Stabilni izotopi
vode (8"0 in §°H) in anorganskega ogljika (§**C) so bili upo-
rabljeni za ovrednotenje, koliko med padavinskimi dogodki k
pretoku izvira prispevajo voda iz prsti, kamnine in neposredne
padavine, in za bolj$e razumevanje kakovosti izvirske vode. Za
veckomponentni pristop lo¢evanja hidrograma z §'*0 in §2H
vode in raztopljenega anorganskega ogljika (8C-DIC) so
bili med marcem in majem 2012 vzeti vzorci vode iz prsti in
jame. Med bazi¢nim tokom je bila mediana 62H in §180 kom-
pozicije 41,6 %o in —6,2 %o za vodo iz prsti ter 37,2 %o in -5,9
%o za jamsko vodo. Mediani DIC koncentracij sta bili 1,8 mg/1
in 25,0 mg/L , ter mediani kompozicije §*C-DIC -19,9 %o in
-14,3 %o. Med nevihtnim dogodkom v marcu 2012, ko je v 82
urah padlo 12,2 cm padavin in se je pretok na izviru povecal
z 0,01 na 0,59 m%s, se je izotopska sestava §°H in §"O v pa-
davinah spreminjala za 50 %o oziroma 10 %o. Kljub temu pa
se je na izviru izotopska sestava §°H in §"*O spreminjala le za
priblizno 3 %o oziroma 1 %o. Izotopske sestava padavin in vode
iz prsti in kamnine pred nevihtnim dogodkom je bila podobna,
zato je bilo izotopsko loc¢evanje dveh komponent hidrograma
neto¢no in je bodisi precenjevalo (> 100 %) ali podcenjevalo
(< 0%) prispevek padavine k izvirski vodi. Med nevihtnim do-
godkom so se vrednosti DIC in §*C-DIC na izviru zmanj$ale
na najmanj 8,6 mg/l in -16,2 %o. Ob predpostavki, da je prispe-
vek padavin nicen, je bilo ugotovljeno, da je prispevek vode iz
prsti med 23-72 % pretoka na izviru. Ceprav je predpostavka
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creased to a minimum of 8.6 mg/L and -16.2%o, respectively.
If the contribution from precipitation was assumed to be zero,
soil water was found to contribute between 23 to 72% of the
total volume of discharge. Although the assumption of negli-
gible contributions from precipitation is unrealistic, especially
in karst systems where rapid flow through conduits occurs, the
hydrograph separation using inorganic carbon highlights the
importance of considering vadose-zone soil water when ana-
lyzing storm chemohydrographs.

Keywords: carbon, stable isotopes, cave, hydrograph, Arkansas.

o zanemarljivih prispevkih padavin nerealna, zlasti v kragkih
sistemih, kjer prihaja do hitrega pretoka skozi kanale, locitev
hidrograma z anorganskim ogljikom poudarja pomembnost
upostevanja vode iz vadozne cone in prsti pri analizi kemo-
hidrogramov med padavinskimi dogodki.

Klju¢ne besede: ogljik, stabilni izotopi, jama, hidrogram, Ar-
kansas.

INTRODUCTION

Blowing Spring is the focal point of a park located in Bella
Vista, Arkansas, which lies on the Springfield Plateau in
the Ozark Plateaus (Fig. 1). The spring has experienced de-
graded water quality since the 1990’s, including transient,
elevated E. coli levels with nitrate and chloride concentra-
tions increasing over time. The spring discharges from a
cave in the Boone Formation, a Mississippian-aged lime-
stone with up to 50% chert that hosts abundant karst fea-
tures including caves, springs, and dissolution-enlarged
fractures and conduits (Adamski ef al. 1995). The pro-
posed research aimed to quantify sources of water to the
cave stream across the range of hydrologic conditions to
assess contaminant effects (bacteria, organic carbon, nu-
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trients) on cave and spring water quality. Much research
has focused on water quality at springs, but for this study
sampling soil above the cave provided access to vadose
zone groundwater and sampling within the cave allowed
for direct sampling of bedrock matrix waters, enabling a
more complete understanding of water-quality controls.
This labor-intensive method monitored karst recharge as
the water traveled from the atmosphere, through the soil
and epikarst zones, into karst conduits, and discharged
at the spring - providing a more thorough assessment
of geochemical evolution along groundwater flow paths.
Stable isotopes are a valuable tool for characterizing flow
paths and biogeochemical processing in anisotropic karst

Fig. 1. Blowing Springs Cave
(star) is located in northwestern
Arkansas on the Springfield Pla-
teau, which is one of the Ozark
Plateaus. The cave stream begins
at a sump near sampling site
BS07 and flows to the spring at
BSO1. Site BS06 is in a side pas-
sage where drip water collects
in a pool (approximately 3 m by
3 m wide and 0.2 m deep). Land
use above the cave is mixed forest
and suburban development. Cave
mapping completed by the Boston
Mountain Grotto.
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systems (Panno et al. 2001; Trcek et al. 2006), and this
research applied stable isotope techniques to caves.

Stable isotopes of water (§°H and 8'®0) are com-
monly used as natural tracers because (in the absence of
evaporation) the isotopes behave conservatively, meaning
that changes in the isotopic composition of water are due
to mixing of water sources, as opposed to biogeochemi-
cal reactions (Sklash et al. 1976). Marked differences
in individual storm isotopic compositions — imparted
by seasonal variation in temperature, humidity, vapor
sources, storm tracks, rainout, and other factors (Clark &
Fritz 1997; Gibson et al. 2008; Harvey 2001) - often cause
storm-event water to be isotopically distinct from water
stored in the recharge zone, because mixing in the phre-
atic zone dampens the isotopic signal of individual storm
events providing a time-averaged composition for the
stored water (Buttle 1994). Characterizing local precipita-
tion is important in groundwater studies because the iso-
topic composition of precipitation varies over space and
time, and precipitation is ultimately the water source for
most aquifers (Harvey 2001; Simpkins 1995).

Hydrograph separations are mixing models used
to quantify source-water contributions to stream and
spring flow during storm events and generally include
three components; precipitation, soil water, and ground-
water (Lee & Krothe 2003; Ogunkoya & Jenkins 1993;
Rice & Hornberger 1998). Hydrograph separations
that use a combination of conservative (§*°H and §*0)
and non-conservative (6"°C) tracers can separate water
stored in the recharge zone prior to a storm event (pre-
event water) from water delivered during a storm event
(event water) and account for changes in water chemistry
along flow paths (Kendall et al. 2001; Sklash & Farvolden
1979). Most mixing models do not adequately account
for hydrodynamic dispersion during water transport,
but some amount of mixing between sources must occur
along the flow path (Jones et al. 2006); therefore, hydro-
graph separations should not be considered to discretely
separate water sources that are conservatively partitioned
between zones, but reflect the concomitant effects of wa-
ter movement from and through those zones.

In karst settings, hydrograph separations have been
applied to quantify the proportion of quick flow (repre-
sented by precipitation) entering springs during storm
events (Lakey & Krothe 1996; Lee & Krothe 2001; Lee &
Krothe 2003; Long 2009). Surface features such as sink-
holes and losing stream segments and bedrock charac-
teristics such as fractures and dissolution-enlarged con-
duits allow surface water to rapidly enter the subsurface.
Although the preferential pathways allow for rapid infil-
tration, vadose water (either soil or epikarst) still contrib-
utes substantial volumes (>50%) to storm flow discharge
(Doctor et al. 2006; Lakey & Krothe 1996; Lee & Krothe
2001; Lee & Krothe 2003; Trcek et al. 2006). According
to Lakey and Krothe (1996), the delivery mechanism
for this water is rapid displacement of water within or
in direct contact with conduits, so that pre-event water
is quickly transported to karst springs. These techniques
have focused on storm-flow hydrographs from springs
(Lee & Krothe 2001) and only limited work interpret-
ing the effects of conduit geometry on water geochemis-
try has been completed either at springs (Luhman et al.
2012) or within the conduit of a cave (Raeisi et al. 2007).

In this research, a three-component hydrograph
separation (Lee & Krothe 2001) was completed using
80 and §°H of water and the concentration and isotopic
composition of dissolved inorganic carbon (§"*C-DIC)
to separate the contributions of precipitation (Q,), soil
or vadose water (Q,), and bedrock matrix or groundwa-
ter (Q,) to the cave stream during storm events. In this
conceptual model, soil water represents the vadose zone
(not separately accounting for epikarst water) and the
cave stream at baseflow represents bedrock matrix water.
The epikarst is a very important zone for water storage
and biogeochemical processing in karst settings (Peter-
son et al. 2002; Laincz 2011), but because n tracers can
separate n + 1 sources, the addition of epikarst source
water would require an additional tracer. By quantifying
the discharge of the cave stream, the flux of contaminants
can be calculated and related directly to the proportions
of quick-flow (Q,) and diffuse flow (Q  and Q).

STUDY SITE

The Ozark Plateaus, which include the Boston Mountains,
Springfield Plateau, and Salem Plateau, extend through
Missouri, Kansas, Oklahoma, and Arkansas and are one
of the major karst terrains in North America (Adamski
et al. 1995; Fig. 1). The karst landscape in the Ozarks of
northwestern Arkansas is characterized by chert regolith

mantle overlying Paleozoic limestone, dolomite, sand-
stone, and shale. Orthogonal fracture sets in the carbon-
ate rocks provide pathways for water migration, causing
dissolution-enlarged fractures, conduits, caves, sinking
streams, and sinkholes and creating a landscape with di-
rect connections between surface water and groundwater
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(Brahana 1997). The primary threat to water quality is
nutrients and bacteria because of the karst topography
and agriculture (Adamski et al. 1995), which is domi-
nated by poultry and cattle production (U.S. Department
of Agriculture 2007). Best Management Practices for re-
ducing contaminant transport into the vulnerable karst
waters have been employed, although the long-term ef-
fects of these practices are not fully understood (Davis
et al. 2000). Therefore, research that quantifies contami-
nant transport along groundwater flow paths is vital in
the Ozarks to better protect karst waters.

Northwestern Arkansas has a temperate climate;
average annual air temperature is 15.6°C and precipita-
tion is approximately 109 cm per year (Adamski et al.
1995). During 2012, northwestern Arkansas experi-
enced a drought; especially during the warmer summer
months (Simeral 2013). For example, 16.4 cm of rain
fell during June, July, and August, compared to histori-
cal averages of 30 cm for the summer months (National
Oceanic and Atmospheric Administration 2009). Re-
charge to the Springfield Plateau includes precipita-
tion and stream piracy (Brahana 1997). Groundwater
levels generally reflect surface topography (Adamski
et al. 1995), but, as is characteristic in karst aquifers,
ground- and surface-water divides do not always coin-
cide (Brahana 1997). Karst features are more common
in the pure carbonate lithologies, compared to units
with higher proportions of chert and insoluble clays
(Adamski et al. 1995; Brahana 1997). Caves are typi-
cally less than 150 m long and less than 30 m deep in
the Ozarks of Arkansas because of the nearly horizontal

bedding and the insoluble nature of the clay-rich rego-
lith mantle (Taylor et al. 2009).

Blowing Spring Cave includes 2.4 km of mapped
passage in the St. Joe Limestone Member of the Boone
Formation (Fig. 1). The branching cave passage is domi-
nated by a cave stream passage, which originates at a
sump (BS07). The recharge-area boundaries for the cave
stream have not yet been identified. Using the normal-
ized baseflow method (Brahana 1997) and a baseflow at
the spring of 0.009 m?/s, the recharge area is estimated to
be between 2.9 to 6.1 km® Meteoric water is recharged
through the chert regolith mantle and into the shallow
Springfield Plateau Aquifer, which includes the Boone
Formation (Adamski et al. 1995), and precipitation en-
ters Blowing Spring Cave by either percolation through
the soil/regolith mantle above the cave or via the unde-
fined flow paths of the cave stream sump. Soils above
the cave are predominantly extremely gravelly silt loam,
1.8 m thick, with a high capacity to transmit water, from
approximately 5 to 15 cm/hr (Natural Resources Con-
servation Service 2012). Chert beds in the Boone For-
mation can be observed in the cave ceiling and cause
lateral groundwater flow due to local perching. Discrete
points of drip water enter the cave passage where these
chert layers are breached by fractures; discharge at these
drip-water points increases following storm events. Site
BS06 is one example where drip water enters a domed,
side passage and collects in a pool, before flowing into
the main cave stream. Site BS01 is located where the cave
stream discharges at the surface as a spring and tributary
to Little Sugar Creek, which defines local base level.

METHODS

SAMPLE COLLECTION AND ANALYSIS

A stage-discharge relation was developed using stage
readings from a 90° V-notch weir constructed 50 m
downstream from the spring and accuracy checked us-
ing the cross-section method (Rantz 1982) and a March-
McBirney Flo-Mate 2000™. Continuous stage and tem-
perature readings were recorded using HOBO® U20
transducers located in the weir pool and at the spring.
Weather conditions were recorded using a HOBO® Micro
Station with barometric pressure and temperature sen-
sors and a tipping-bucket rain gauge, located 1 km west
of the spring. Collection of stage, discharge, and weather
data began in February 2012.

Water samples were collected from two lysimeters
(L1 and L2) installed in the soil zone above the cave (ap-
proximately 0.75 m depth), three locations in the cave
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(BS03, BS06, BS07), and the spring (BS01). The bound-
aries of the recharge area for the cave stream are not
defined, so the dry, headwater valleys above the cave
provided the best means to sample soil water that infil-
trates through the regolith and enters Blowing Spring
Cave as dripwater. Sampling goals included bi-monthly
sampling (i.e., every other week) to monitor background
(baseflow) conditions for soil and cave waters and more
frequent storm-event sampling to quantify differences in
baseflow versus storm-event geochemistry. Preliminary,
intermittent cave sampling was initiated June 2011 and
consistent bi-monthly sampling began in March 2012.
Water samples pumped from the soil lysimeters or
collected from the cave were analyzed for stable isotopes
of water (6*H/8"0, collected in 60-mL HDPE bottles),
DIC (8"C-DIC, filtered through Supor® 0.45-pm filters
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into 40-mL total organic carbon vials without headspace
and preserved with 40 pL of 3.6 M sodium azide to stop
biologic activity), and major anions (collected in 125-mL
HDPE bottles). The limited volumes of soil water (espe-
cially during dry surface conditions) required that water
samples for isotopic analysis be immediately transferred
to the smallest practical vial size to minimize headspace
and decrease the potential for evaporation. Physical pa-
rameters (pH, specific conductance, and temperature)
were monitored in the cave stream during sample col-
lection (small water volumes prevented measurement of
physical parameters in soil water). Samples were kept on
ice until transported to an environmental chamber (4°C)
at the University of Arkansas Stable Isotope Laboratory
(UASIL) in Fayetteville, Arkansas.

Precipitation samples were collected at the HOBO®
Micro Station for §°H/8"O analysis. A funnel directed
precipitation through looped tubing and into 1-L HDPE
sample bottle, which was also connected to an overflow
bottle filled with deionized water to prevent evapora-
tion. Samples were collected in 60-mL to 250-mL HDPE
bottles (depending on precipitation volume, to minimize
headspace). Precipitation samples were collected daily
for most rain events (composite samples) or, during
larger rain events, samples were collected periodically
throughout the storm.

Hydrogen and oxygen stable isotope ratios (8°H/
§"®0) were measured using a high-temperature reduc-
tion unit interfaced to a Delta plus XP isotope ratio mass
spectrometer (IRMS TCEA, Thermo Scientific) at UA-
SIL. Samples were loaded into 1.5-mL auto-sampler vi-
als and 1 pL of sample was injected into the TCEA. The
furnace on the TCEA was operated at 1,425°C with a
glassy carbon reactor. A 5a-mol-sieve gas chromatogra-
phy column (GCC) separated the resulting H, and CO
gases, which were admitted to the IRMS via a con Flo III
interface (Gehre et al. 2004). Samples were normalized
to the Vienna Standard Mean Ocean Water (VSMOW)
scale following Nelson (2000) using three isotopically
distinct standards analyzed multiple times throughout
the run. The precision of the hydrogen measurement was
+1.0%o0 and the precision for oxygen was +0.2%o.

DIC samples were analyzed for concentration and
isotopic composition (§°C-DIC) at the Colorado Pla-
teau Stable Isotope Laboratory in Flagstaft, Arizona on
a Total Organic Carbon Analyzer (Aurora OI 1010 Col-
lege Station, Texas) interfaced to an IRMS (Delta plus XL
ThermoQuest Finnigan Bremen, Germany) following a
procedure modified from St-Jean (2003). DIC was acidi-
fied with phosphoric acid to form carbon dioxide (CO,),
which was then carried via helium through a “scrubber
unit” and GCC to remove nitrogen interferences and
into the IRMS (Knierim 2009).

Isotopic compositions were reported using § nota-
tion:

Rsumple = Ritandard

Oample(%0) = x 1000 Eqn. 1

Rsmndard

where § represents the isotopic system and R is the ratio
of the heavy to light isotope (**C/**C, *H/'H, or '*0/'°O)
for the sample relative to a standard. The Vienna Peedee
Belemnite was used as the standard for §"*C-DIC and
VSMOW was used for §*H/6'*0 (Coplen 1996).

Major anion geochemistry was analyzed at the Ar-
kansas Water Resources Center (AWRC) Water Quality
Laboratory in Fayetteville, Arkansas using ion chroma-
tography; a Dionex DX-120 with an IonPac AS4A-SC
analytical column measured fluoride, bromide, chloride,
nitrate, and sulfate (AWRC 2008). Only the chloride (Cl)
data will be discussed.

DATA ANALYSIS

Following methods by Lee and Krothe (2001), a three-
component hydrograph separation was completed to
quantify precipitation (Q,), soil water (Q,), and bedrock
matrix water (Q,) contributions to the cave stream dur-
ing storm events (Q, ). Soil and bedrock-matrix waters
together represent the pre-event component of storm
flow (Q,) and Q, represents storm-event water that has
traveled rapidly along macropores and dissolution con-
duits. To separate Q, and Q, from Q,, a two-component
mixing model using §°H and 80 of water was solved
first (Lakey & Krothe 1996):

Sy - Op

Qr=Q,, 5o
R~ Op

Eqn. 2

where Q,, is the total discharge of the cave stream at the
spring (BS01). The isotopic composition of storm event
water at BSO1 (§,,), pre-event water from the soil and
cave during baseflow conditions (5,), and precipitation
(8,) were determined using either hydrogen or oxygen, to
check for consistency in the technique (Lakey & Krothe
1996). CI was used as a secondary tracer and Equation
2 was completed using Cl concentration, not the stable
isotope ratio of Cl.

Once the proportions of Q, and Q, were deter-
mined, Q, was separated into Q, and Q, components
using DIC concentration (C) and isotopic composition
(6) in a three-component mixing model (Lee & Krothe
2001):

_ Qum
Q= Csds - Cp0p

Cu &w—% (Cr 8r)+ Cs 6B(QR—1)] Ben 3
qn.
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QBZQM_QR_QS

where the isotopic composition of storm event water at
BS01 (§,,), soil water (§,), the cave stream at baseflow

Eqn. 4

(8,), and precipitation (8,) were determined using §"°C-
DIC. For the full derivation of the previous equations, see
Lakey and Krothe (1996) and Lee and Krothe (2001).

RESULTS

METEORIC WATER LINE AND ISOTOPES OF
WATER (8°’H AND §%#0)

Median compositions for §°H and 8O of precipitation
were -30.1%o0 and —4.7%o, respectively (n = 41), for the
time period between October 2011 and September 2012.
A local meteoric water line (LMWL) for precipitation
(not normalized for amount) was defined by first-order
regression as (Fig. 2):
H=6.76" 0 + 1.5%o0 Eqn. 5

Median soil water §*H and §'*0O compositions were
-41.6%o0 and —6.2%o, respectively (n = 11). Median cave
water 6°H and 60O compositions were -37.2%o0 and
—5.7%o, respectively, for all samples (baseflow and storm
flow, n = 83). During baseflow conditions, median cave
water 6°H and 60 compositions were -37.2%o0 and
—-5.9%o, respectively (n = 59). Collectively, the median
6*H and 6"™0 compositions for pre-event water (i.e.,
combing soil and cave baseflow samples) were —-37.4%o
and -5.9%o, respectively, (§, in Eqn. 2).

DISSOLVED INORGANIC CARBON (DIC)
Soil-water DIC had a median concentration of 1.8 mg/L
(C, in Eqn. 3, n = 8) and median $"C-DIC composition
of ~19.9%o (8, in Eqn. 3, n = 8). Soil DIC concentration
and isotopic composition were generally lower and lighter,
respectively, than DIC in the cave (Fig. 3). Cave-water DIC
had a median concentration of 24.6 mg/L (n = 56) and
median 6"*C-DIC composition of —~14.5%o (n = 56) for all
samples (including baseflow and storm flow). During base-
flow conditions, median DIC concentration and §*C-DIC
composition were 25.0 mg/L (n = 43) and -14.3%o (n = 43),
respectively, in the cave. Site BS06 is a drip-water pool (sep-
arate from the cave stream), so DIC concentrations and
compositions were also calculated for the cave stream sites
only (BS01, BS03, and BS07); DIC in the cave stream had
a median concentration of 25.2 mg/L (n = 35) and median
8"C-DIC composition of —14.5%o (n = 35). Additionally,
site BSO7 is closest to the sump (i.e., the source of water
for the cave stream), and median DIC concentration for
BS07 (during baseflow) was 27.8 mg/L (n = 8) and median
O"C-DIC composition was —14.3%o (n = 8).

20 .
GMWL y
5%H=838"0+10%
‘A
0 =+
20+
8
I
(3]
©
-40 +
LMWL
32H=6.7 5"%0 + 1.5%
.60 + ?=0.92 ] m  Precipitation
- A Soil
O Cave (baseflow) Fig. 2: A Local Meteoric Water
@ Cave (storm flow) Line (LMWL) for northwest-
-80 f f ; ern Arkansas was developed for
-15 -10 -5 0 5 comparison to the Global Mete-
580 (%o) oric Water Line (GMWL; Craig
1961).
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Fig. 3: The cave stream tended to
-10 ® have higher DIC concentrations
March 2012 and heavier §"C-DIC composi-
storm flow, §,, o tions than the soil. Storm samples
at BSO1 represent mixed flow
(6,) from a combination of soil
(6,) and bedrock-matrix (8,) wa-
15T %&5 (BS07) ters.
£
5 (BS01, BS03, BS07)
Q A SB(BSO‘I, BS03, BS06, BS07)
& ]
o A
20 + OxF=—35; & L1
| A A |2
A o BSO1
1 © BS03
@® BS06
® BSO07
¢ Median Values
.25 —— 1 f
0 10 20 30 40
DIC (mg/L)

HYDROGRAPH SEPARATIONS

During a March 2012 storm event, 12.2 cm of precipi-
tation fell over 82 h and discharge increased from 0.01
to 0.59 m?/s in 59 h (Fig. 4). The isotopic composition
of precipitation varied throughout the storm event be-
cause of rainout; for example, §°H decreased from -37.7
to —66.2%o over 28 h and a similar pattern occurred for
8"0. Although, at the spring, 6°H and §'°0 only changed
by approximately 3%o and 1%o, respectively (Fig. 4).
Precipitation from the storm event was normalized for
amount because throughout the event the isotopic com-
position of precipitation became more depleted in *H
and "*O (Fig. 5). Therefore, the values for §, in Equation 2
changed throughout the storm event (Fig. 5) and ranged
between -37.2 and -45.4%o for §°H and -6.7 and -7.6%o
for 6'%0 (Tab. 1). Solving for Equation 2, the two-compo-
nent mixing model either overestimated (>100%) or un-
derestimated (<0%) the contribution from Q, (Tab. 1).

The two-component mixing model was completed
a second time using Cl concentration to provide an es-
timate of contribution from precipitation, as the mixing
model using stable isotopes was inaccurate. Median CI
was 3.2 mg/L (n = 5) in the soil and 6.3 mg/L (n = 23)
in the cave during baseflow. Collectively, median Cl dur-
ing baseflow for all sites (soil and cave) was 6.2 mg/L
(8, in Eqn. 2). Precipitation samples were only analyzed
for 6°H and §"0, so historical, annual CI concentration
from the National Atmospheric Deposition Program’s
(NADP) National Trends Network were used for nearby
sites in northern Arkansas (AR27), southeastern Kansas
(KS07), southern Missouri (MO50), and eastern Okla-

homa (OK08 and OK99). Precipitation from the NADP
samples had median Cl of 0.138 mg/L (§, in Eqn. 2) for
the time period between 1980 and 2011, depending on
the individual site (NADP 2007). Using CI, Q, was found
to vary with time and contribute between 6 and 43% of
the total discharge throughout the March storm event,
depending on the point along the hydrograph (Tab. 1).
For example, Q, contributed the maximum amount to
Q,, on March 21, 2012 at 3:35 p.m. (Tab. 1), approxi-
mately 43 h after precipitation began.

During the storm event, DIC decreased to a mini-
mum of 8.6 mg/L from a baseflow concentration of 29.9
mg/L and 8"C-DIC decreased to -16.2%o from a base-
flow composition of -12.0%o (Fig. 4). If Q, is ignored
because the two-component mixing model using 6°H/
80 was inaccurate, the three-component mixing mod-
el (Eqns. 3 and 4) becomes a two-component mixing
model, separating Q, into Qg and Q, using the following
equations:

CA‘/I 6M - CB 58
Q=Q,, m] Eqgn. 6
Qu=Qpr=Qp+Qs Eqn.7

The precipitation terms (C, and §,) are eliminat-
ed from Equation 3. Solving for Equations 6 and 7 us-
ing DIC concentrations and isotopic composition at all
cave water sites during baseflow (BS01, BS03, BS06, and
BS07), Qg contributed 23 to 69% of the total discharge
(Tab. 2, Fig. 6). If site BS06 is not included, Qg contrib-
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uted 24 to 69% of the total discharge
(Tab. 2). If only site BS07 is used, then
Q contributed 32 to 72% of the total

If Q, was found to contribute be-
tween 6 and 43% of the total flow (based
on the two-component mixing model
using Cl), then the remaining portion of
storm flow (i.e., the contribution from
Q,) can be separated into Qg and Q, to
solve Equation 4 (using the percentages
calculated previously from Eqns. 6 and
7, Tab. 2). Similar to the previous discus-
sion, different values for C, and §, were
used, depending on the location in the
cave (Fig. 3). Using DIC concentration
and isotopic composition at all cave wa-
ter sites during baseflow, Q, contributed
20 to 50% of the total discharge (Tab. 2,
Fig. 6). If site BS06 is not included, Q
contributed 22 to 50% of the total dis-
charge (Tab. 2). If only site BS07 is used,
then Q contributed 28 to 53% of the to-
tal discharge (Tab. 2).

discharge (Tab. 2).
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Fig. 4: During a storm event in March 2012,
12.2 c¢cm of precipitation fell over 82 hrs.
Baseflow conditions (from March 16" 2012)
are shown with a dashed line for §H and
0"™0. DIC was 29.9 mg/L and §”C-DIC was
-12.0%o on March 16™ 2012.
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Fig. 5: The isotopic composition of precipitation (6,)
was normalized for precipitation amount (arrow).
The isotopic composition of pre-event water (3,)
includes soil water (8,) and bedrock matrix water
from the cave (3,).

Fig. 6: Hydrograph separations for the March 2012
storm event quantifying the contributions from
rain (Q,), soil water (Q,), and bedrock matrix wa-
ter from the cave (Q,).
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DISCUSSION

The LMWL for northwestern Arkansas (Fig. 2) had
a lower slope and y-intercept than the global meteoric
water line (Craig 1961) similar to meteoric water lines
for the northern Great Plains (Harvey 2001; Harvey &
Welker 2000; Simpkins 1995). Values for deuterium ex-
cess (d defined as 8°H - 8 8"0O; Dansgaard 1964) are
primarily controlled by the relative humidity at the time
of vapor formation (Merlivat & Jouzel 1979) and would
be between 3 and 15%o for transported water vapor that
has not undergone secondary processes (Harvey 2001).
Smaller d values (d < 3%o) generally correspond to water
that has experienced secondary evaporation and larger
d values (d > 15%0) with water vapor that has second-
ary moisture added to it (Harvey 2001). For precipita-
tion from northwestern Arkansas, d varied between -7
and 35%o, with a median value of 8%o. Most of the d
values less than 3 occurred during the warmer, summer
months and secondary evaporation may have occurred
as the precipitation fell through the warm, dry atmos-
phere. The LMWL was developed during a drought and
period of above-average temperatures for northwestern
Arkansas (Simeral 2013), which may cause a lower slope
and y-intercept than for a LMWL generated during times
more representative of long-term local climatic condi-
tions. Moisture deficits during the spring and summer
months have been observed during historical, decade-
long droughts in the mid-continent (Burnette & Stahle
2013) and future projections predict drier conditions for
the southern Great Plains during the summer months
(Patricola & Cook 2013). Therefore, understanding karst
hydrologic processes during periods of moisture deficit
will likely be important for future protection of karst wa-
ter resources.

Both soil and cave water tended to cluster around
80 of —6%o (Fig. 2), representative of the regional av-
erage for precipitation (Clark & Fritz 1997). Generally,
soil water is more enriched in *H and O than precipi-
tation because of evaporative enrichment of heavier iso-
topes in the residual soil water (Gibson et al. 2008). In
the soil above Blowing Springs Cave, soil water tended
to be depleted in 2H and O compared to cave water
(Fig. 2). Note that the two heavier soil-water composi-
tions (~ -3%o for §"0) were collected immediately fol-
lowing a precipitation event and reflect the composition
of meteoric water that has mixed with soil water. There-
fore, water entering the soil zone, which is ultimately me-
teoric water, must have some finite residence time in the
soil zone to be considered “pre-event” water. Residence
times (or, in comparison, transit times) for soil water
vary based on the type of soil, intensity of precipitation,
and topography (Tetzlaff et al. 2011). The soils above
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Blowing Springs Cave have a high capacity to transmit
water (Natural Resources Conservation Service 2012),
which would imply a short residence time and fast tran-
sit time in or through the soil zone, although exact times
have not yet been constrained for this study site.

The isotopic difference between median soil water
and median cave water (during baseflow) was approxi-
mately 4.4%o0 and 0.3%o for 8°H and 8"O, respectively,
and cave water exerts a stronger control on the isotopic
composition of §, (Fig. 5), likely because of sampling
bias as more cave water samples were collected (n = 59
for cave at baseflow) compared to soil water (n = 11).
The isotopic variation between precipitation from the
March 2012 storm event and the pre-event water was ap-
proximately 8.0%o and 1.7%o for §°’H and 8™0, respec-
tively, at the end of the storm event (Fig. 5). The isotopic
composition of precipitation became lighter throughout
the storm event because of rainout (Fig. 5); the process
of the vapor mass becoming progressively lighter dur-
ing the storm event as the heavier isotopes (*H/**O) are
partitioned into the liquid phase with a progressive, con-
comitant effect on continued precipitation (Clark & Fritz
1997). Most of the precipitation fell overnight on March
19% (Fig. 4) and this composite sample (-37.7%o and
-6.9%0 for 8*H and 8'°0O, respectively) was isotopically
similar to the pre-event water (Fig. 5). Additionally, the
storm-flow samples at BSO1 (§,,) were enriched in *O
compared to pre-event water (5,). These two factors con-
tributed to the two-component hydrograph separation
using 6°’H/6'%0 either over- or under-estimating the con-
tribution from precipitation to the spring and disagree-
ment between solving Equation 2 for §°H versus 6'°0
(Tab. 1). Other studies have found that the quick-flow
component (or precipitation) to karst springs accounted
for 10 to 40% of total discharge (Lakey & Krothe 1996;
Lee & Krothe 2001; Long 2009; Mahler & Garner 2009;
Tréek et al. 2006).

If the contributions from Q, were ignored, which is
unrealistic in karst systems where rapid flow through soil
macropores (Igbal & Krothe 1995) and conduits occur
(Lee & Krothe 2003), the hydrograph separation using
DIC (Eqns. 3 and 4) was completed as a two-component
mixing model (Eqns. 6 and 7) to separate Q, into Qg and
Q,, which provides an initial estimate for contributions
from water stored in the recharge zone. Quantifying the
proportions of pre-event water is useful in karst settings
because changing contributions from the unsaturated
versus saturated zones can control spring geochemistry
during baseflow and storm events (Peterson et al. 2002).
Storm-flow samples from BS01 (C,,/6,,) plotted between
soil water (C/8,) and cave water (C,/3,), meaning that
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the two-component mixing model should reflect real-
istic mixing conditions during the storm event (Fig. 3).
Using different values for C,§,, depending on the loca-
tion in the cave stream (BSO1, BS03, or BS07) or drip
pool (BS06), changed the contribution from Q by 4 to
9% throughout the storm event (Tab. 2). Cave-stream
water at BS07 during baseflow had similar §”C-DIC
compositions to all cave stream samples (~ —14.3%o), but
higher DIC concentrations (Fig. 3). Therefore, solving
Equations 6 and 7 using C,, from BS07 caused the lowest
estimations for the contributions from Q,, or increased
the contribution from Qg (Fig. 6; Tab. 2).

The two-component mixing model using CI esti-
mated that Q, contributed up to 43% of the total storm
flow, similar to other karst spring hydrograph separations
(Mahler & Garner 2009), which decreased the estimated
contribution from Q, and Q. For example, if C,/§, val-
ues for only site BS07 at baseflow were used, then Q,
contributed between 16 and 61% of the total storm flow
(down from 28 to 68% when Q, was assumed to be zero).
Similar to the previous discussion, using DIC concentra-
tion and §"*C-DIC composition from only site BS07 to
complete Equations 6 and 7 caused the greatest estima-
tions for contributions from Q; (Fig. 6; Tab. 2). Noting

that Equation 3 was not completed for this discussion,
as the two-component hydrograph separation using 8 °H
versus 6'*0 was inaccurate, the two-component hydro-
graph separation using Cl was completed to provide
constraints on the pre-event contribution to storm flow.
Therefore, including Q, as a third component in Equa-
tion 3 would provide a third source of water (i.e., precip-
itation) to mixed flow that has lower DIC concentrations
and 6" C-DIC compositions enriched in “C compared
to the other sources, based on equilibrium exchange and
fractionation between atmospheric CO, and precipita-
tion (Clark & Fritz 1997; Lee & Krothe 2001). For exam-
ple, Lee and Krothe (2001) found that DIC concentration
in precipitation was 2 mg/L and §"*C-DIC composition
was calculated to be -7%o. Therefore, completion of
the mixing model using Equations 6 and 7 likely over-
estimated the contribution from Q because C; and C,
would have similar DIC concentrations compared to C.
Future expansion of the mixing model, including com-
pleting Equation 3 using temperature- and pH-depen-
dent values for C, and §, at Blowing Spring, may find
that the bedrock-matrix contributes greater volumes of
water during storm events.

CONCLUSIONS

The two-component hydrograph separation using §°H/
8"0 of water to separate pre-event water (Q,, soil and
cave-stream water at baseflow) and event water (Q,,
precipitation) either overestimated (>100%) or under-
estimated (<0%) the contribution from Q, because (1)
precipitation (when normalized for amount) was isotopi-
cally similar to the pre-event water and (2) storm flow at
BS01 (8,,) was outside the range of the two end-members
(Fig. 5). Therefore, an additional source of water enriched
in "*O may need to be considered. If Q, was ignored, Q,
was found to contribute 23 to 72% of the total discharge,
depending on the values used for C,/8, (Tab. 2). If Q,
was calculated using Cl, Q, was found to contribute 20 to
53% of the total discharge, again depending on the values
used for C /8, (Tab. 2). Is the variation in contributions
from Qq or Q, important (Fig. 6), when using different
DIC concentrations and isotopic compositions (C,/6,)
from along the cave stream reach? At each time-step (or
sampling point along the hydrograph), the difference in
contributions from Q, or Q, between (1) all cave water
at baseflow (BS01, BS03, BS06, and BS07) and (2) only
cave water at BS07 (closest to the sump source of the cave
stream) averaged 5% when Q, was assumed to be zero or

4% when Q, was calculated using Cl (Tab. 2). This ques-
tion of importance will be addressed in future research
by solving the three-component mixing model (Eqn. 3)
to assess the sensitivity of model to variations in DIC.
At this point, the variation in contributions from Q; or
Q, using different C,/§, values may or may not be im-
portant because of solving Equations 6 and 7 (where Q,,
Q,, and Q, are not calculated independently using DIC),
and possibly over-estimating the contributions from Q
compared to Q.

Of the stored-water component (Q,), soil water ex-
erted important control on storm-event geochemistry at
Blowing Spring (Figs. 3 and 6). The importance of va-
dose-zone water (either soil or epikarst) has been dem-
onstrated in other karst systems (Doctor et al. 2006; Lee
& Krothe 2001; Lee & Krothe 2003; Trcek et al. 2006).
Vadose-zone water is inherently difficult to sample
(small volumes, heterogenous, etc.), but this research
highlights the importance of considering soil water in
mantled karst settings. This is especially important in
northwestern Arkansas where the soil zone is impacted
by anthropogenic changes in land use, including ur-
banization and agriculture. Further research at Blowing
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Spring will include analysis of major cation/anion geo-
chemistry in the soil zone and comparison to geochem-
istry at site BS06, which receives drip water from the soil
and epikarst zones. Additionally, the residence and tran-
sit times of soil water will be better constrained, to help
address questions of mixing water sources along ground-
water flow paths.

The relation between the isotopic composition of
the gaseous cave atmosphere (CO,) and the aqueous cave
stream (DIC) is being investigated at Blowing Spring to
further understand the variation in DIC concentration
and isotopic composition along the cave stream, and
how differing values for C,/§, change the final results of
the two-component and three-component mixing mod-
els. Research has shown that the concentration and iso-

topic composition of cave-CO, varies over time (Kow-
alczk & Froelich 2010; Pollock et al. 2011; Spotl et al.
2005) so the potential effect of the cave atmosphere on
the cave stream will be considered when analyzing these
antecedent conditions prior to storm events. Although
the two-component hydrograph separation could not be
completed using stable isotopes of water (6°H and §'*0),
the variation in DIC concentration and isotopic compo-
sition between the soil and cave highlights the useful-
ness of carbon to characterize the geochemistry of karst
systems. Future work will expand the mixing models
discussed, compare multiple storm events to assess vari-
ability in spring response to storm events in the Ozarks,
and relate the source-water contributions to changes in
water quality.
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