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Abstract

This paperreportsthefirst resultson /%0 and /°H analysisof precipitationscavedrip
waters,andgroundwater$rom sitesin Mallorca(Baleariclslands westernMediterranean)a
key regionfor paleoclimatestudies. Understandingheisotopicvariability andthe sourcef
moisturein modernclimatesystemss requiredto developspeleothenisotopebasedclimate
reconstructions.The stableisotopiccompositionof precipitationwasanalyzedn samples
collectedbetweerMarch2012andMarch2013. Thevaluesarein therangereportedoy
GNIP Palmastation. Basedon theseresults thelocal meteoricwaterline /H = 7.9(+0.3)
%0 + 10.8(+2.5)wasderived,with slightly lower slopethanGMWL. Theresultshelp
trackingtwo mainsourcef air massesiffecting the studysites:rain eventswith the highest
[0 values(> 5 A originateoverthe Mediterranearseawhereaghe moredepleted
sampleg< 8 A aresourcedn the North Atlantic region. Thebacktrajectoryanalysisand
deuteriumexcesalues rangingfrom 0.4to 18.4 A furthersupportour findings. To assess
theisotopicvariationacrosgheisland,watersampledrom eightcaveswerecollected. The
/%0 valuesrangebetween®$.9and .6 A With oneexception(Artd), theisotopic
composiion of watersin cavedocatedalongthe coast(Drac, Vallgornera,CalaVarques,
TancadaandSonSantMarti) indicatesMediterranearsourcedmoisturemasses By
contrastthedrip water /80 valuesfor inland caveCampanetsesRatesPinyades)pr
devdopedunderathick (>50m) limestonecap(Artd) exhibit morenegativevalues. A well-
homogenizeaquifersuppliedby rainwatersof bothoriginsis clearlyindicatedby
groundwater/*®0 valueswhich showto bewithin 2.4 A of theunweightedarithmeticmean
of #.4 A Althoughlimited, theisotopicdatapresentedereconstitutethe baselinefor
future studiesusingspeleothem*®0 recordsfor westernMediterranearpaleoclimate

reconstructions.
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1. Introduction

Stableisotopes /20 and /”H) havelong beenidentifiedasvaluabletracersin studyingpast
andpresentydrologicalcycle (Frickeand 2 § 1 H1999;Darling, 2004;Gat,2010;Gentyet
al., 2014;Guoetal., 2015). The /**0 and /*H valuesof pastprecipitationarerecordedand
preservedn avarietyof archivessuchasice corestreerings,peat,lakeanddeepsea
sedimentscorals,or speleotheméSwartetal., 1993;Lowe andWalker,2015). In the past
two decadestherole of speleothems paleoclimataeconstructiongncreasedignificantly

(seeFairchildandBaker,2012,andreferencesherein).

Speleothemarecavedepositdargelymadeof calciteor aragoniteprecipitatedrom CaCQ-
oversaturatedolutions. The oxygenin speleothemsriginatesfrom rainwaterfalling at
surfaceandpercolatingdownthroughthe soil andbedrockinto the cave. Underoptimal
conditions(e.g.,caveswith no or negligible evaporationno significantpCQO; gradientsgtc.),
the /*%0 valuesin speleothemsiill reflecttheisotopicsignatureof precipitation(Hendy,
1971;Lachniet,2009;Fengetal., 2014). Thus,by measuringhe stableisotopesignature
amongotherspelethemproxies(e.g.,growthrate, Mg concentration®’SrfSr, etc.),a
wealthof paleoclimatanformation(e.g.,precipitationsourceandamount temperatureetc.)
becomesvailable(Doraleetal., 2002;McDermott,2004;Papeetal., 2010; Luetscheretal.,
2015). Understandinghe processesontrollingtheisotopicvariability andthe sourceof
moisturein modernclimatesystemss requiredto betterexplainpastchangesecordedn
cavedeposits. This furtherhelpsassessingow the presentayclimatesignalis transferred

from meteoricwaterinto speleothemsyhich arethenusedin isotopebasedclimate
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reconstructiong¢Baldini etal., 2010;Polk etal., 2012;Fengetal., 2014).

Thevariationsof /0 valuesin meteoricwater(andin subsequentlprecipitateccave
carbonatesareinfluencedby severaprocessesccurringduringmoistureformationandits
transportirom the sourcezoneto the cavesite (Gat,2000; Lachniet,2009,andreferences
therein). Amongthesetemperaturés akey factortha controlsthe condensatiomwf
atmospheriavatervapor,but, dependingon the cavelocation,effectsof continentality,
elevationamount,sourceandoceantemperatureould alsobe significant(Lachniet,2009;
Beddowsetal., 2016). As rainwaterpasseshroughsoil andepikarst(the highly-fractured
carbonatéedrockimmediatelybeneattthe soil) towardsthe cave,its isotopiccomposition
canchangedueto evaporativeprocessegMarkowskaetal., 2016). Differencesin water
residencdgimesandpathwayswithin the epikarstmayalsoaltertheinitial isotopic
compositionof precipitationby mixing watersof variousmoisturesourcesand/ordifferent
rain events. All thesefactorsplay amajorrolein definingtheisotopicsignalof cavedrip
waters which oftendeviatessignificantlyfrom thatof the original rainwatercomposition

(Luo etal., 2013;Gentyetal., 2014;Morenoetal., 2014).

ThewesternMediterranearasinis akeyregionfor paleoclimatestudiesbecausét occupies
aclimatic transitionzore influencedby both polarandsubtropicalir-massegCelle-Jeanton
etal.,2001;Martratetal., 2004;Frotetal., 2007;Hodgeetal., 2008). Herewe presenthe
first resultson stableoxygenandhydrogenisotopecompositionof precipitation,cavedrip
water,andgroundwatercollectedfrom differentsitesin Mallorca, Baleariclslands.
Interpretingtheisotopicvariability of meteoricwaterson thisislandis a challengingand
complextask,consideringhelow amountof rainfall andits isotopiccompgition, which is
influencedby either,or both,the cool North Atlantic Oceanandthe muchwarmer

Mediterranearsea. This studycapturesepresentativenformationto addresshreekey
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problems:1) to whatextentthe /*®0 valuesof rainwaterin Mallorcareflectdifferent
moisturesources?) how similaris theisotopiccompositionof waterin cavedripsand
rainfall; and3) whatis the spatialvariability of drip water /20 acrosshe Islandof Mallorca

andwithin theinvestigatedctaves.
2. Study area

Thelslandof Mallorcais locatedin the westernMediterraneariFig. 1A), off theeastern
coastof Spain(~190km) andabout250km north of the African continent(Fiol etal., 2005).
With anareaof 3640km? (GarciaandServera2003),it is thelargestiandmassof the
BalearicArchipelago. Mallorcahasatypical Mediterranearclimate,with hot, dry summers
andmild, wetwinters,with meanannualprecipitationsvaryingbetweerd00and500mmin
southeasand600-1200mm alongthe Tramuntand&Range(Kentetal., 2002;Ginéset al.,
2012). Therelativelylow intensity,but spatiallyextensivewinter precipitationsarerelatedto
incursionsof Atlantic systemswhich mayaffectthe entireisland. In contrastthewarm
seasorprecipitationsarefar morescatterd bothin time andspacg Sumneretal., 2001).
Local moderateto-severehunderstormeventsoccurunderseabreezeconditionsduringthe
summenrdry seasonbringingasmuchas125mm of rainin coastalareagAzorin-Molina et
al., 2009). Theweatheremainswarmthroughoutheyear,with ameanannualtemperature
aroundl6-17 °C, butexceptionallyit canreach41 °C duringsummerand 6 °C in thewinter

(Ginésetal., 2012).

Previousstudiesconductedn thewesternMediterraneashowedthattheisotopic
compositionof rainfall is mainly influencedby the variability in the sourceof moistureand
trajectorieof air massegFig. 1A). Thevapormasse$ormedoverthe Mediterranearpasin
produce'®0-enriched 4.6 A rains,whereaghosederivedfrom the North Atlantic Ocean
arecharacterizethy **0-depleted 8.5 A rainsdueto theirlongerrainouttrajectoryover

thelberianPeninsulaandlower temperatureatthe source(Celle-Jeantoretal., 2001;Diaz et
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al., 2007). However,within the westernMediterranearbasinthereareno realboundaries
betweerthetwo contrastingair masseshut rathervariousmixing proportionsof moisture

originatingfrom thesesourceregions.

3. Methods and sampling sites

In orderto characterizéhe waterisotopicvariationin Mallorca,atotal of 60 sampleg33
cavedrip or pool waters,11 groundwatersand16 rainfalls)werecollectedin two different
campaignandarediscussedn furtherdetail. In all cases4 ml glassvials werefilled to the
top andcappedo preventkinetic fractionationthroughevaporatiorandkeptat 4 °C until
measuremerttme. Additionally, thevials weresealedwith Parafilm. A shortdescriptionof

thesamplegypeandprovenances presentedbelow.
3.1.Rainwatersamples

Exceptfor Octoberand NovemberMallorcaexperiencesregularandlimited rainfall events
eachyear. This makest difficult to collectrainwateron amonthlybasisandthereforeno
long-termmonitoringwasattempted.However,15 samplesepresentinginglerainfall
evens werecollectedbetweerMarch2012andMarch2013at the University of Balearic
Islands,PalmacampudJIB (12), Selva(2), andAlcudia (2) (Tablel). Oneadditional
samplewascollectedin May 2015from Selva(Fig. 1B, i), avillage in northwestermpartof
theisland,in theclosevicinity of CampaneCave. As suggestethy the summarieof
monthlymeteorologicatlataprovidedby NOAA (2015),the precipitationregimeremained

almostidenticaloverthe past5 years.
3.2.Cavewaters

Wateraliquotsfrom pods or activelydripping sodastrawsweresampledrom eightcaves

locatedin differentgeographi@andgeologicsettingsacrosgheisland(Fig. 1B). Sample
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codesandlocations,aswell ashostrock type, its age,andthicknessaboveeachcaveare
listedin Table2. Additional morphologicabndundergrounctlimatic parameters
(temperaturerelativehumidity (RH), andCO, concentration)nformationon Campanet,
Arta, Drac,andVallgorneracavesareavailablein Dumitruetal. (2015). To facilitatethe
conextof understandingheisotopicvariability in the otherfour cavestheir main

characteristicarepresentedbelow.

CovaTancada(~120m in length),openson the easterrsideof the Alctdia Peninsulaat~10
m abovesealevel (asl) (Fig. 1B, e). Thecawe developsn upperJurassidimestonesand
consistof a seriesof passageandlargechambersall extremelywell decoratedHodge,
2004). Bedrockthicknesson top of the cavevariesbetweerb and25m. Duetoits large
entrancethe cavetemperaturand relativehumidity is heavilyimpactedon thefirst 10-15m
by the outsideconditions. Exceptfor theaccespassagn thelargestchamber(in theinner
partof thecave)whereadraftis felt yeararound the climatic parameterareratherconstant

(18.5+ 0.2°C andover85 % RH).

Covade SonSantMarti is locatedin the northernpartof theisland,5 km southwesbf
Alcudia (Fig. 1B, g). Thecaveentranceo the caveis alargecollapse put a stonestaircase
facilitatetheaccesslownto thefloor of the cavewheretwo chapelsvereconstructeaiuring
the13" and14™ century. The cavepassage&-120m) arecarvedin lower Jurassic

limestonesarepoorly decoratedandaresituatedl5 m belowthe surface.

CovadesesRatesPinyadess arelativelycomplexbut rathersmall (300m) karstcave
developedn lower Jurassidimestonesca.5 km eastof the city of Inca(Fig. 1B, h). The
entrancegivesaccesgo acollapsechambethatconnectsthroughatight passagewith two
lower level passagedispasedalonga prominentsubverticafracturewith aNNE-SSW

orientation;thesearelocatedat depthsaround20 and40 m, respectively. The caveis poorly
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decoratedindthe only watersamplewascollectedimmediatelyafterthe narrowpassage

leadingto the-20 m level from thetip of asodastraw.

CovadeCala Varquess locatedon the easterrcoastof Mallorca, 6 km southof Covesdel
Drac(Fig. 1B, f). It isashort(150m) andshallowcave(lessthan10 m belowthesurface)
thatdevelopedn upperMiocenereefallimestonesandcalcarenitegGraciaet al., 2000).
CalaVarquesopensat 1 m asland~20m from the coastandshowsa profusionof
speleothendecoration.No detaileddataexiston the cavemicroclimate;occasional

temperatureneasurement@ngebetween20.3and21°C (x 0.2°C).
3.3.Groundwatersamples

Theisotopicsignatureof local groundwatewasinvestigatedn four typesof bottledwater
correspondingo thefollowing springs:FontdesTeix (FT) in Bunyola(aquiferlocatedat +
461 m belowpresentsealevel; bpsl), FontSordade SonCocd(FSCC)situatedn Alaré (
£39m bpsl),FontMajor (FM) in Esporleq 286 m bpsl),andFontde V § $ UES)MiM D
Bunyola( #474m bpsl). All springsarehostedoy UpperTriassicto Lower Jurassic
limestonesand dolostonegFig. 1B). Theimpervioushorizonconsistof Keuperfaciesrocks
(siltstonesandgypsum)andbasaltof UpperTriassicage(Fornosetal., 2002). Samples
from shallowgroundwateffed wells in ValldemossaPoude Judi,Selva,andCampanet
villageswerealsosampledor this study. In addition,two samplesvererecoveredrom a
poollocatedin thelowermostpartof Poude CanCarro,avertical cavereachingthelocal

watertableat~ #0m.
3.4.Sampleanalysis

Oxygenandhydrogenisotopesvere measureatthe % D EBdlyai University Stablelsotope
Laboratoryin Cluj-Napoca(Romania)usingCavity Ring-Down SpectroscopyCRDS)

(Berdenetal., 2000;BerdenandEngeln,2009)PicarroL2130- instrumentandvaporizer
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(usedin high-precisionmode)following the methoddescribedy Wassenaaet al. (2012,
2013). InternallaboratorystandardsverecalibratedusingVSMOW2 andSLAP2
internationaktandards All /0 and /H valuesobtainedareexpressedh permil A
(Craig,1961)andnormalizedto the VSMOW-SLAP scale. Measuremenprecisionis typical
<0.025A for f®0and<  Afor H. Thereproducibilitybetweermeasurementsf

duplicatesampless ~0.07 Aanda  Aor /0 and /*H, respectively.
3.5. Stormtrajectories

To tracetheorigin of stormsdeliveringprecipitationto our site, we usedthe Hybrid Single
ParticleLagrangiarintegratedTrajectoriefHYSPLIT) model(DraxlerandHess,1997;
1998;Draxler,1999;Steinetal., 2015). Backtrajectoriesverecalculatedor a periodof 96

hoursbeforearrival at an altitudeof 2000m abovethe groundfor all sampledainfall events.

4. Results

Theisotopicsignatureof precipitationsexhibitssignificantvariation,from #5.1to 2.2 A
for /%0 andfrom A04.8to 8.3 A for H. We comparedurresultswith therainfall
isotopiccompositiorrecordedat the closestGNIP station(IAEA/WMO, 2015). Thisis
locatedin Palmade Mallorca (hereafteilGNIP Palma)andmonitoredprecipitationon a

monthlybasisbetweenJanuary2000andDecembef010.

The /%0 valuesof cavedrip/poolwatersrangefrom | 9to | 7 A whereaghe 2H values
varybetween#2.3and #.1 A Themostnegative /°0 valuesof theentiredatasetome
from Covesde Campanet Thedrip waterscollectedfrom Covesdel Drac showeda
remarkableconsistencyanda restrictedaveragecompositionatangeof 4.7+ 0.1 A /%0
and 27.2to 24.5 A PH. Very similar *°0 values(averageof 4.8+ 0.1 A were

measuredn CovadesPasde VallgorneraandCovade Cala Varques Theextentof isotopic
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variability in sampledrom Coves G 1 $ téa¢hes.1 Ain /0 (8.7 Ato .8 A The
most'®0-enrichedcavewaters with anunweightedarithmeticaveragevalueof 8.2+ 1.1 A
weremeasuredn samplesrom CovaTancada Only onewatersamplewascollectedfrom

CovadesesRatesPinyadeq 5.8 A andCovade SonSantMarti ( 5.1 A

Thegroundwatersrewithin 2.4 A /%0 of theunweightedarithmeticmeanof #.4 A (see
Table3). Exceptfor thewatersamplefrom Poude JudiandPoude CanCarro,which have
higher /*®0 values($.1and 5.2 A respectively)all thosecollectedin thefoothills of the

Tramuntananountainsarebelow # A in /*°0 (Table3).

5. Discussion

We first discusgainwaterdata,attemptingto understandhe moistue sourceghatpotentially
controlthe /**0 compositionof precipitationover Mallorcalsland. Next, we interpretcave
water /*®0 valuesandrelatethemto the availabledataof local precipitationto evaluatethe
relationshipbetweermmeteoricanddripping waterandto estimatethe variability of /%0
amongdifferentcavesn thearea. Finally, we examinethe groundwateresultsandwe
concludewith theimplicationsof theseresultsfor climatereconstructionsisingoxygen

isotopesn speleothemfom Mallorca.
5.1.Rainwatersamples

TheGNIP /0 dataaregraphicallyrepresentedsa statisticalsummarythroughtheir
guartiles,in theso-calledbox-andwhiskerplot (Fig. 2). Whiskerplotsallow a better
visualizationof the variability outsidethe upperandlower quartiles. Besidethe arithmetic
mean theplot indicatesthe outliersasindividual points. Apartfrom the January2013
samplesthe /%0 valuesof precipitationscollectedin this studyarein therangereportedby

GNIP Palmastation,suggeshg theycanbe consideredeliableandrepresentativeata.
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Usingthe averagasotopiccompositionof MediterranearandAtlantic sourcescalculatedoy
Celle-Jeantoretal. (2001),it becomesvidentthatthe majority of rainfall ontheisland
originatesfrom thewarm Mediterranearsea. Thetwo differentmoisturesourcesarealso
shownby the backtrajectoryanalysisof eachrainfall event,which indicatesthatthe most
80-depletedrainwaterssampleg< 8 A havea North Atlantic source(Fig. 3A), wheres
thehighest/*°*0O values(> 6 A haveaclearproximal, Mediterranearor continentabrigin
(Fig. 3B). Theexceptionis therain eventsampledn May 2015,which hasa /%0 valueof +
2.4 A butthe HYSPLIT trajectoryindicatesan Atlantic origin (Fig. 3B). However the
meteorologicatlataalongthis trajectoryshowa minimal rainouteffect, with atotal of 2.2
mm of precipitation,all of which occurredwithin thelast26 hoursbeforearrival. Thus,we
assumehatoneof themaininfluenceson the waterfeedingthe cavedocatedon Mallorca

Islandwould bethe sourceeffect,dueto differentrainouthistories.

Thegenerakelationshipbetween/®0 and /°H valuesof naturalterrestrialwatersis
describedy the Global MeteoricWaterLine (GMWL), anequaton originally definedby
Craig(1961)as "H=8 /*®.0+10 A SMOW)andlaterrefinedby Rozanskietal. (1993)as
PH=8.17 *0 +11.27 AVSMOW). Dueto variousclimatic and/orgeographic
parameterghe Local MeteoricWaterLine (LMWL) maydiffer from GMWL (bothin slope
andinterceptvalues) reflectingthe origin of watervaporandmorecomplexsecondary
processesf re-evaporatiorandmixing. The LMWL for Mallorca(hereafteMaWL) was
calculatedbasedn all collectedrainwatersamplegseeTablel) andhasaslopeof 7.9 (£
0.3),slightly lower thanthe GMWL (Fig. 4). Althoughslopedowerthan8 normallyindicate
evaporativeconditions(Clark andFritz, 1997),the majority of our rainwatersamplelot
alongthe GMWL, suggestingheyexperiencednsignificantevaporatior(Fig. 4). Fromthe
sameplot it is apparenthatthe GNIP Palma(slope6.6 + 0.2) deviatesmoresignificantly

from GMWL, whencomparedo MaWL. A reasonablexplanatiorfor this differencemay
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residein thelengthof samplingcampaign. GNIP long-termdatabaseeflectstenyears
samplingperiod,whereaur datasetomprisenly one. Thus,the GNIP recordcaptured

distinctiverainouthistoryof air masses.

Thedeuteriumexcesgd-excesspr simplyd), calculatedas:d A = PH #8 /*°0, is another
usefulparametem identifying the sourceof watervapor(Dansgaard]1964;Celle-Jeantoret
al.,2001;Andreoetal., 2004;Dellatreetal., 2015). Gatetal. (2003)suggesthathigh d
valuesreflectMediterranearseaprecipitation formedunderconditionsof alargehumidity
deficit andkinetic effectsthroughevaporation.For this reasond valuesaroundor below+10
A arecharacteristi¢o Atlantic-derivedprecipitation whereasraluescloseror above+20 A
indicatethe Meditermnearasthe predominansourceof watervapor(CruzSanJulianetal.,
1992). Forthe entirerainwaterdatasetfrom which MaWL wascalculatedd rangedfrom 0.4
to 18.4 A thehighestvalues(thosewell abovel0 A likely indicatea mix sourceof
moisture from both Atlantic andMediterraneanwith a significantcomponentelatedto the
latterlocation. Also, high d valuesmaysuggestinadmixtureof locally recycledwater
vapors(Aemiseggeetal., 2014)with the moisturefrom the Mediterranear{seabreezes),
which s the predominansourceof summerprecipitationsgn Mallorca. Overall,elevenout of
sixteenrainwatersamplelot on or slightly abovethe MaWL, suggestinggnhancedanoisture
recyclingandnegligibleevaporatiorof theraindropsbeforethey reachthe landsurface
(Andreoetal.,2004;Cruzetal., 2005). Five rainwatersampleglot below MaWL exhibiting
adeuteriumexcesf lessthan10 A Thesevaluesareindicativeof kinetic evaporatiorof
raindropsduringrainfall belowthe cloudsin anenvironmenin which relativehumidity

exceeds5 % (Merlivat andJouzel 1979).
5.2.Cavewatersamples

To assesshetransferof /*°0 signalfrom meteoricwaterto cavedrip waters jsotopicdataof

rainwaterabovethe cavewould beideal. Sincethere areno rainfall data(amount,sotopes)
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availablestrictly aboveanyof theinvestigatecdcaveswe usedtheisotopiccomposition
measuredh precipitationscollectedin Palmawhich is within 60 km of our caves. The /*°0
valuesof rainwaterdrom SelvaandAlcudia (Fig. 1B) wereusedto furtherevaluatethe
isotopicsignaturdan cavedrip andgroundwatesamplesollectedwithin 15 km of eachof

thesdocations.

Theisotopiccompositionof mostcavewaterslargelyoverlapsthe Mediterraneassourced
sumner precipitationfield (yellow areain Fig. 5A). Becausen eachcavetheisotope

signatureof drip watersis ratherdistinct,theyarediscussedgeparately.

Thestableisotoperatiosof pool watersaresimilar to thoseof dripsfeedingthem,suggesting
thatnon-evaporativeeonditionsexistwithin Covesde Campanet This statements supported
by constantemperaturé21 + 0.2 °C) andrelativehumidity (>90 %) measuredhroughout
theyear. The /0 valuesrangebetween®$.9and 4.1 A overlappingsomeof the GNIP
winter rainfalls. Thecavewatershaveanunweightedarithmeticaverageof 6.5+ 0.3 A
afteromitting two sample<ollectednearthe caveentranc§ CAM 1, CAM 2; Table2),

which mayhavebeenaffectedby non-equilibriumeffects. The presencef activeair
circulationin this sectionof the cave(Dumitru et al., 2015)canaccountfor higher

evaporatiorrates,andthusmorepositivevalues.

Theamountof precipitationfalling atthis inlandlocationduringsummeris insignificant.
Consequentlymostof therainwateris morelikely to belostto evapotranspiratioprior to
infiltrating into the epikarsthence cavesummerrechargas verylow or absent.Insteadthe
increasan fall/winter precipitationcorrelateswith anincreasean rechargewhenahighrate
of infiltration efficiencyis expectedduring periodsof aboveaverageprecipitation. This
situationhasbeentestedn November2012,aftera 5-monthlong droughtin the Campanet
area. Following arainy periodextendingfrom October30to November28 (Tablel1), most

stalactitesandsodastrawsin Campanetvereactive. The /*°0 valuesof samplesCAM 9to
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11 collectedin Saladel Llac (Table2) within 2-3 daysof two majorrainfalls (October30 and
Novemberll)are~2 A more'®O-enrichedrelativeto therainwatercollectedin Selva,
indicatingvery shortresidencdgime andsomemixing with waterstoredin thevadosezone.
However,if consideringheaverageof all rainfall eventsrecordedn theabovementioned
period,thedifferenceis only 0.5 A suggestinghatan effectiveisotopichomogenization
occurredalongtheverticalflow path. Thus,it is safeto assumehatreactivationof dripping
in Campanebeginningwith November2012wastriggeredby theseheavyrainfalls. Since
thebacktrajectoryanalysisof all theserain eventsindicatesan Atlantic sourcedmoisture
(Fig. 3A), thelow /*®0 valuesof Campanetvatersprimarily reflectthe compositionof

precipitationsoriginatingfrom this region.

Thedifferencebetween/*?0 valuesin coevaldrip watersin Covesdel Drac andCovade
CalaVarquess small(<0.7 A Table2), whereasn CovadesPasde Vallgornerait shows
significantlylessvariability, rangingbetween#.9and + A Combiningtheinferences
basedon the narrowisotofc rangeandinsignificantevaporativeeffectsdueto caverelative
humidity exceedind5 %, the'®O-enrichedcavewatersimply thatthe majority of recharges
largelysuppliedby summemMediterraneamainfall events. Consideringhethin limestone
capabovethesecaveg<10m), we arguethattheresidencaime of meteoricwatersin
epikarstis short. This assumptions furthersupportedy the minor variability of cavedrip
water /%0 valueswhencomparedo the meteoricprecipitationgeedingcavedripsandpools

in this partof theisland.

Thehighestvalue( 8.7 A in CovesG 1 $ tbvkeispondso a sodastraw(ARW 1) from
which dropswerefalling every4 minutes favoringkinetic effectsdueto high evaporation
rates. Thedepletionin heavyisotopecorcentrationsn sampleARW 2 collectedfrom a5 m?

manmadgool maybe causedy evaporatioror mayrepresenhon-homogenizednfiltration

events. Thefactthatthe poolis fed by over 15 stalactiteghatareactiveyeararound,
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suggests storagezonein the unsaturate@oneabovethe cave,in which individual rainwater
eventsarehomogenized.Therefore fasttraveltimesthatwould promotelessmixed meteoric
watersareunlikely andthe only procesghatcanaccountor **0O-enrichmenin ARW 2is

evaporéon.

Themorenegativevalues( 6.3and 6.8 A representvatersamplesollectedfrom small
poolsfed by singleor maximumb5 drippingpoints. Dueto their locationwithin the caveand
thicknessf limestoneabove(100450m), it is expectedhatsamplesARW 3 and4 are
representativéor drip watersuppliedfrom awell-homogenizedechargesourcethatdelivers
mix watersof both MediterranearmndAtlantic origin (~ 6.5 A Consideringhe extentof
theunsaturate@oneabovethe caveandthatthe bulk waterrateis low andrelatively constant
for mostdripsthroughoutheyear,it is conceivabldhattheresidencdime of meteoric
watersis long enoughto dampvariationsin the /*°0 valuesof rainfalls of variousmoisture
sources.The oxygenisotopiccompositionin stalagmitesormedat suchlocationsshould

reflectlong-term (annualor greater)paleoclimatevariability atlocal to regionalscale.

The /*®0 valuesof two rainwatersamplesollectedin Alctidia anddrip watersfrom Cova
Tancada(10 km E of thistown) rangebetween#.2and 4.7 A falling in the
Mediterraneassourcedsummerprecipitationfield (Fig. 5A). Theveryhigh /%0 valueof
sampleCT3 (Table2) likely reflectsevaporativeeffects,sinceit wascollectedfrom a pool
locatedneara passageonstrictionthatcausestrongventilationin thatsectionof the cave.
Theisotopiccompositionof the otherthreesamplegositionednearor abovethe MaWL, are
very similarto thosemeasuredn seabreezerelatedrainfalls (bothin PalmaandAlcudia)
deliveringwaterfrom vaporthatformedwhenrelativehumidity waslessthan~85 % (Pfahl

andSodemann2014).

Havingonly onedrip watersampleanalyzedrom Covade SonSantMarti andsesRates

Pinyades, anydiscussiorconcerningheir hydrologicsystemwould be speculative.
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However their /*®0 andd-excess/aluescombinedwith therestof ourisotopedataprovide

supportfor the origin of theair massedeedingthe drip waterin cavesacrossViallorcalsland.

In cavedocatedvery closeto the cosst, onemayexpectcavedrippingwaterto beamix of
rain,fog drip (Aravenaetal., 1989),or seawatespray(Caballeroetal., 1996). Howeverthe
%0 of the majority of our cavedrip watersplot slightly abovethe MaWL (Fig. 5B),
implying only meteoic waterreacheshedrippingsites. Fogis a seasongbhenomenothat
is commonfor the centraleastermpartof theislandwhereno cavesweresampledhenceits

potentialrole asa sourceof waterwasnot considered.

It is worth notingis thatwith oneexception(Arta), the /20 of drip watersampledn caves
locatedwithin 500m from the coast fall closeto, or abovethe averagasotopicvalue
expectedor MediterranearsourcedmoisturemassegFig. 6). Artais aspecialcasebecause
of thethick vadesezoneabovethe cavethatallowsfor aneffectiveisotopichomogenization

of seasonatainfall events.

Theisotopicsignatureof watersamplesn cavedocatedfurtherinland (>10 km) approaches
or overlapsthe estimated/*?0 isotopicrange( 6.9to 6.1 A Fig. 6) calculatedfor locations
in Mallorca (0-400m altitude)usingthe algorithmdevelopedy BowenandRevenaugh
(2003). Thistheoreticfield appeardo characterizéheisotopiccompositionof well-mixed
reservoirdn thevadosezone,in which approximatelyequalamountsof Mediterranearand
Atlantic rainfallsarehomogenized.The samplefrom SonSantMarti plotsslightly belowthe
average/*®0 valueof the Mediterraneamrecipitations. The possiblereasorfor the
somehowmore®0-depleteddrip watercould bethe distancefrom the sea(1.2 km) or lesser

contributionfrom *¥0-enrichedrainfalls associatedavith seabreezeronts.

5.3.Groundwatersamples
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Comparedo themorescattered/aluesof rainfalls (#5.1and 2.2 A  theisotopic
compositon of groundwatergxhibitsa narrowerrangeof variation(Fig. 4), indicatingan
efficientisotopichomogenizatiorf differentrain eventgCruzetal., 2005;Onacet al.,
2008;Papeetal., 2010). Thed-excessangesrom 12.3t0 25.9 A with ameanvalue of ~17
A l\lso seenin Fig. 4 is thatall groundwatesamplesaresituatedslightly abovethe
GMWL andMaWL. Thehighest/*®0 valuesof $£.4and 5.2 A measuredn CanCarro
Cavecharacterizanunconfinedaquiferfed by meteoricwaterheatedat dept whereupont
risesback(Mateoset al., 2005). An enrichedvalue( 6.1 A wasalsomeasuredn thewater
samplefrom Poude JudiWell, whichis very closeto thatof drip watercollectedfrom Rates
PinyadesCave(5.9 A Bothlocationsarein the Incabasin,for which we infer a mix

sourcefeedingthe epikarststorageeservoir.

Takentogetherthe d-excess/aluesandtheisotopicdataof local groundwatersuggesthat
themainpartof 0 D O O RangtBrfhequifersrechargas predominantlysuppliedby
Atlantic-origin vapormasses.Fogdrip hasbeendocumentedo contributeto groundwater
recharggIngrahamandMatthews,1988;Pradaet al., 2015). However,all our sampledsites
arelying outsidethefog areaknownin Mallorca,thereforetheinput from fog drip is
negligible. Without a largerisotopedatasetspecificinformationon individual rain events,
andtheageof groundwaterit would be speculativeo drawanyfurtherconclusiononthe

origin andtype of precipitationeventsdominatingrechage.

6. Conclusions

Ourwork addsnewinformationon isotopicvariability of meteoricprecipitation drip water,
andgroundwatefrom Mallorca,a potentialkey site for speleotherbasedpaleoclimaticand

sealevel reconstructions.
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TheMaWL FH =7.9 /*®0 + 10.8)constructedn the basisof a yearlong samplingof
individual rainfall eventsis muchcloserto the GMWL comparedo theonegeneratedising
the GNIP Palmadatabase fH = 6.6 /*°0 + 1.7). Thelower slopeof the GNIP Palma
meteoricwaterline probablyreflectsthe muchlongersamplingintervalthataverageshe
effectsof stormsoriginatingin differentsourceareasandsomesmall differencesn

evaporativasotopefractionationof H andO, respectively.

In this study,five out of eightcavesare locatedwithin 0.5km of thecoastling(Fig. 1B).
Foursampleglot to theright of MaWL, pointingoutthey mayhaveexperienceevaporation
prior to percolatinghroughthethin soil andepikarstzone. The samplesaboveMaWL may

originatefrom rainfalls enricheddueto enhanceaceammoisturerecycling.

Thedataavailablefor this studyareclearlyinsufficientto explainconclusivelytheobserved
isotopicspatiallyvariability acrosgheislandof Mallorcaor within the caves. However,
collectively, the /®0 valuesof precipitationswhich arein therangeof GNIP data,andthose
of cavedrip waterhelptrackingtwo mainorigins of air massesffectingthe studysites. The
enriched*®0 valuesandd-excess>10 A of drip watersin Drac, Vallgornera,Cda Varques,
TancadaandSonSantMarti cavesindicatevapormasse®f Mediterranearorigin, likely
relatedto local thunderstormslevelopedalongthe seabreezefronts. The more*®0-depleted
valuesmeasuredn CampanetsesRatesPinyadesandpartsof the Arta cavesmayreflecta
dominantcontributionfrom rainsof Atlantic sourcearea. Different mixing, evaporation
rates,andflow pathwayswithin the epikarstmayalsoimpactthefinal isotopiccomposition,

however no rechargedataareavailableto asgsstherole of theseprocesses.

Thespatialpatternof cavedrip /%0 valuesacrossMallorcacanbe primarily attributedto the
sourcearea(Mediterranears. Atlantic) of thewatervaporin therain bearingclouds. In
addition,theamountof rainfall per event,frontal depressionss. convectivestorms,

evaporationandmoisturerecyclingcouldalsocausethis rangeof /%0 values. As for the
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/*®0 variability within CampanetTancadaandArta cavesfor which four or moresamples
wereanalyzedthefollowing factorsmight beresponsiblei) thicknessof thebedrockabove
the cave,which controlswaterresidencdéime andthusthe degreeof isotopic
homogenizationandii) particularcaveclimatic conditions(i.e., relativehumidity,
temperatureandventilation). Any of thesephysicaldriverscanpotentiallymodify the /%0

valuesof drip waterat a specificlocationwithin the cave.

Oxygenandhydrogenisotopesn rainfall anddrip waterarekeyto understandingast
variability of moisturesources.lt is expectedhatspeleothemfom inland cavesand/or
thosehavingathick vadosezoneabovethemareidealfor reconstructingannualor greater
scalevariationsin westernMediterraneampaleoclimate.Theisotopiccompositionof drip
waterfrom suchcaves likely reflectspredominantlyAtlantic sourcednoisture. In contrast,
speleothenpaleoclimataecordsfrom cavesalongthe coasthavingathin limestonecapand
thusfastrechargdo drip siteswill likely providea seasonasignalassociatedavith

precpitationsgeneratedy moisturemasseshatoriginatefrom the Mediterranean.

This datasetonstituteghe baselindor future studiesaimingto assistspeleotherbased

paleoclimataeconstructiongn the westernMediterranearasin.
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Fig. 2. Box-andwhiskerplot of /*%0 GNIP Palma(solid/opensquareweighted/unweighted
meanisotopevalue; IAEA/WMO, 2015) andthis study (solid blue dots) precipitationdata.

Red and blue horizontallines representhe averageisotopic value for Mediterranean and

Atlantic-sourceprecipitationsrespectively.
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Fig. 3. HYSPLIT backtrajectoriedor rainwatersampleswith the lowest(A) andhighest(B)

/0 values.
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Fig. 4. The relationshipbetweenGMWL (dashedline) and the local meteoricwater lines
constructechasedon /*°0 and /°H valuesof precipitationfrom GNIP Palma(orange)and

this study(blue). Also plottedaregroundwatersamplegopenblue squares).
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Fig. 5. A) Isotopic compositionof drip/pool water samplesfrom eight caves(this study)
alongwith GNIP Palmaprecipitation(yellow: summer;blue: winter); B) Closeup showing

the isotopic compositionof eachcavewater sample. MaWL is representedby solid black

line.
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Fig. 6. Meancavedrip water /*°0 valuesversusdistancerom the MediterranearSeacoast

Shadedectangleencompassee estimatedsotopicrangefor Mallorca (seetext for details).
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Table 1. Isotopicdataof precipitationscollectedin PalmacampudJIB, Selva,andAlcudia.

Meteoric precipitation /0  d-excess
(sampling date and location) A (A)
March20,2012 -2.9 12.20
April 5,2012 -3.9 0.40
May 1,2012 -5.5 13.20
June3, 2012(Alcudia) -3.71 18.37
Septembe, 2012 (Alcudia) -2.94 16.46
October30,2012(Selva) -8.71 11.26
Novemberl0, 2012 -2.2 9.30
Novemberll,2012(Selva) -8.55 11.50
Novemberl7,2012 -6.4 6.40
Novemberl8,2012 -5 10.80
November28,2012 -10.4 15.60
January?24,2013 -11.4 9.90
January?28,2013 -9.7 5.00
February23,2013 54 17.10
March13,2013 -15.1 16.00
May 22,2015 (Selva) 2.41 18.42
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Table 2. List of investigateccavestheir geologicsetting,andisotopicdata.

Hostrock age

. 18,
Location Sr;c:ﬂ]oen Sampling site and thickness / f d-?i&c)ess
abovecave
CAM 1 Poolin SalaRomantica -4.15 11.77
CAM 2 Sodastrawabovepoolin SalaRomantica -4.77 13.41
CAM 3 Dripping point, left sideof SalaRomantica -6.87 12.60
CAM 4 Sodastraw right sideof SalaRomantica -5.88 12.95
Covesde CAM 5 Sodastraw left passagéowardsSaladel Llac UpperTriassic -6.11 13.01
Campanet CAM 6 Poolin SaladelLlac dolostone -6.69 12.87
CAM 7 Sodastrawat the endof Saladel Llac (5-20m) -6.21 13.43
CAM 8 SodastrawbetweerSaladel Llac andPalmera -6.90 13.57
CAM 9 Smallpool in Saladel Llac -6.43 10.10
CAM 10 Largepool in Saladel Llac -6.35 10.67
CAM 11 Sodastrawat the endof Saladel Llac -6.58 11.78
Dracl -4.60 9.60
Drac2 UpperMiocene -4.81 20.24
CovesdelDrac Drac3 Sodastravs in CovaBlanca limestong(15 -4.43 23.96
Drac4 m) -4.79 20.68
Drac5 -4.49 2151
VLG 1 _ -490 8.00
Sodastrawsin the EntranceRoom
VLG-3 Pool SectorNord limestoneg(10 -4.81 22.80
deVallgornera
VLG-4 SodastrawSectorN m) -4.71 22.18
VLG -5 SodastrawSectorF -4.78 22.13
ARW 1 SodastrawbetweerinfernoandPurgatorio -3.68 14.97
ARW 2 Manmadewaterpool nearinferno Middle Jurassic 5 59 14,29
CovesG T $L o _ limestone
ARW 3  Poolontheright sidedescendingrom 3+ HD Y (20- 150m) -6.81 15.72
ARW 4 Smallpool on adomebeforeexiting the cave -6.33 15.25
CT1 Sodastrawin thefirst chamberpearentrance -3.59 9.53
CT2 Sodastrawbeforeenteringthe big chamber ~ LowerJurassic . _4 17 17 10
CovaTancada _ _ _ limestone
CT3 Poolatthe entrancen the big chamber(left side) (5-30m) -1.66 9.15
CT4 Sodastrawat the far endof the big chamber -3.28 16.46
CovadeCala CVB 1 Sodastrawright afterconstrictecbassage ~ UpperMiocene -4.21  12.60
Varques CVB2  Sodastrawin theupperpartof seconcchamber limestone5m) -4.86 13.13
CovadeSanant CSM Sodastrawnearthe endof the stairs _LowerJurassm -5.10 12.99
Marti limestoneg(15m)
CovadesesRates . Lower Jurassic
Pinyades RPC Sodastrawbeforethe vertical passage limestone(20 m) -5.85 13.16
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Table 3. Isotopicdataof groundwaters.

Groundwater **o d-excess
sampling location A (A)
Campanet -7.42 13.60
FontdesTeix -8.79 18.14
FontSordadeSonCoc6  -7.17 14.66
FontMajor -9.44 18.19
Fontde VISULWMI[ -8.66 17.37
Selva -7.28 15.59
Poude Judi -6.08 12.27
Valldemossq1l) -7.60 16.10
Valldemoss4?2) -7.94 17.95
CancCarro(1) -5.43 25.96
CanCarro(2) -5.18 24.26

This article is protected by copyright. All rights reserved.



