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Abstract

Oxygen isotope ratios in speleetns may be affected byternd processes thaire
independent of climate, such dsarst hydrology and kinetic fractionation
Consequentlythere has been a shift towamrsaracterising and understandimgge
processeghrough cave monitorig studies,focussingon temperate zones where
precipitation exceeds evapotranspiration. Here wmreestigate oxygen isotope
systematicat Wellington Caves isemtarid, SE Australiavhere evapotranspiration
exceeds precipitation. We usenovel DO isotopic traceiin a series ofartificial
irrigations, supplemented bypre-irrigation data comprised four years of drip
monitoring andhreeyears ofstable isotope analysis of thodrip waters and rainfall.
This study revealshat (1) evaporative processes in the unsatgrzone dominate
the isotopic composition of drip waters; (2) significadil zone pZHWWLQJ XS
required to overcome soil moisture defdih order to achievanfiltration, which is
highly dependent on antecedeihtydro-climatic conditions; (3) lateda flow,
preferential flow and sorption in the soil zone are importantredistributing
subsurface zone watef4) isotopic breakthrough curves suggest clear evidence of
pistonflow at some drip sites where an older front of wadexcharged prior to
artificial irrigation water; and (5) water residencenéss in a shallow vadose zone
(<2m) are highly variable and can exces® months.Oxygenisotope speleothem
records fromsemtarid regions aretherefore more likely to contain archivesof
alternatingpalecaridity andpalecrechargerather than paleaainfall i.e. the amount
effect or mean annualSpeleotherdforming drip waters will be dominated by
evaporawve enrichment, up to ~8 in the context of this study, relative to
precipitationweightedmeanannual rainfall. Tie oxygenisotopevariability of such

coeval records may further ln&#luenced by flow path and storage in the unsaturated
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zonethat isnot only drip specific but also influenced by internal climatic conditions,

which may vary spatiallyni the cave.

1. Introduction

Speleothembave been utilised as valuable recavfipalaeoenvironmental change in
many climatic zones (e.g. Wang et al., 2001; Cruz et al., 2005; Henderson, 2006;
Baker et al., 2015However speleothemecords are influenced by thelepositional
environment(Fairchild and Baker, 2012)pf example, karst hydrological flow path
routing that can affecthe chemical and isopic composition of speleothefarming

drip waters(Tooth and Fairchild, 200Fuller et al., 2008; Verheyden et &2008;

Pape et al., 2010rreble et al., 201,3Lou et al., 2014 Interpretingspeleothers to
understand Qaternary climatevariability thereforenecessitatean understanding of
speleothem formatioprocesses, which regas sitespecific insitu cave monitoring.
There are many Quaternary speleothem paleoclimate records frorarséfater
limited areas (Burns et al., 2002; Vaks et al., 2010; Denniston et al., 2013); however,
there are fevkarst hydrologicaktudies, e.gSoreq Cave (BaMatthewset al., 1996;
Ayalon et al., 1998 from these often remote locatiorss a resulimportant factors

such aswater balance (i.e. recharge, evapotraasgioin loss) and spatialariability

are still poorly constrainedrlhis studyaims to improveconstrairts onhydrological

flow dynamicsand their influence on*®0 drip water compositioiin semiarid karst

regions, andby extension, identify the potential implications for speleothem records
1.1 Semiarid zone karst hydrology

Arid and semiDULG UHJLRQV FRYHU DSSUR[LPDWHO\ RQH WKL
surface McKnight and Hess2000, and generally lie between the latitudes of £0

35°, polewardof the InterTropical Convergence Zone (Lansberg and Schloemer,
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1967). Aridity can bedescribed as aoistureshortage primarily dictated bylong
term regional climatic conditions (Agnew and Anderson, 1992)¢ most common
measure of aridity ithe Aridity Index, which is the ratiomf water input precipitation
P) andwater loss jotential evapotranspiratipRET). Semi-arid areashave a aridity

indexbetween 0.2 and 0.5 (UNEP, 1992).

Groundwaterrecharge, the domward flow of wateraddingto groundwateistorage
(Healy, 2010)is strongly influenced by climate, geology, vegetati®olar radiation,

soils and geomorphologywhich control recharge process€Breeze and Cherry,
1979) In semiarid regionssurface processes suchrasfall and evapotranspiration

tend to be much more important in governing groundwater recharge amount and
frequencyRainfall in the Australian senrarid zone is typically infrequent and highly
episodic, marked with mulannual droughts, and punctuated by psi@f above
average rainfall and floodingAs a resultthe annual groundwater rechargan be

low; for example Allison and Hughes (1983) suggegbundwater recharge less

than 10 mnain semtarid SE Australialn temperate zonagchargeends to ocur
SUHGRPLQDWHO\ LQ D GLIIXVH VRPHWLPHYVY NQRZQ
increases, diffuseechargeis generally less frequentas PET regularly exceeds
rainfall, and effective rechargerelies heavily on high magnitude rainfall events to
overcome existing soil moisture deficigde Vries and Simmers, 2002Vhere ET

varies seasonally this mdoyas rechargeo cooler months, with lower ETwhensoil

moisture deficits are more easily overcofélton, 1969).

In semiarid regions, percolation from surface features such as rivers, streams and

DV

lakes to groundwater NQRZQ RVHGERMRU pLQGLUeUYH] tdJdéFKDUJH

more prevalent #n direct recharge (Healy, 201Mowever, there are atdst two
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reasons why this generalisation is not necessarily true inagairkarst areas. Fitgt

soils are often thinpotentially limiting the impact of soil moisture deficits in
preventingrechargecompared to areas withicker soils, where larger soil moisture
deficits may accumulate. Secdnd rechargein fractured rock environments is
commonly associatedith significant preferential flow, alongaths such as fractures
and fingers of enhanced wetnebypassing the soil profile andnsaturated zone
(Cuthbert et al., 2013)Thus, recharge may baghly variable both spatially and

temporallyin these environment€(thbert and'indimugaya2010.

Karst hydrology ishighly heterogeneous due to fractyfessuresand bedding planes
enlarged by carbonate dissolutiamhich permit rapid water movemerthrough the
unsaturated zoneyia preferential flow potentially minimising the time for
evapotranspiration lossed/ater movement and storage potential in karst are highly
dependent ongosity, the ratio between the volume of voids and the total volume of
the porous mediunand permeability, the capacity of the porous rock to transmit
water. For karst, there are typically three types of porosity: primary (mainly
intergranular or matrix)secondary (fracture or fissure flow) and tertiary (conduit
flow) (Ford and Williams, 2007)orosity is shown to be approximately exponential
with aquifer age and can serve as a proxytherdegree of mesogenetic diagenesis
(Florea and Vacher, 2006J.elogeneticlimestone typically has negligible primary
porosity (03%) due toporosity reduction through past buridiagenesis (Ford and
Williams, 2007 Vacher and Mylorie, 2002 thus most water is transmitted via
fracture networksor conduit flow.In contrat, eogenetidimestone, which hasot
undergone burialhassignificantly higher matrix permeability(Vacher and Mylorie,

2002 Treble et al., 2013
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Within the karst bedrockself thereis also variation in water movement and storage
potential. The epikarst is a term commonly used to describeupper layers of the
carbonate bedrock, directly beneath soil and regolith if prégéiitams, 2008) It is
considered a zonefostorage rather than transmissionjth higher secondary
permeability and porosity (380% Williams, 2008) in comparison to the bulk rock
below (Klimchouk, 2004).Secondary permeability and porosity are those that
developed in the rock after deposition and result due to processes suedtlasring,
fracturing and dissolution. Thus, the epikarst may funci®m perched aquifewith
considerable lateral water flow @e.via bedding planes)hefore water eventually
percolates downwards (Jones, 201Bhe rock below the epikarst typicallyas
considerably less secondary porosid permeability and ratheracts as a
transmission zonealong smaller flow paths or less concentrated larger fractures,
eventually redistributing the stored epikarst waters above to the karst aquifer. Due to
its rde in water storagehe epikarst is assumed to play a magartin mixing of
watersof different ageqAquilina et al., 2006; Clemens at., 1999; Perrin et al.,

2003 Oster et al., 2?) as well as chemical dissolution (Jones, 2006).

Water residencetimes from infiltration to drip watersvary, e.g. ranging fromil-3
months (southern Francé&quilina et al., 2005), and up to 286 years (Israel,
Kaufman et al. 2003)r'his inherent heterogeneity in the spatial distribution of water
in the unsaturated zertogethewith climate makesthe estimation of recharge fluxes
and soil moisture balange karst semarid zone regions difficult and associated with

high uncertainty.

1.2 Stable isotopic composition of karst dvijaters
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Stable isotopessuch as oxygeisotopesare important toalin understanding global

water cycles /*°0 is also the mostcommonly used proxy in paleoclimate
reconstructions from speleothems. Measurements of drip wi@rvalueshelp us
understand water balance processes in the unsaturated zone relative to the rainfall
input and hence may be usedduaracterise drip watef°0 as a climate proxy as

well as toidentify flow pathways and mixing above the cave (Yonge et al., 1985;
Ayalon et al., 1998; Williams and Fowler, 200Zrrin et al., 2003Cruz et al., 2005;

van Beynen and Febbroriello, 20@8jller et al., 2008; Onac et al, 2008; Pape et al.,

2010; Baldini et al., 2008; Treble et al. 2018y et al., 2014

Precipitation and groundwater isotope samples generally ¢idse tothe Global
Meteoric Water Line (GMWL), defined a¢' = 8(/*®0) + 10 A (Craig, 1961)which

is determined by the ratio of' / /0 under equilibrium fractioation factors (Sharp,
2007) Phase changesuch as eaporation and condensation between water and its
vapour fractionate both/*°0 and /', but in 100% relative humidity conditions
isotopes inwater and aiphases approadsotopic equilibrium(Gonfiantini, 1986)
However, in <100%relative humidity conditions a humidity gradient between the
water surface and air boundary causes diffusiorssthis layer, reslting in a net
evaporation flux (evaporation into an unsaturated atmospl{&at) 1996) This
kinetic fractionationis a direct functiorof the prevailing relative humidity and was
estimated by Gonfinatini (19860 semtarid environmentshe net evaporate flux
oftenresuls in the systematigsotopicenrichment of water. Thus|opes of /%0 and

/", which ordinarily sit on a GMWL with alope of 8,aretypically loweror on a
Local Meteoric WaterLine (LMWL) (Gat, 1996) Seasonal variations in slope are
dependent on; water temperature, humidity, and the isotopic separation between the

annual precipitation and the evaporatittx weighed atmospheric moisture



168 (Dansgaard, 1964Gibson et al., 2008)Water stored in upper soil layers aften
169 more enriched with reported slope3 (Gibson et al., 2008 However as evaporation
170 is a dominant soil process most tife watervolume is likely to be lost, thus

171 infiltration to the vadose zoris likely to be negligible (Cuthbert et al., 2014a)

172 Evaporative enrichment ofvater in the unsaturated zone of semd karst
173  environmentameasured as drip waters has been reported xeomple: //°0 +1.5A

174 (BarMatthews et al.,, 1996) and up to +27Cuthbert et al., 20B). The karst
175 hydrology has been demonstrated to be an important controlling factor where
176 enrichment wasshown to vary with drip type, where slower more diffuse drips
177 showed a larger offset/'fO +1 to +1.58) than faster drips (+0&) (Ayalon et al.,
178 1998).In contrastdrip waters isotopicallgepleted relative to rainfailavealsobeen
179 interpretedindicaing preferentialinfiltration from large *®0-depleted storm events
180 suggestinginfiltration thresholds(Jones and Banner, 200Bape et al., 2010).
181 However, karst hydrology studies in seanid zones are fewndthere is likely to be
182 substantial intraand intersite variability between hydrological dhaviour in the
183 unsaturated zone of karst environments, which can only be quantified spatiéic

184  in situmonitoring.
185 1.3 In situ @ve monitoring

186 In situ drip monitoringin cavescan inform about water movement in tkerst

187 unsaturated zone. Early methods of characterising drip hydrology came from the
188 deployment of automatic tipping buckets under dripping stalactites (Gunn, 1974).
189 More recently,Stalagmates®re designed t@ount individual drips (Collister and

190 Mattey, 2008). Drip monitoring can be used to charactekiaestflow regimes, e.g.

191 slow seepage flows. fast fracture flow, for individual sites in the cave system (Smart



192 and Freiderich, 1986; Jex et al., 2012; Markowska et al. 201B}iNearity in cave

193 discharge responses have been observed (Baker et al.,, 1997; Baker and Brundson,
194  2003),which must be due to the inhergaitysicalspatial heterogeneity and temporal

195 dynamics of flow processés the karst systerfLabat et al.200Q Labat et al.2002).

196 This is likely to be enhanced in searid environments where soil moisture deficits

197 typically need to be overcome in order to activate cave drip discharge.

198 Tracer techniques are one of the mast¢fultoolsin understanding water residence
199 times,flow and mixing in hydrological systemblowever, despite its great potential,
200 using water labelled with deuterium is still relatively uncommon especially in
201 unsaturated zone systems (Koeniger et al., 2009his study, we have used natural
202 stable wateisotopes as a tracer to understand the hydrolofimalin SE Australia,
203 expanding ora baseline dataset published in Cuthbert et al., (20T4e).aim of this
204  study is to better constrain the flow dynamickentify the main drivers controlling
205 oxygen isotope composition and assess how this may impact spelebtsad
206 paleoclimate reconstructions in seanid zones region®No speleothem records exist

207 yet for this region.

208 Thestudysite Cathedral Cave (CGyas chosen as it ereadywell characterisednd

209 processes such:dgarst hydrology (Jex et al., 2012; Mariethoz et al., 2012), isotopic
210 drip waterevolutions in the unsaturated zone (Cuthbert et al. 2014a), and drip water
211 geochemistry (Rutlidge et al., 2014, Rutlidge et al., 2015) Hhmegiously been

212 described. Additionally, two studies by Cuthbert et al. (2014b) and Rau et al. (2015)
213 investigate cavair and drip watetemperature dynamics, demonstratsignificant

214 evaporative coolingeven under conditions of high relativehumidity. The data

215 preented in the latterour publicationshas been generated from theme irrigation
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experiments presented in this papéere we esent the isotopic drip water data and

drip rate responseduring a series ofrtificial irrigations. Our irrigation experimés

were designed to replicate natural precipitation events, overcoming the soil moisture
deficit and thus provoking a drip water responBeey were applied directly over a
small focused irrigation area above a shallow cave chamber in order to increase the
likelihood of drip response in the cave beldlie tracer injection was designed to
exaggerate the natural isotopic drip water responses to better undésstesidgical

processeand the resultant isotopic evolution of speleotderming drip waters

2. Study Site: Wellington, NSW

The study site, CJs located in SE New South Waldsystralia 82°37'S; 14856°E)
(Figure 1) It is approximately 8 km south of the town of Wellington to the west of the
Great Dividing Range, on the plains at approximately 300 m asl (above sea level).
PET (~1200 mm/a)greatly exceeds annual mean precipitation (~600 mm/a) causing
long-lasting soil moistue deficits anchence onlysporadicrecharge eventeach the

cave anddeepergroundwatersystem(Cuthbert et al. 2014a). Episodic high intensity
rainfall due to large convective storms are experienced in this part of SE Australia
(Kuleshov et al., 2012),lthough these tend not to cause recharge. Rather, it is the
stationary weather systems, typically a high level trough from the tropical north
interacting with a low level system (i.@ cutoff low or front from the west), which
maintairs rainfall for prdonged periods of time and resulh rechargeJexet al.
(2012) quantified that precipitation resulting in recharge must be at least ~60 mm
within a 2448 hour period,but is variable depending on soil moistusntecedent
conditions.No surface water dws across the site, and overland flow is rarely (if

ever) observedMedian rainfall is approximately uniform year round (BOM, 2014).

1C
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Wellington hasan aridity indexR | DQG WKXV IDOOV ZLW&dQ 81(3TV
definition. Annual surface airtemperature rangefsom ~0 to ~45°C and an annual

maximum mean temperature of 24.3°C (Rau et al., 2015).

Annual cave air temperature randesm 15 to 18°C, whilst deeper sections of the
cave (i.e.gite 3) remain relatively constant at 17C3(Rau et al 2015).Variablecave

air temperatures exist closer to the entrance due to air exclfe@ging) from
pressure and density effects (Cuthbert et al., 20R&o et al., 2015 Enhanced air
exchange closer to the surface is also reflected in reportatvedhmmidity values,
where neaentrance sitesaried considerablyver time with minimum, maximum
and median values of 59.3%, 97.9% and 88.6%, respectively (Rau et al., 2015).
Deeper in the cayeonly minimal fluctuations irrelative humidity were measured,
with  minimum, maximum and median values of 96.5%, 97.1% and 97.8%,
respectively (Rau et al., 2015). Cuthbert et al. (2034 Rau et al. (201%dentified
significant incave evaporation, resulting in drip water coolinghich is most

prevalent at neaentrance areas of the cave.

CC was formed in the Devonian Garra Formatiamestone and the regional
geomorphology has been extensively studied and is described in Osborne et al.
(2007).The cave has two entrancesie major and one mindocatedat 325 masl,

which descend approximately 25 m, ending at a flooded passage which intercepts the
water table(Cuthbert et al., 2014a). The water level in the passage is variable, and
dependent on the prevailing climatic conditions. For example20h0 at the
beginning of a strong La Ra phase, which brought large rainfalls to the region, CC
flooded (from this passage upwards) due to a rise irwtter table The Devonian

limestone is present in two distinct types, it is thinly bedded in thecavd section,

11
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westerly dipping at 70 and marmorised in all other areas of the caveg, at study
sites 1, 2 and 3 (Figure 1). The cave morphologyfheherbeendescribed inJex et
al. (2012) andCuthbert et al. (2014b)Y.he hydrology from some drigites fromsite 3
have been previously described in Jex et al. (2012) (sites: 369, 321, 325, 329, 332,
342, 348, 372, 395, 396, 279, 280, 357, 370, 377, 376, 379, 326 and 352) and
Cuthbert et al. (2014a) (sites: 319, 320, 322, 330, 380, 382 andT3®&rgis a thin
and discontinuous surface soil layer estimated to vary between 0 and 0.3 m and is
expected to protrude to deeper levels above fractures in the underlying bedrock

(Rutlidge et al., 2014).

3. Methods

3.1Pre-irrigation stable isotopesampling and analysis

Instantaneous (spot) drip water samples from CC were sampled over the period 2010
2011 from three general sample zones in the cate 1 shallow site 2: middle and
site 3: deep, see Figure Iiptalling 115 samplesMonthly-integrated drip water
isotope sampling began in March 2011 and continued until March 2013 from 5 drip
sites: 326 (same as in Jex et al., 2012), 331, 361, 364, and 385 (56 individual
observations) at Site 1 (Figure 1) and fr@ite 3 as reported irCuthbert et al.
(2014a). For sampling procedures see Cuthbert et al. (20Waxhly-integrated

rainfall samples were collected in accordance to the recommended protocol stipulated

by the International Atomic Energy Agency (IAEA) (http://www-

naweb.iaea.org/napc/in/documents/userupdate/samplijpjg.pdft  the UNSW

$ X'V W Wiellingfi Meld Station, approximately 7 km from Cathedral Cave.

All water samples were stored i8 PnL glass McCartney sample bottles leaving no

headspace. Water samples waralysedon a Los Gatos® cavity ring down laser

12



288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

spectrometer at UNSW Australia. The overall precision on analysis was A0

and +1.2A /'. Enriched samples from the two irrigati@xperiments (2013 and
2014, see section 3.2) were associated with larger errors of A0/f® and +2.04

/', as results were extrapolated outside of idwopic values of thestandards.
Approximately 40 samples from the 2014 irrigation experiment were analysed at the
Australian Nuclear Science and Technology Organisation (ANSTO) on a Picarro
cavity ring down laser spectrometer. These samples were diluted with a known
internal standard AILS004 {' = -173.93A +0.54A and /*°0 = -22.19A +0.02A),
calibrated againsYienna reference materiaMSMOW?2-SLAP2 and had errors of
2.3A IRM and 0.23A | RAJO. All samples were calibrated against the following
ANSTO internal standards, wlihic were calibrated against VSMOWRLAP2:
AILS001 (/' = 32.5A +0.9 A and /*®*0 = 7.47A +0.02A) AILS002 (/' =-8.0A

+0.8A DQ®=- A “ R AILS003 (/' =-80.0 +0.5 and*®0 =-12.16A

+0.04A) and AILS004 (' =-173.93A +0.54A and /*®0 =-22.19A +0.02A).

Drip monitoring using drip loggers (Stalagmates®) counting amirfute intervals
started at CC in 2010 (Jex et al., 2012) and is ongoistieatl and 3 (Figure 1). In
this study we present an expanded dataset covering the period July 2010 to dune 201
and including previously published data from Cuthbert et al., (2014a) over January

2011 to June 2013.
3.2 Irrigation experiment summary

A summary of the 2013 and 2014 irrigation experirakodnditionsare provided in
Table 1 The 2013irrigation experiment consisted of four irrigations ov€C, over
four consecutive days. The 2014 irrigatiotperiment consisted of three irrigations

overCC, over two consecutive dayBquivalentP (mm) wascalculatedoy converting
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312

313

314

315

316
317

321

322

323

324

325

326

327

328

the total irrigationvolume (L) to cubic metresand dividing itby the total irrigation

area(m?). Net infiltration (mm) was estimated by subtracting the average daily PET

for the month of January from the equivalénto provide an estimate of infiltration

potential after evaporativedses.

Table 1.Summary of irrigatiorexperimentsiuring 2013 and 2014.

2013 Irrigation Experiment

Irrigation Irrigation Isotop_i(_: Volume | Equivalent | . . Ne@ sitg L Site? 2 Sit? 3
number Date o composition ) P (mm) infiltration Drip Drip Drip
yp (mm) response? | response?| response?
Town
1 8/01/13 | water with AA@Q' 840 ~35 ~285 N Y N
D0 tracer )
2 gow13 | Town - A GO). | 1500 ~63 ~56.5 Y N N*
water - A ®)
Town - A &0), _ N o .
3 10/01/13 water i A ®) 840 35 28.5 Y N N
4 11/01/13| own | - A GO). | 1500 ~63 ~56.5 Y N N*
water - A ®)
2014 Irrigation Experiment
Town -2.60 A (&0), _ _ N
5 14/01/14 water 206A (®) 3400 68 61.5 Y N N
Town
6 15/01/14 | water with -167780/3/&( @g)' 1000 ~20 ~16.75 Y N N
D0 tracer (®)
Town -2.35 A (&0), N _ *
7 15/01/14 water 17.9A (®) 1400 28 24.75 Y N N

*Dripping prior to experiment.
** Dripping from previous activation, no drip response observed.

3.21 2013lIrrigation experiment summary

Artificial irrigations were conducted using Wellington town supply water above CC

during January 2013 (Southern Hemisphere sumr@emditions wereexceptionally
hot and dry, with daytime temperatures exceedirf@€4thichis greater than both the
January rean maximum temperature (329 and §' decile maximum temperature
(37.8C). Four artificial irrigations were conducted over a 2iarea (3 x 7 m) area
using two han¢held hoses, on the surface directly above; G€e Table 1 for
summary and alsRutlidge et al. (2014). The soil volume is 2613 n? (Rutlidge et

al., 2014) equivalent to 3.811.3 tons (assuming dry bulk density of 1.8 g mt),
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329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

thus giveninitial soil moisture content of 0.16 wfv (assuming a field capacity of 0.6
ZlY WKH VRLOfV DGGLWLRQDO ZDWHU VWRHWDJIJH FDSDF
(Rutlidge et al., 2014)n irrigation 1, 840 L of town supply water was spiked with
0.5 L 99.8% deuteriumD0), which wasmixed in al600 Ltankby circulating the
water using a Monsoon centrifugal pump as well as manual stirring with stiorvels
15 mins This resuledin aH enrichment of 6108 +5.0A and water samples at the
beginning and end of irrigation from the tank showed the tracer was well .niilked
water was then distributed over the irrigation area usitgMonsoon pumpsover

the irrigation area foa 3-hour period.Four individual drip pmts were monitored at
site 1 located at appraxately5 m below the surface and included WS1, WS2, WS16
and WS21(Figure 1) Three individual drip points were monitoredsé¢ 2, located at
approximatelyl0 m below the surface, and include WS9, WS10 &v811. In
irrigation 2,the irrigation area was adjusted %3 metres, to ensurgrigating was
directly oversite 1, after no dripping was observatter irrigation 1 Over irrigations

2, 3 and 41500, 840 and 1500 L of town supply watessarrigated, containing no
deuterium tracer. Equivalent rainfall and net infiltration were calculated (Table 1).
Stable isotope samples were collecied28 mL glass McCartney bottlesvery 30

mins when there wasufficientdripping tofill the entirebottle with no headspace
3.22 2014irrigation experiment summary

During January of 2014 a secoadificial irrigation experiment was conducted at CC.
The weather was similar to conditions in 2013, with daytime maxitemperatures
usually exceeding 4C. Ower a 2day period, three artificial irrigations were
conducted over a 50 frarea (5 x10 m) on the surface directly above the CC. In

contrast to the 2013 irrigatipa slightly larger area was irrigated in order to activate a
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354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

wider range of drip sites arel pZ H WX\VA1Q 1 U U L 34DOV IwRIQ@utRieéuterium
tracer was included. Equivalent rainfall and net infiltration were calculated as

described for 2013 and shown in Table

On the second day of irrigation (15/01/2014), fifteen evaporation gangrisedof

glass petri dishes (7.69m?%) were installed They were placed ifive cavelocations

with three replicate paret each and deployed depths ranging from 0 to 25 m below

the surface(Figure 1). Pans were placed at drip monitoring dites and 3as well as

an additional site near the cave entraatelled u(QWUDQFHY DQGSIEQ RWKHU E}
2 and 3abelled unOLBED YH Y ) LArKddditional parwas deployed at theurface

under a shaded cardboard shelter, open on all sides to provide tliatioen to
simulate a low humidity evaporative environmefans were left overnight for
approximately 21 hours, except site 3, which had low evaporation ratesupled

with a highRH of ~98% (Rau et gl2019, thereforea longer time period afanuay

2014 to March 2014vas used to calculate the mean loss per Yajumetric loss of

water from evaporation was calculated by measuring the volume of water before and
after using agraduatedmeasuringcylinder (with an error of £ 0.5 mmYhe water

from the three pans deployed at each site were thetbmedand analysed fastable

water isotops on alLos Gatos® cavity ring down laser spectrometer at UNSW

Australia
3.4 Statistical analyses

Our stableisotopedata were subjected to a rparametric ManfWhitney U test
(confidence interval of 0.95) using the Monte Carlo method to produce sample

simulations (n = 20,000). This method waeferredover ttests as it performs better
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376 than the #est for norparametic distributions and has almost equal efficiency for

377 normal distributions (Vickers et al., 2005).
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4. Results

4.1 Pre-irrigation data
4.1.1Climate and drip ratenonitoring

A 3.5-year background of climate andm hydrological monitoringlatais presentd
in Figure 2. This includeshe shallowest site (site 1) and the deepest (site 3)
Additionally, thetiming of the two irrigation experiments (January 2013 and January

2014)is indicated the results oivhich will be discussed in section 4.2 onward.

The mean precipitationweighted annual isotopic composition of rainfall from
Cuthbert et al. (208} is /' = -23.54A and /*®0 = -4.28A (Figure 3. The median
rainfall amount confirms that P at Wellington is not seasoa#houghPET is
typically enhanced in summer and reduced in wifiggure 2) thus recharge is
statistically more likely to occuturingwinter. At shallower site 1, dripping wagiite
variable, rangindrom 0 to 60 drips per 15 minutéBSigure 2) Drips activated dring
or following significant rainfall eventsshen field capacity wa surpassedrainage
occurred fronthe soilzonevia fractures and fissures in the limestapgarst which
resulted inrapid, shodived drip responses (Figure 2Puring periods of no
infiltration, all drips ceased to discharge for up to several months at altiroentrast
at deepesite 3 many dripsremaineddischargingat a base level of ~& drips per 15
minutes, despite reaching up to 350 drips per 15 minutes following high rainfall

(Figure 2).
4.1.2 Drip water isotope spot sampling 201D

Over 20162011 spot samples were routinely taken (n = 115) from C&teg 1

(n=19), 2 (n = 11) and 3n(= 85) and thesummary ofstable isotope results are
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402 shown in Table Znd data in Figure.an Figure3A /' against/®0 data areshown
403 andthe regression equations (Cl = 95%) calculated from these are compared with the
404 Local Meteoric Waterline (LMWL)rom Cuthbert et al. (2014a) a&lobal Meteoric
405 Waterline (GMWL)in Figure 3B Overall, meanstable isotopic compositisrfor all
406 drip water/' and /0 were-21 A and-3.9A, respectivelywhich were enrichedin
407 /' and /*®0, by 3A and0.4A respectivelyjn comparison to thenean precipitation
408 weighted annualrainfall composition (Figure3A). Although average isotopic
409 compositions of drip waters frosites 13 appear similar (Table 3), a Maihitney
410 U test revealed that the popudais of samples fronsite 1 and 3 were significantly
411 different (( = 0.006, =0.05), but only in terms of' composition, not 0. All
412 spot samplesites plotted on slightly different O : / § Vwith slopes <8 (Figure 3B).
413 Linear regression lines faites 1, 2 and 3 had coefficients of determinatiof) 6f:
414 0.83, 0.49 and 0.68, respectiveBlopevalues werebetween 3.1and 5.6 and the
415 lowestwas from site 2, although with a lower? only 49% of the variation was

416 explained

417
418
419
420
421
422

423

424
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426

427

Table 3. Summary ofmeandrip site water stable isotopic composition for spot samiptes 2010to

20111 for the threeavesites &ite 1:shallow, site 2: medium, andsite 3: deep, see Figurg).

steldD n /DO SD /0 SD stelD n /D SD /O SD
site 1 (- 5 m below thesurface) site 3 (-25 m below the surfacgcont.
C1 7 22 23 -44 031 328 2 21 nd -45 nd
c2 3 18 16 -38 022 329 1 20 nd -35 nd
C3 3 17 19 34 05 330 4 20 31 -36 039
331 1 17 nd -35 nd 332 2 23 nd -42 nd
361 1 -14 nd 26 nd 342 1 20 nd -37 nd
364 2 16 nd -36 nd 346 1 20 nd -36 nd
Total 19 19 324 -39 062 347 1 -18 nd -37 nd
Min -24 -4.8 30 1 -18 nd 34 nd
Max -14 -2.6 352 2 -21 nd -4.0 nd
site 2 ((10m below the surface) 354 1 23 nd -41 nd
C5 3 21 14 -38 029 355 3 20 14 -38 045
Cé 6 21 08 37 019 32 1 21 nd -39 nd
c7 2 19 25 31 07 36 2 20 nd -37 nd
Total 1 20 14 -36 039 368 4 20 04 -37 o0l
Min 22 -4.1 370 2 22 11 -43 029
Max -17 2.6 372 4 217 12 -40 0.15
site 3 (-25 m below the surface ) 374 4 21 09 -40 017
C10 1 29 nd 53 nd 376 3 23 15 -42 005
C12 1 22 nd 43 nd 379 2 22 nd -41 nd
C13 1 24 nd 49 nd 30 2 22 nd -39 nd
C105 1 17 nd 34 nd 382 2 -18 nd 37 nd
C109 1 -24 nd -4.0 nd 383 1 -21 nd -4.0 nd
C110 1 23 nd 41 nd 386 1 -10 nd -25 nd
279 4 22 1 41 016 387 1 -19 nd -35 nd
272 3 22 17 42 002 38 1 21 nd -36 nd
280 2 22 nd -42 nd 395 2 21 nd -39 nd
281 3 25 12 45 008 3% 1 21 nd -38 nd
319 2 16 nd -32 nd 398 1 20 nd -36 nd
320 6 -20 403 -40 047 Total 8 21 29 -39 045
321 2 23 nd -42 nd Min -29 5.3
322 2 17 nd 35 nd Max 9 2.5
323 2 22 nd -39 nd
eand 115 21 201 -39 048
Min -29 5.3
Max 9 2.5
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4.1.3 Monthlyintegrated drip water isotope sampling 202013

Following on from the201062011 spot sampling monthlyintegrated drip water
isotope sampling began in 2011, and continued until 2Bi@8ire 2) The results from
site 3were reportedn Cuthbert et al. (2014and are shown on Figures 2 and 3
Here, wereport results for site 1 in Figures 2 and 3 and in Tablengar regression
for thetotal monthlyintegrated drip water samples at beite 1 (r* = 0.77) ancsite 3

(r* = 0.81)(Figure 3B) show thaite 1 drip waterdhave a lower slop€.9) thansite 3
(7. and both are below the average slope of 8 for meteoric precipitation waters
MannWhitney U test confirmed that the samples from thése sites were

significantly different with respect td'°0 (( =0.025, = 0.05).The slopes of drip

waters from individual dripat site 1 also varied osiderably, with a range of 3td

7.0 (Table 4).

Table 4. Ste 1 monthlyintegrated drip water sampling results, including: number of samples (n),
mean /D composition /D), standard deviation relative to previous column (SBgan /0
composition  /*®0), slope (M), error term (C) and regression coefficieft (r

Linear Regression/' 0 /%0 +(

stelD n ID SD o sb M C r?
326 11 -12 43 -29 061 42 -01 0.35
331 5 -3 93 -14 139 67 65 0.98
361 15 -10 49 -23 095 34 -2.2 045
364 13 -8 84 -23 116 6.2 63 0.75
385 12 -3 95 -15 130 7.0 7.3 0091

Comparing all of our isotopic data in Figures 3A and 3B show differences between
datasetsThe spot sampling data cluster at the lower range of the mantbltyrated
values (Figure 3A). The two sample populati@re statistically different for both

/®0 and /' using a ManAWhitney U test ( = <0.0001, = 0.05) revealing a bias

of depleted isotopic composition from spot samples compared to monthly averaged
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values. Although the spot and montiyegrated samples were collected during
different time periods we interpret that the difference is due to experimental bias
rather than regsentative of different mean isotopic composition. For example, it may
be biased t@amples with sufficiently high drip rates to collect enough water 28

ml to fill a sample vial) and thugotentially biasisotopic drip water results, in the
same waythat is known to occur with drip rate (i.e. Markowska et 3015

Mariethoz et al., 202).

Monthly-integrateddrips fromsite 3 generally shoed a similar trendin /*°0 over
time, i.e.depletedvaluesand a lowerrangein March 2011(-3.3A to -4.2A) and
more enriched valueandalarger rangén November 2011-0.0A to -3.4A) (Figure

2). This does not appear to be a seastreall,ascycles of enrichment and depletion
do not consistently occur duringpecific months of the yearrather periods of
degetion occur after months were P>PEind there is potentially a few months lag
time. For example, P>PET in October 2011, which started a downwards trend
towards depleted*®O with a lag of 2 months and the trend continued further after
February and MarcB012 where P>PETSite 1, however, ditiot show this trend as
clearly (Figure 2)Following aprolongeddrip discharge response, the rangeliip
water isotopic compositionwas lower and on most occasions clustered around the
monthly rainfall isotopic coqmostion over the same time perioBor exampleMarch

2012 (Figure 2) whereP was approximately double PET, therefore suggesthigha

potential for infiltration of rainfall.
4.21rrigation experiment 2013

Thesites that were activatetbllowing the2013 irrigation experimentre shown 0

the map inFigure 1 and summarised in TableThe /*%0 and /' data over the whole
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irrigation as well as prerigation baseline data are shown in Figure 4 and a time
series are shown in Figure Blo dischargeoccured at sites 1 or 2 prior to the
artificial irrigations (i.e. all drip sites were dry); therefone interpret thatdrip
responsevasdirectly related to the irrigationgrrigation 1 only activateddrips WS9

and WS1(@at site 2, producing drip water that asbetween~7 and- /' (Figure 5)

and clustereavith pre-irrigation drip data(Figure 4. On subsequeritrigations (24)
discharge waslsoactivated adrips WS1, WS2WS16and WS21 at site 1 and drip
WS11 at site 2however no discharge response was ever observedeaB. We
examine the response of each drip in detail below in sectionsfdrite 1and4.2.2

for site 2. Drips were sampled again, 6, 10 and 12 months after the irrigation

experiment and the ressilare presented in section 4.2.3.

4.2.1 Site Mrip responsg

WS1 and WS2 activated aftéreirrigation 2 approximately 2.5 hours after irrigating
began.Both sites exhibited a hydrograph respotsanfiltration, with a very sharp
initial peak, followel by an exponential recessidrefore ceasing 3 hours and 45
minutes later (Figure 5\WS1 had highedischarge volumes with a maximum rate of
165 drips per minute, versus 59 drips per minute at WS2 (FiguréhBje wasa
small increase inG UL S Z DeXW\BWoverthe first hydrograph from18 A to -9 A
(Figure 5) anctould indicate early tracer arrivadfilowever,the isotopic compositicn
of all drip watersafter irrigation 2werewithin the isotopic range gire-irrigation data
(Figure 4) suggestinghat ro tracer was present in these initial drip watd@isey
were alsadifferent from the isotopic composition of water fromrigation 2 (Figure

4), which was similar to precipitationeighed mean annual rainfall, therefore we
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suggest this wagre-existing stoage water in the unsaturated zpe&pelled as a

direct result of irrigationd.g via pistonflow, Tooth and Fairchild2003)

Irrigation 3 activateddrips WS16 and WS2however discharge volumes were low

(i.,e. WS21 10 mL over ~10 hours) shbvied hence no drip rate data appear on

Figure 5 for these dripdnterestingly,drips WS16 and WS2had the highest''

valuesobserved in drip discharge waters over wiele 2013 irrigation experiment

suggesting they carried the highest concentration ofertraMaximum /'

concentratioa for WS16 and WS21 ere108A DQGA UHVSHFWLYHO\

an apparendilution factor of 1.8% and 4.0%, respectively. In comparison, péak

concentratioralso occurrect drips WS1 anat WS2 after irrigation 3 and wak2 A

and A, respectively. This resulsuggess apparent dilution factsrof 0.19% and

0.15% from initial concentration, respectively. Tlnsplies that water with higher

concentrations of tracer activated later (after irrigation 3, not irrigatiorAl2p,

unlike previous irrigationsl and 2 dripping continuedat drips WS1 and WSantil

the start of the nexds opposed to after irrigation 2, when dripping stopped several

hours later

Finally, following irrigation 4 WS1 and WS2 had the fastest dischargesrgieaking

at 233 and 122 drips per minute, respectivelyggesting that antecedent soil moisture

conditions must be of particular importance in controlling discharge respbatel

Dripping ceased at WS1 approximately 28 hours later and at WS2 approxirdétely
hours laterand a final mixed sample was collected at both WS1 and,WS2
representative of X@&and 12hour period, respectivelyprips WS16 and WS2deased

dripping aftershortly afterirrigation 4, however the exact timing is unknown due to

an absence of drip logger data.
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4.2.2 2013 Site @rip responsg

During the irrigation experiment drip sites WS9, WS10 and WS11 were activated.
Unlike site 1,drip responses at site 2 activated dgrrrigation 1 but drip rates were
much lower overall (Figure 5). Dripg/S9 and WS10 activatl approximately 14
hours laterat a rate ofapproximately 1 and 3 drips per mis, respectively which
slowly decreasd over the following 6 daysto approximately 1 and 2 drips per
minute, respectively. We suggeatpossiblereason that drips activated sitte 2 but

not site 1 during irrigation 1was due to the small difference in the irrigation patch
area, which was moved closerdite 1 on subsequémays.Alternatively, as the35
mmirrigation did not meet theninimum 60 mm rainfallobserved in Jex et al. (2012)

to initiate a drip discharge respongbere may not have beesufficient water

irrigated to result in cave discharge.

Compared tosite 1, flow at site 2 remained relatively constant over the entire
irrigation experimentAfter irrigation 4, drip WS11 activated for the first time, but
had a very slow drip rate and was only sampled once, three days after irrigation 4,
resulting in a mixed sangof the previous three days (Figure IB)portantly, no drip
waters collected aite 2 showed any evidence of deuterium tracer present (Figure 4,
5). We suggest discharge was initiated by a piston effect, or pressure effect from the
irrigation water presurising deeper stores within the epikaBstp water samples
grouped around the LMWL (Figue®, andshowed low intresite, but large intesite
isotopic variability with approximately 2@ differenceswith respect to/' This
suggests that prexistingolder storage wateragdischarged from drips aite, which
originated from discrete storesyhich contaired waters with very different isotopic

composition.t would be interpreted that these were from reaface epikarst stores

25



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

owing to their enrichedsotopic composition in relation to precipitatiareighted
mean annual rainfall and that they sit close to the LM{®ilgure 4) suggestinghat
do not come from highly evaporated soil stores associated with low slope values (<6)

(Barnes and Allison, 1988)

4.2.3 201314 Post irrigation sampling

Three campaigns toollect post irrigatiordrip waterswere conducted 6, 10 and 12
months later to investigate whether deuterium tracer was still present irdtipe
waters Drip samples were opportunistically aatted from active drips ates 1, 2
and 3 (Figurel) and the results can be seen in Fighreompared with prarigation
data The postirrigation were not statistically differenfrom monthlyintegrated
samples using BMannWhitney comparison @ualue= 0.661, 0.347 and 0.399 fér

months 10 monthsand12 monthgespectively, = 0.025). Thus, thisesultsuggests

that the tracer was previously removed from the drip site flow paths (i.e. due to
processes such as evaportranspiration, lateral flowinfotration) prior to post
irrigation samplingWe suggest thavater residence times in 2013 were <6 months.
However, this conclusion cannot be gensedli for the whole cave system since
residence times would also depend on antecedent conditions faflraimd moisture
content in the soil zone and may also spatially vary within the cave (i.e. at déeper

3).

4.31rrigation experiment 2014

Thesecond set of artificial irrigations conduciedlan 2014, that QFOXGHG-D pZHWWL
XST SHULRG dildlitioR &f dauierivkhKreiceare presented in Figures 7 and 8,

as well as the evaporation pan data (TabléBgjore irrigating, no drip sites ate 1
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567 were actively drippin@and sampling wasonly attempted asite 1, as it was the only
568 site to show evidnce of tracer during the 2013 irrigation experimedtring
569 irrigation 5drips WS1andWS2 activated as well as drip¥S4 andWS6, whichhad
570 not previouslyactivated.During irrigation 6 drip WS16 activated andn additional

571 twodrips,WS25 and WS30which had not previouslactivated
572 4.312014 Site Hrip responsg

573 After irrigation § drips WS1, WS2 and WS4 activated approximately 3 hours after
574 irrigating startedand WS6 approximately 4 hours later (Figule Water isotope
575 samples from WS1 showeery low isotopic variability between sampl@sgure 7.

576 Deuterium tracer was added to the irrigation wakarng irrigation 6 Due to pre

577 wettingfrom the previousday, discharge resporsse@eremore immediate at all drip

578 (~ 2 hours after irrigation commenced) and the peak tracer concentratianuehs
579 earlier approximately5 hours after irrigatingommencedfor drips WS1, WS2 and
580 WS4. Additional drips also activated including WS16, WS25 and WS30 at
581 approximately 11 hours3.5 hoursand 3.75 hourdater, respectively.Drips stopped
582 approximately 28 hours after irrigation 7, which was exactly the same time as WS1
583 stopped dripping in the 2013 irrigation experiment. WS6 was the only drip to

584 continue dripping after the expermt at 23 drips per minute.

585 The most significant feature of the 2014 irrigation experiment was a greater

586 maximum concentration of deuterium tracer observed in drip waters (where the tracer

587 was present) as opposed to the 2013 irrigation experiment. W&B@hb highest

588 concentration of/" A LOQGLFDWLQJ DQ DSSD& QegedGLOXWLR
589 on the original/* composition of irrigation water containing tragéir00 /' . Other

590 drips also had higher concentrations of deuterium trefoerexample:WS1 = 25 A
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DSSDUHQW GLOXWLRQ IDFWRU RI 16 A DSSDUH

and WS4=23A DSSDUHQW GLOXWLRQ IDFWRU RI

However, not all sites showed such elevated concentratidr ,ofor example drip
WS16 and WS25, which only activated on the second agr irrigation7, had
maximum /' of 20.5A and 63.0 respectivelyas the tracer may have been diluted
further by subsequent irrigating. The first drip water sample from WS16 is
comparableto pre-irrigation values (Figure 7), indicating that the initial water
dischargd from thisdrip is likely to be storage water already present in the system
Lastly, WS6, a very slowdrip (1-9 drips per minute)did not show any deuterium
tracer (Figures/, 8) andwas also the only one to continue drippitagys after the
experiment Drips that did not responi irrigation 5also appear to have less gac
present in discharge waters, apart fréaf830which activated after irrigation, &nd

also had the highest tracsoncentratior{fFigure 8)

4.22 2014 Postrrigation sampling

One sampling campaign was conductéd months after the 2014 irrigation
experiment. Drip water samples were opportunisticadlectedfrom sites 1, 2 and3

and the results are shown in Fig@eEvidence of residual deuterium tracer was
observed asite 1 andsite 2, but notsite 3 (Figure9). This contrag with the results
from the 2013 postrigation samples, which showed no tracer pres¢m@iny site At

site 1 the final/' samples taken at the end of the 2014 irrigation were between 20
90%. Six months laterthe range of/" in drip water samplesvas-31 W R A
strongly suggesting that irrigation waters framgation 6 were still present in the
vadosezone abovesite 1. WS6, which during the 2014 irrigation did not show any

measureable deuterium tracer in drip wateh®wedevidence of tracer present in the
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615 post irrigation drip water (Figure9), indicating that thisdrip is fed by slow

616 percolaton from the irrigation area and also that there must be substantial storage in
617 the unsaturated zone above this site. WSdtke 2), 7 m away laterally from

618 irrigation-activateddrips at site 1, also showed evidence of the deuterium tracer

619 suggesting subsiace connectivity betweesite 1 and site.2
620 4.3.3Evaporation panesults

621 The results fromsix evaporation pansitesin CC and on the surface, monitored

622 during the 2014 irrigation experimere shown in Table 5. The surface evaporation

623 pan hadavolumetric loss of 1.2 mm/d, which was associated with a értathment

624 rate of 0 and®H of +0.6A Kand +1.9A K UHVSHFWLYHO\ ,Q WKH FD
625 observed volumetric loss of evaporation pan water (Table 5). Shallower sitesa@loser

626 the entrance, oH[DPSQMW UBQBHWH QIGLKYR 7DEOH VKRZ D YROXP
627 0.30 and 0.14 mm/d, respectivelyhich was associated withe same enrichment of

628 %0 of +0.2A K At the deepest site in the cave we observed both the lowest

629 volumetric loss of water (004 mm/d) as well as the lowest enrichment rat&©f

630 andH, +0.1A Kand +04 A Krespectively.

631 Table 5. Evaporation pan results for the land surface and five cave areas at different depths28 m)to
632 in shallowest to deepest.

Sites Time (h) %0 D Total Total Total Enrichment Enrichment (p/h)
Volumetric loss Enrichment Enrichment (p/h) ( D)
(mm/d) ( *0) ( D) ( *0)
Initial Concentration 0 -4.9 -26
Surface 22 7.7 16 1.20 12.5 42 0.6 2
Entrance 21 -0.2 -3 0.30 4.7 23 0.2 1
Site 1 21 -1.5 -7 0.14 3.3 20 0.2 1
Site 2 21 -2.4 -13 0.11 25 13. 0.1 1
Mid-cave 21 -3.0 -12 0.09 1.8 15 0.2 1
Site 3 22 -3.4 -18 0.04 15 8 0.1 0.5
633
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5. Discussion

We examined the various roles that factetech as karst hydrology, evaporation and

antecedent preonditions had on the evolution of drip watsotopic compaosition

Here,we will firstty addressWKH LPSRUWDQFH RI pZHWWLQJ XSY LQ F
the role of karst hydrologyevealed fromour irrigation experiments and thehe

importance of evaporation asdominant control on the isotop@mposition ofdrip

waters from a semarid site. TheL P S O L F D WHORI@evbréfation in speleothem

records ar¢hen evaluated.
5.1 Soil moisture GHILFLW DQG WKH VLJQLILFDQFH RI pZHWMW

The soil zone at CC generally has substantial soil moisture defigit to high PET
that reducepotential for infiltration of rainfall to the cave belov&oil moisture
deficits have been previously highlightley studies such as Oster et al. (2012), which
showed that when large soil moisture deficits exist, the majority of rainfall is
absorbed by the soil zone and does not infiltrate to the eplilist. Over our pre-
irrigation study period (201-2014) therevere 13 months often during winterwhere
P>PET (Figure 2). As a consequencthese periodsoften coincided with cave
discharge responses shallower site 1, but less frequently at sii@igure 2).Thus
site 1 appears to be more responsive to suifddtation, but requires a minimum
amount of rainfall to be delivered to initiate dischar@eur irrigation experiments
revealed that aftarrigation 1, which delivered aaquivalent 35 mm rainfglho drips
activatedat site 1.In contrast, firigation 5, which was approximately twice the
equivalent rainfall §8 mm), was sufficientto surpass theninimum theoreticafield

capacitycalculated by Rutlidge et al., (2014) and subsequently caused drip activation
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677

678

679

680

via preferential flow pathsWe suggest a miniom rainfall amount oF~60 mm is
required to initiate recharge following a dry perioghich is agreement with drip
discharge observations from Jex et al. (202)Wellington, the annual mean days

per year of rainfall 50 mm is 0.7, which suggests that éhe are likely to bé-1
infiltration events per yeaiOften these intense rainstorms are associated with low
[*®0 (Dansgaard, 1964; Rozanski et al., 1993; Gat, 1996; Clark and Fritz, 1997).
However, for karst systems with evaporation in the unsaturated zone, this could be
balanced by or exceeded by the amount of evaporativehement which will be

further discusseth section 5.3.

Drip discharge responses of approximately 0.7 per year carsistent with

observations in prarigation data from less responsive and more attenuated site 3, but

not site 1, whichshowedmore frequent discharge responses (i-4.17per ar)

(Figure2) 7KLV FRXOG EH DWWULEXWHGWWR QU H 2SR R DO F
VRLO JRQH KDV B kdHWQsmated taihtdlGgvent can result in eave

discharge respons€or example, irrigatio®, whichwasonly equivalent to a 20 mm

rainfall event, resulted in cave discharge at site 1 drips (Figure 8)

The irrigation experiments also revealed information not only about the amount of
infiltration required to initiate drip responses, but also information about how water
may move and bdistributed in the sulurface.Concentration of tracer measured in
drip waters from the 2014 irrigation experiment were approxiypa@&dimes greater
than in 2013 andeveralfactors may haveontributed to this. Firstly, the timing of
tracer introductia in the first irrigation othe 2013 irrigatiorexperimentcompared to
2014, whichincorporatedD p-ZUWHNV W L Q J ¥, nhay Hdvé Dontiilirt@d to tracer

loss. This could be due toapillary driven flow of deuteriated water into lew
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703

permeable clay richanes at early stages of tiregation 1when the soil was very

dry. Water held in clay rich zones would be difficult to mobilise by subsequent
irrigations due to low permeabiligndmay haveprevenedtracer redistribution to the

unsaturated zone belowhis mechanism w&sobserved in soil exparients by Greve

et al. (20102012). Secondly, dilution from subsequent irrigations (2 to 4) may have

diluted the initial tracer concentratiofthirdly, dry antecedentonditions could have

allowed more opportunity for lateral flow and evapotranspiration in the soil zone. In
FRPSDULVRQ LQ LUULIJDWLRQ VHUYHG WR pSULPHY
fast response tthe tracelirrigation 6, where tracer was sdrved incave drip waters

only hours later after its introduction (Figure 8).

5.2 Karst hydrological controls on isotopic composition

Despite irrigating directly ovesite 1,located € m below the surface, dripping at our
pre-irrigation monitoring sitesocated directly underneathasrare During the 2013
irrigations(1 to4) none of thepre-irrigation dripswere activated atites 1 or 3In the
2014 irrigations (5 to 79nly onepre-irrigation drip (36 1MWWS6) activatedat site 1, but
showed no evidence of tracer during the experiment (FiQuikhis is despite the fact
that pre-irrigation drips and irrigatioractivated drips werspatially often only ~1 m
apart(Figure 1) Our results highlight the importance of flow heteroggnei karst
systems.At CC site 1, subsurface flow to the-irrigation monitoring drips must

originatefrom outside theurfacerrigation area

Our tracer experimentsoidentified highly variable water residence times within a
relatively small spatil area.A feature of both irrigation experiments was a pulse of

nortirrigation water, i.e. water of a different isotopic composition with no evidence of
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tracer, being discharged to drips prior to infiltration water (Figdrasd 7. This may
suggest a pisteflow mechanism of flow delivery, with older storage water initially
discharging from drips, similar to that observed in Fernai@ates et al. (2008) in a
semtarid cave in SpainAt shallow site 1(< 5 m), there waslsoevidenceof tracer
remainingé monthsafterthe 2014 irrigation experimendrip 361/WS6;/"' A,

Figure 9 but notafter the 2013 experimen{Bigure 6) At the same timetracer was

also observed ateeper {10 m)site 2 for the first timgFigure 9) demonstratinghe
importance of lateral flowThe lattermay result frondelayeddiffusion of tracerfrom

low permeable zone$or example clayfilled fractures in the epikarsEvidence of
attenuatedesidual tracer presebt months laterdemonstras a minimunresidence

time in this shallow karsbf at least 6 monthg he reason why this was not observed

in 2013 may belue toa combination of factors, (1) water from irrigationiricluding

the tracer was bound in clay rich soils and more difficult to mobilized ahus
remained evaporating in the soil zone, (2) it had been previously discharged into the
cave prior to the six month collectioand (3) it had undergone substantial dilution
from subsequent three irrigations. Conversely, in 2014 as a waftingerial was
added, this may have allowed more preferential flow of water into subsurface storage

reservoirsthus we observed it 6 months later.

Variable regilence timesexist at CC thaftare highly dependent onhe antecedent
conditions,determiningthe available storage capacity in th&oil as well aghe karst
fractures and stores, which may contain little or no water. In addition, we demonstrate
a spatial heterogeneity of drip water responses to our irrigation experiiviangble
residence times and the éeigeneity of flow paths helpxplainthe range in drip

water isotope composition in the gregation data at a single point in timEor
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example, inmonthly sampling fromNovember 2012oth sites 1 and 3 (Figure 2)
have a range ifsotopic composition between different drifes /°0 of 3.16A and
3.3A, respectively This can be attributed to the karst hydrology, whpsrmits
unique fow paths and storage reservoirs, feedaividual drip sites with water that
has undergone uniguésotopic evolution.Our results carthus be extended to drip
water isotopic composition in other searid areas, which typically have infrequent

rainfall recharge events, and the isotopic composition of associated speleothems.
5.3 Evaporative enrichmentof /*°O in drip waters

This study has shown that ftallowsite 1, pre-irrigation dataare relatively enriched
by upto +21A (/') andup to +2.9A (/*®0), compared tgrecipitatedweighted
meanannualrainfall. Thisis similar tothe isotopic enrichmegreviously observed in
drip waters fromsite 3 in Cuthbert et al. (2014a)hus demonstratinghat waters
infiltrating two distinct area®f the cavewith different flow pathsboth experience
subsurface evaporatiorHowever, we show that thissotopic enichment varies
between sampling areas as sifesand 3had statistically different/’ D Q &0/
datasetsand thereforehie nature of evaporative enrichmextisites 1 and 3nay be
different. At site 3, Cuthbert et al. (2014a) demonstratibat cave dripwater had
undegone evaporation in a high humidity environme95%) postulated to be a
nearsurface epikarst storélowever, at site 1, we obsergballower slopes of the
drip water regression lingable 4)andmoderate correlation{= 0.59) betweeithe
regression correlation coefficienand the range of slope value@rable 3) This is
indicative of norequilibrium evaporative conditions at this shallow sgegnificant
slopevariability between drips at siteid alsoobserved (from 3.4 to 7.0; erage 5.9),

which is more consistent wittocal evaporation lingaluesbetween 4 and 6 (Gibson
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et al., 1993). The shallowestopegradien (3.4) is observed at drip61/WS6, which
the tracer experiments demonstrated caadtainwater with asix-monthresidence
time. Thus we suggest thawvaporative enrichment at site 1 mustcurin a less
humid environment (i.e <95%hanthat for site 3. This could be in a very shallow
karst store or saifilled fracture, that has a greater connectivity to the guwggl soil
compared to site 3, giving rise to the lovesrerageslope of 5.9 (Figure 3B)t seems
likely that the extent of dripvater evaporative enrichment at this shallow site is

limited by the water residence time.

In the section5.2 we discussed theole of karst hydrologyand variable water
residence times otine evolution ofdrip waterisotopiccompositionfrom the original
composition of rainfall inputWe demonstrated that these processes could explain the
inter-drip variability of oxygen isotopeoenposition.However,the most dominant
control ondrip water oxygen isotopds subsurface evaporation, whicletermines
both the offsefrom the precipitatiorweighted mean annual rainfall, and the temporal
trends in dripwaterisotopic composition (Figer 2). This lead$o an enriched drip

water isotopic composition.
5.4 Implications for 'O of speleothem proxy records

The &0 signal recorded ispeleothemis a function of the isotopic compositiaf
rainfall and any subsequent transformations betwiegtinsource and the incorporation

of oxygen into the speleothem calcite. Excluding kinetic fractionation processes
which occur during the formation of calcitdé€ndy, 1971 Mickler et al., 2004; Affek

et al.,, 201% subsequent transformationsclude nonstationary and flow path

variability (Arbel et al., 2010Treble et al., 2013; Moerman et al., 2014; Williams,
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2008), subsurface evaporation (Blfatthews et al.1996 Ayalon et al. 1998,
antecedent conditionSkeffer et al., 2011Markowska et al., 20)5residence times
(Genty et al., 2014and bias to high magnitude rainfall events (Trebleal., 2013;
Moerman et al., 2014).In semtarid environments the isotopic signature darip
watersand associated speleothemu® likely to becontrolled bydifferent factors
comparedo tropical or temperatenvironmentsdue to the drier climatic conditions

and moreepisodicinfiltration.
5.4.1Flow variability

The importance of understandingsaturated zon&ater movemenivas highlighted

in the twoirrigation experiments performed in this study, whiekiealedthe water
feeding dripdess than 1 m apart can undergo very different routing in the unsaturated
zone, even at the most shallow cave chamber sites (~2 m overburdergalead

to a large ange in drip water isotopic composition at any one point in tmhéch at

our site was up to 34 ( &0). This may potentially lead to adjacent and coeval
stalagmites producing different speleothe@fO records from a single climate
forcing. Although previously observed{cDermott et al., 1999Lachinet, 2008 we
hypothesise that thigriability will be greatest in serarid to arid zone speleothems.
Here, soil and water storage capacity is likely to be high, due to dry antecedent
conditions. This wi produce greater heterogeneity of drip water, and associated
speleothem isotopic composition, compared to temperate and tropical sites with
greater water excess and a higher likelihood of mixing of waters of different age and

flow path.

5.4.2Speleothem&O alteration from incave processes
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The speleothem &0 signal may also be alteredluring calcite precipitation
potentially resulting insotopic disequilibriunor kinetic fractionatior{Hendy, 197).

In our monitoring welimited the effects of htave evaporation of waténrough the

use ofparaffin oil in sample containers. Howeven, semtarid and aridzone caves
which have a relative humidity 190%, speleothem formation at slow drip rates
provides sufficient time for ktave evaporative fractionation of drip waters to occur
during calcite precipitation (Dreybrodt and Schd@@11). From our evaporation pan
data,site 1 (with a lower and more veble relativehumidity, median 88.6%, Rau et

al., 2015 demonstrate a significant **0-enrichment over a relatively short time
period (0.16A/hr). In contrast, site 8xhibited a higher relative humidity (97.1%, Rau

et al., 2015) and lower observddVRWRSLF HQULFKPHQW Bb, A KU
due to its lower humidity and neantrance location, speleothem forming drip waters

at site 1 may also be subject to evaporative coalergonstratethy Rau et al. (2015)

and Cuthbert et al. (20b# We piopose thathelatter site would be one mostitable

for choosing speleothem samples for oxygsotope analysis where withitave
evaporativefractionation andevaporativecooling would be minimisedWe note,
however, that drip water evaporative enrichment is likely still to have occurred (see
section 5.4.1). Also, the CC study site might be relatively unique for-aedand

arid zone karst areas in having a chamber with consistently high relatividity,

due to the local water table being adjacent to the chamber, maintaining a supply of

watervapaur.
5.43 Evaporative enrichment

The effect of evaporation irsemiarid karst canoccur due to high surface

evaporation creating waterlimited environments assot&g with soil moisture
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deficits. This can cre& environments fosubsurface evaporati@f storagewater to
occur as well aghe incave processes discussed previously (section 5\W&have
demonstrated that drip watis ®O-enricheddue to evaporatn of storage water in
the soil and karstThis suggests th#éte interpretation obpeleothem&0 from semi
arid environmentshouldbe as a combined signal @f) evaporative enrichment in
the subsurface an(?) the initial input composition of the rainfgllas well as any

within-cave isotope fractionation process.

Speleothem deposition may be seasonally biased, especially invdaiclsventilate
seasonally antavethe lowestcave air carbon dioxide winter (Ames et al., 2015).
Speleothem deposition maye more likely or more rapiduring winter months

which in semiarid regions is the season of lowB&T (Figure 2) Therefore, it might

be expected that the effects of evaporative enrichment may be coutttesethe

extent by a bias to winter depositiddrey bars on Figure 2 indicate when drip waters

are most likely to contribute to speleothem growth at CC, and hence the speleothem
record, based on differences of outside versus inside cave temperature fremnaRa
(2014).However, at CCbecause subsurface evaporation occurs over many months,
drip waters were alstO-enriched during the winter months (Figure 2). Speleothem
oxygen isotope records may therefore preserve the evaporative enrichment signal to
varying degrees, depending on the extent of seasonal ventilation of the cave, and the

amount and duration of subface evaporative enrichment.
5.4.4. Bias twardshigh-magnitude, winter season, rainfall events

The effect of high daily evapotranspiration in serid regions means that th&0

of recharge water is likely to be biased towards larger rainfall evesit@ith able to
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overcome soil moisture deficit¥hese rainfall recharge events may have an isotopic
composition that is distinctive from the weighted meampretipitation. At our site,
events less tha®0 mm are unlikely to beontribute to drip wateat site 3unless there

has beerwet antecedent condition$his is less than other reported sarid zone
studies such as Sheffer et al., (2011ihat stated a minimum of 100 mm and we
attribute this difference to the shallow soil (3Gn) above CC. W aso do not
observe winter seasondbminance in rainfall, as reported by other studies in-semi
arid environments (Cru3an Julian et al., 1992; Bar Matthews et al., 1996yvever

with highest evaporation during summer months (Figurev&)would expect éong-
termbias towardgreater rechargaguring winter months (when P>FE At semtarid

karst locations where the speleothem oxygen isotopic composition was not dominated
by evaporative processes, one would therefore expect them toncantacord of
rainfall isotopic composition that is biased to the winter season and high magnitude

events.

5.4.5 Summary

In semtarid karst regions, the effects of all these processes affecting drip water
oxygen isotopic composition need to be constraatatie individual drip site, prior to

any speleothem interpretatiolorale and Liu (2009) discuss thmportance of
vadose zone and kinetic processes in overprinting the isotopic signals in speleothems,
ultimately masking the primary environmental signahd suggest the Replication

Test as a robust method to test for divsencef kinetic and vadose zone processes.
Ultimately in speleothems from CC, and probably most samdiregions where prior
evaporation of drip waters occurs, the primary signal il that of evaporative

processes (either subsurface or wibave), which occur subsequent to any
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infrequent rainfall recharge events. Speleothem oxygen isotope records should be
HISHFWHG WR EH RXW RI LVRWRSH HTXL OdntaidddXP EXW V
within them is one which can be quantified as a proxy for the frequency of rainfall

recharge (more frequent recharge evenisss evaporated drip waters). However, the
HUHSOLFDWLRQ WHVWY ZRXOG KDYH WR EbetvieBnrGHILQHG \
speleothems and to recognise the replicated record is one that includes non

equilibrium processes.

State-of-the-art sampling techniques now available using miwith drilling at <0.1
mm increments, as little as 50 micro grams of speleothem sampézuirel for
IRMS (Isotope Ratio MasSpectrometry) carbonate®0 analysis. For slower
growing stalagmites, often associated with sard environments, SIMS thoology
(i.e. Orland et al. 20)4allows speleothems to be sampled at approximately niypnth
resolution enabling highly resolved records of palearidity/recharge from
speleothems from serarid caves.As the maindriver of Australian rainfall
variability, particularlyeastern Australia, e El Nino Southern Oscillato(ENSO)
(Risbey etal., 2009, wet and dry periods &C are likely torelateto variations in the
Southern Oscillation Index (SOIMulti-year periods of decreased rainfall, and
increased time Hbetween infiltration events are likely to result emrichment of
stored cavedrip waters. Thus, speleothems from CC have pbentialto record

ENSO variability at thiparticularlysensitivesite.
6. Conclusion

This study emphasesseveral key factorthat arerelevant to karst hydrology in semi

arid environments and the sufjgent impacts this may have speleothenderived
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892 &0 paleoclimaterecords Evaporative processes dominate the hydrological balance
893 in waterlimited regionswhere recharge events are episodic and infrequent. In the
894 subsurface, we demonstrate teaporatiordominate the &°0O composition of drip

895 waters,which are enrichedelative to theprecipitationweighted meamnnualrainfall

896 isotopic composition. We used a conservative deuterium tracer to reveal the flow path
897 variability and mixing fractionsThis demonstateshat variability is large even for
898 shallow drips (<5 m below the surfacethat areonly <1 m apart.Different flow

899 routingin the unsaturated zone ledddp water O variability on monthly spatial

900 scales (up to ~3.5A); however,on larger annual spatial scalgskarst evaporation
901 punctuated by recharge events donesathe variability inisotopic drip water
902 composition. Large variability in flow routing is increased by dry antecedent
903 conditions andn semiarid regionsmay result inweaker replication of speleothem
904  /*®0 records.Semiarid zone speleothen®O archives,are more likely torecord

905 recharge frequency not rainfall composition.
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