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Abstract
0RQLWRULQJ�RI�FDYH�HQYLURQPHQWV�LV�DQ�HVVHQWLDO�

process for deciphering records of past climate change 
SUHVHUYHG�LQ�WKH�JHRFKHPLFDO�FRPSRVLWLRQ�RI�VSHOHRWKHPV�
RU�PLQHUDO�FDYH�GHSRVLWV��7KLV�VWXG\�SUHVHQWV�GDWD�IURP�D�
PXOWL\HDU�PRQLWRULQJ�H൵RUW�LQ�7LWDQ�&DYH��:\RPLQJ��D�VLWH�
of interest due to the abundance of speleothems suitable for 
SDOHRFOLPDWH�UHFRQVWUXFWLRQ��7LWDQ�&DYH�H[KLELWV�DQQXDO�FDYH�
DLU�WHPSHUDWXUH�ÀXFWXDWLRQV�RI�OHVV�WKDQ�����GHJUHH�&HOVLXV��
DORQJ�ZLWK�FRQVLVWHQW�UHODWLYH�KXPLGLW\��GULS�UDWH��DQG�SDUWLDO�
SUHVVXUH�RI�FDUERQ�GLR[LGH��S&22��WKURXJKRXW�WKH�\HDU��
6PDOO�YDULDWLRQV�LQ�GULS�UDWH�ZHUH�QRWHG�WR�EH�DVVRFLDWHG�ZLWK�
PXOWLVHDVRQDO�WR�PXOWLDQQXDO�UHJLRQDO�SUHFLSLWDWLRQ�WUHQGV��
VXFK�DV�WKH�ZLGHVSUHDG�ZHVWHUQ�8QLWHG�6WDWHV�GURXJKW�WKDW�
ODVWHG�IURP�IDOO������WKURXJK�VSULQJ�������6WDEOH�LVRWRSH�
PHDVXUHPHQWV�IURP�GULS�ZDWHU��GHO�K\GURJHQ���RU�GHXWHULXP�
>į2+@��GHO�R[\JHQ����>į182@��DUH�DOVR�UHODWLYHO\�FRQVWDQW�
WKURXJKRXW�WKH�\HDU�DQG�DFURVV�GL൵HUHQW�GULS�VLWHV�LQ�WKH�FDYH��
YDU\LQJ�E\�RQO\���SHU�PLO��Å��LQ�į2+�DQG�OHVV�WKDQ����Å�LQ�
į182��+RZHYHU��VWDEOH�LVRWRSHV��į182��GHO�FDUERQ����>į13&@��
PHDVXUHG�LQ�PRGHUQ�FDOFLWH�JURZQ�RQ�DUWL¿FLDO�VXEVWUDWHV�YDU\�
VSDWLDOO\�DQG�WHPSRUDOO\�ZLWKLQ�WKH�FDYH�

,Q�WKH�3LVD�5RRP�RI�7LWDQ�&DYH��PRGHUQ�FDOFLWH�FROOHFWHG�
IURP�GULS�VLWHV�LQ�WKH�FHQWHU�RI�WKH�URRP�LV�PRUH�QHJDWLYH�LQ�
ERWK�į182�DQG�į13C than modern calcite collected from drip 
VLWHV�DORQJ�WKH�URRP¶V�ZDOO��VXJJHVWLQJ�GL൵HUHQWLDO�ZDWHU�ÀRZ�
SDWKV�DQG��RU��LQ�FDYH�GLVHTXLOLEULXP�H൵HFWV��7KH�PLGGOH�RI�
WKH�3LVD�5RRP�ZDV�LGHQWL¿HG�DV�WKH�ORFDWLRQ�EHVW�VXLWHG�IRU�
future speleothem paleoclimate reconstruction due to the high 
GHQVLW\�RI�VSHOHRWKHP�JURZWK�DQG�FDOFLWH�į182�YDOXHV�FORVHU�WR�
HTXLOLEULXP�WKDQ�LQ�RWKHU�3LVD�5RRP�ORFDWLRQV��%DVHG�RQ�WKH�
GRFXPHQWHG�VWDELOLW\�RI�WKH�FDYH�HQYLURQPHQW�DQG�WKH�UHODWLYH�
ODFN�RI�KLJK�UHVROXWLRQ�SDOHRFOLPDWH�GDWD�IURP�WKLV�UHJLRQ�
RI�WKH�QRUWKHUQ�5RFN\�0RXQWDLQV��7LWDQ�&DYH�ZDV�IRXQG�
WR�EH�D�IDYRUDEOH�FDYH�IRU�WKH�GHYHORSPHQW�RI�VSHOHRWKHP�
SDOHRFOLPDWH�UHFRUGV�

1'HSDUWPHQW�RI�(DUWK�DQG�(QYLURQPHQWDO�6FLHQFHV��9DQGHUELOW�8QLYHUVLW\��
1DVKYLOOH��71�������

28�6��%XUHDX�RI�/DQG�0DQDJHPHQW��&RG\�)LHOG�2൶FH��&RG\��:<�������

Introduction
.DUVW�HQYLURQPHQWV�KROG�JUHDW�SRWHQWLDO�IRU�SUHVHUYLQJ�

UHFRUGV�RI�SDVW�WHUUHVWULDO�FOLPDWH�FKDQJH��6SHOHRWKHPV��
RU�PLQHUDO�GHSRVLWV�IRUPHG�LQ�FDYHV�RYHU�WLPH��FDQ�EH�
GDWHG�DW�KLJK�SUHFLVLRQ�DQG�SUHVHUYH�D�QXPEHU�RI�FOLPDWLF�
VLJQDOV�LQ�WKHLU�JHRFKHPLFDO�PDNHXS��UHYHDOLQJ�DVSHFWV�RI�
SDVW�FOLPDWH�GXULQJ�WKH�VSHOHRWKHP¶V�JURZWK��/DFKQLHW�DQG�
RWKHUV��������:RQJ�DQG�%UHHFNHU��������2VWHU�DQG�.HOOH\��
�������6SHOHRWKHPV�SURYLGH�WKH�RSSRUWXQLW\�WR�UHFRQVWUXFW�
ORQJ�WHUP�WHUUHVWULDO�FOLPDWH�FKDQJH��H[WHQGLQJ�UHFRUGV�RI�SDVW�
SUHFLSLWDWLRQ�YDULDELOLW\�EH\RQG�WKH�LQVWUXPHQWDO�DQG�WUHH�ULQJ�
records (&KHQJ�DQG�RWKHUV��������:HQGW�DQG�RWKHUV���������
*HRFKHPLFDO�SUR[LHV�VXFK�DV�UDWLRV�RI�WKH�VWDEOH�LVRWRSHV�RI�
R[\JHQ��į182��DQG�FDUERQ��į13C) in the speleothem mineral 
VWUXFWXUH�FDQ�SURYLGH�LQIRUPDWLRQ�DERXW�SDVW�FOLPDWH�YDULDWLRQV�
DERYH�D�FDYH��2[\JHQ�LVRWRSHV�KDYH�FRPPRQO\�EHHQ�XVHG�WR�
UHFRQVWUXFW�SDVW�FKDQJHV�LQ�WKH�į182�RI�SUHFLSLWDWLRQ��UHFRUGLQJ�
VKLIWV�LQ�SUHFLSLWDWLRQ�LQWHQVLW\��VHDVRQDOLW\��WHPSHUDWXUH��
and moisture source region (%DU�0DWWKHZV�DQG�RWKHUV��
������7UHPDLQH�DQG�RWKHUV���������&DUERQ�LVRWRSH�UDWLRV�DUH�
UHÀHFWLYH�RI�SDVW�VKLIWV�LQ�VRLO�UHVSLUDWLRQ��YHJHWDWLRQ�DERYH�
WKH�FDYH��ZDWHU�URFN�LQWHUDFWLRQV��SULRU�FDOFLWH�SUHFLSLWDWLRQ��
and degassing ()RKOPHLVWHU�DQG�RWKHUV���������,Q�PDQ\�
HQYLURQPHQWV��FKDQJHV�LQ�VSHOHRWKHP�į13C occur as the result 
RI�ZDWHU�DYDLODELOLW\�DERYH�WKH�FDYH��H൵HFWLYHO\�UHFRUGLQJ�
ZHWWHU�YV��GULHU�FOLPDWH�FRQGLWLRQV�RYHU�WLPH��Oster and 
RWKHUV��������

$OWKRXJK�FRPPRQ�FOLPDWLF�DQG�HQYLURQPHQWDO�FRQWUROV�
RQ�SUR[LHV�KDYH�EHHQ�GRFXPHQWHG�DFURVV�ODQGVFDSHV�
DQG�HFRV\VWHPV��HDFK�FDYH�HQYLURQPHQW�LV�XQLTXH�DQG�
UHTXLUHV�LQWHQVLYH�VWXG\�WR�H൵HFWLYHO\�WUDQVODWH�VSHOHRWKHP�
JHRFKHPLFDO�GDWD�LQWR�XVHIXO�UHFRUGV�RI�SDVW�FOLPDWH�FKDQJH��
5LJRURXV�FDYH�PRQLWRULQJ�DSSURDFKHV�KDYH�SURYHQ�WR�EH�DQ�
H൵HFWLYH�PHWKRG�IRU�XQGHUVWDQGLQJ�ORFDWLRQ�VSHFL¿F�NDUVW�
SURFHVVHV�LQÀXHQFLQJ�GULS�ZDWHU�DQG�VSHOHRWKHP�JHRFKHPLVWU\�
('UXKDQ�DQG�RWKHUV��������2VWHU�DQG�RWKHUV��������2021��
6HNKRQ���������7KHVH�PRGHUQ�PRQLWRULQJ�DSSURDFKHV�IRFXV�
RQ�FROOHFWLQJ�DQG�DQDO\]LQJ�FDYH�GULS�ZDWHU�DQG�FDOFLWH�
SUHFLSLWDWHG�RQ�DUWL¿FLDO�VXEVWUDWHV�VXFK�DV�JODVV�SODWHV�LQ�
WKH�FDYH��DORQJ�ZLWK�UHFRUGLQJ�FKDQJHV�LQ�FDYH�WHPSHUDWXUH��
pCO2��KXPLGLW\��DQG�GULS�UDWH�

,Q�WKLV�VWXG\��D�FRPSUHKHQVLYH��PXOWL�\HDU�GDWDVHW�LV�
SUHVHQWHG�WKDW�LQFOXGHV�PHDVXUHPHQWV�RI�FDYH�WHPSHUDWXUH��
pCO2��UHODWLYH�KXPLGLW\��GULS�UDWH��DQG�ZDWHU�DQG�PRGHUQ�
FDOFLWH�VWDEOH�LVRWRSH�FRPSRVLWLRQV�IURP�7LWDQ�&DYH��7&���
LQ�QRUWKHUQ�:\RPLQJ��7LWDQ�&DYH�LV�WKH�¿UVW�NQRZQ�FDYH�WR�
be monitored in the northern Rocky Mountains and hosts 
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QXPHURXV�VSHOHRWKHPV�GDWHG�WR�VLJQL¿FDQW�FOLPDWLF�LQWHUYDOV�
LQ�(DUWK¶V�UHFHQW�SDVW��LQFOXGLQJ�WKH�+RORFHQH�DQG�/DVW�
,QWHUJODFLDO�3HULRG��7LWDQ�&DYH�DOVR�VLWV�LQ�D�UHJLRQ�RI�WKH�
5RFNLHV�ZKLFK�ODFNV�KLJK�UHVROXWLRQ�SDOHRFOLPDWH�GDWD�EH\RQG�
the tree ring record (3HGHUVRQ�DQG�RWKHUV���������GHVSLWH�
the importance of this information for better understanding 
ORQJ�WHUP�FOLPDWH�YDULDELOLW\�DQG�GURXJKW��5HVXOWV�IURP�WKLV�
VWXG\�LQGLFDWH�WKDW�VSHOHRWKHPV�IURP�7&�DUH�VXLWDEOH�IRU�
UHFRQVWUXFWLQJ�ORQJ�WHUP�SDOHRFOLPDWH�WUHQGV�GXH�WR�OLPLWHG�
FDYH�YHQWLODWLRQ�DQG�PLQLPDO�FKDQJHV�LQ�FDYH�PLFURFOLPDWH�
DQG�GULS�UDWH�RQ�VHDVRQDO�WLPHVFDOHV��/DVWO\��LQWUD�FDYH�
YDULDWLRQV�LQ�GULS�ZDWHU�DQG�PRGHUQ�FDOFLWH�JHRFKHPLVWU\�
were noted that are anticipated will be present in speleothem 
SDOHRFOLPDWH�UHFRQVWUXFWLRQV�IURP�7&�

Methods

Site Description

7LWDQ�&DYH�LV�D�ZLOG�FDYH�ORFDWHG�LQ�QRUWKHUQ�:\RPLQJ�
near the border with Montana (¿J���A���7KH�FDYH�LV�PDQDJHG�
E\�WKH�%XUHDX�RI�/DQG�0DQDJHPHQW��%/0��VSHFL¿FDOO\�
IRU�VFLHQWL¿F�UHVHDUFK��DQG�WKH�RQO\�NQRZQ�SUHYLRXV�
study at this site consisted of preliminary radon testing 

�XQSXEOLVKHG���7KH�FDYH�LV�ORFDWHG�LQ�WKH�%LJKRUQ�5LYHU�DUHD�
DQG�LV�OHVV�WKDQ���NLORPHWHU��NP��IURP�1DWXUDO�7UDS�&DYH��
D�VLJQL¿FDQW�SDOHRQWRORJLFDO�VLWH��1DWXUDO�7UDS�&DYH�KRVWV�D�
ZHOO�GRFXPHQWHG�IRVVLO�UHFRUG�VSDQQLQJ�WKH�ODVW�JODFLDO�F\FOH�
(.RKQ�DQG�0F.D\��������2012��0HDFKHQ�DQG�RWKHUV���������
EXW�QR�VSHOHRWKHP�UHFRUGV�RI�SDVW�FOLPDWH�FKDQJH��7LWDQ�
&DYH�LV�VLWXDWHG�LQ�WKH�XSSHU�VHFWLRQ�RI�WKH�0LVVLVVLSSLDQ�DJH�
0DGLVRQ�/LPHVWRQH��ZKLFK�FRQVLVWV�RI�JUD\�OLPHVWRQH�DQG�
UHG�VLOWVWRQH�SDOHRNDUVW�EUHFFLD�DQG�UDQJHV�IURP�����WR�����
feet thick in this region (6DQGEHUJ�DQG�.ODSSHU���������7KH�
HQWUDQFH�WR�7LWDQ�&DYH��7&���DW�������PHWHUV�LQ�HOHYDWLRQ��
VLWV�LQ�D�VPDOO�GHSUHVVLRQ�LQ�WKH�7HQVOHHS�6DQGVWRQH�RI�WKH�
RYHUO\LQJ�$PVGHQ�)RUPDWLRQ�

7LWDQ�&DYH�UHFHLYHV�ERWK�FROG�VHDVRQ�SUHFLSLWDWLRQ�
�SUHGRPLQDQWO\�VQRZ��DQG�VKRXOGHU�VHDVRQ�VXPPHU�
SUHFLSLWDWLRQ�IURP�FRQYHFWLYH�VWRUPV��0RLVWXUH�LQ�WKLV�UHJLRQ�
LV�VRXUFHG�IURP�DLU�PDVVHV�RULJLQDWLQJ�LQ�WKH�$UFWLF��WKH�*XOI�
RI�0H[LFR��DQG�WKH�3DFL¿F�2FHDQ��%U\VRQ�DQG�+DUH���������
+RZHYHU��KLJK�HOHYDWLRQ�UHJLRQV�FDQ�H[SHULHQFH�VLJQL¿FDQWO\�
GL൵HUHQW�FOLPDWRORJLHV�FRPSDUHG�WR�ORZHU�HOHYDWLRQ�DUHDV��
)RU�H[DPSOH��SUHFLSLWDWLRQ�DW�KLJK�HOHYDWLRQ�LQ�WKH�5RFN\�
0RXQWDLQV�LV�JHQHUDOO\�GRPLQDWHG�E\�3DFL¿F�VRXUFHG�ZLQWHU�
westerly storm systems (6MRVWURP�DQG�RWKHUV���������ZKHUHDV�
ORZHU�HOHYDWLRQ�DUHDV�PD\�UHFHLYH�JUHDWHU�IUDFWLRQV�RI�
VXPPHUWLPH�SUHFLSLWDWLRQ�GXH�WR�WKH�LQÀXHQFH�RI�WKH�1RUWK�
$PHULFDQ�0RQVRRQ��'HVSDLQ���������3UHFLSLWDWLRQ�GDWD�
IURP�'HDYHU��:<��DERXW����NLORPHWHUV�IURP�7&�DW�D�VLPLODU�

Figure 1. Location map of Titan Cave and inset maps to show drip site location and details. Counterclockwise, 
from top left: A, Location map of Titan Cave (yellow star), located on the western side of the Bighorn Mountain 
Range in north-central Wyoming; B, Titan Cave map with key locations marked; C, Zoomed-in map and cross 
section of the Pisa Room, with drip sites TC-1, 2, 13, 15, and 16 marked; D, Image of the Pisa Room in Titan Cave 
showing stalactite and stalagmite cave formations; E, Image of the SYP autosampler used to collect drip water at 
site TC-2. Photographs from Bryce Belanger.
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HOHYDWLRQ��LQGLFDWH�WKDW�ZLQWHU�VQRZIDOO�DQG�VXPPHU�UDLQIDOO�
equally contribute to the annual precipitation budget in this 
region ($SSOLHG�&OLPDWH�,QIRUPDWLRQ�6\VWHP��������

6DPSOH�FROOHFWLRQ�DQG�FDYH�PRQLWRULQJ�DW�7&�WDNHV�
SODFH�LQ�WKH�3LVD�5RRP��URXJKO\�����PHWHUV�IURP�WKH�FDYH�
entrance (¿J���B���%HFDXVH�RI�WKH�JHRPHWU\�RI�WKH�FDYH��WKH�
3LVD�5RRP�LV�SRRUO\�YHQWLODWHG�DQG�VLWV�EHQHDWK�DQ�HVWLPDWHG�
��±���PHWHUV�RI�RYHUO\LQJ�KRVW�URFN��7KH�3LVD�5RRP�LV�
FKDUDFWHUL]HG�E\�WKRXVDQGV�RI�DFWLYH�DQG�GRUPDQW�VSHOHRWKHP�
IRUPDWLRQV��SULPDULO\�VWDODFWLWHV�DQG�VWDODJPLWHV���UDQJLQJ�
IURP�FHQWLPHWHUV�WR�RYHU���PHWHUV�LQ�OHQJWK��¿J���D���$W�
SUHVHQW�GD\��WKH�FDYH�LWVHOI�LV�PRVWO\�GU\�ZLWK�OLPLWHG�DFWLYHO\�
GULSSLQJ�VLWHV�

Cave Monitoring Overview and Sample 
Collection

$FWLYH�FDYH�PRQLWRULQJ�DW�7&�KDV�EHHQ�RQJRLQJ�VLQFH�
6HSWHPEHU�������9LVLWV�WR�WKH�FDYH�KDYH�RFFXUUHG�RQ�D�
ELDQQXDO�EDVLV��XVXDOO\�LQ�WKH�IDOO�DQG�VSULQJ��$���\HDU�KLDWXV�
LQ�YLVLWDWLRQ�RFFXUUHG�GXH�WR�WKH�&29,'�SDQGHPLF�EHWZHHQ�
6HSWHPEHU������DQG�6HSWHPEHU�������:LWKLQ�WKH�3LVD�5RRP��
air temperature and humidity were logged continuously from 
0D\�WR�2FWREHU������XVLQJ�DQ�2QVHW�+2%2�,Q7HPS�'DWD�
/RJJHU��7KH�GDWD�ORJJHU�ZDV�UHODXQFKHG�LQ������EXW�GDWD�KDYH�
QRW�EHHQ�UHWULHYHG�DV�RI�$SULO�������'ULS�UDWH�LV�DOVR�ORJJHG�
FRQWLQXRXVO\�DW�PXOWLSOH�VLWHV�XVLQJ�'ULSW\FK�6WDODJPDWH�
DFRXVWLF�GULS�ORJJHUV��0RQLWRULQJ�H൵RUWV�KDYH�EHHQ�IRFXVHG�RQ�
WKH�VHFWLRQ�RI�WKH�3LVD�5RRP�IDUWKHVW�IURP�WKH�FDYH�HQWUDQFH�DW�
¿YH�DFWLYH�GULS�VLWHV��7&����7&����7&�����7&�����DQG�7&����
(¿J���C���7KHVH�VLWHV�ZHUH�VHOHFWHG�GXH�WR�WKH�SUHVHQFH�RI�
PRGHUQ�GULS�ZDWHU�DQG�SUR[LPLW\�WR�VWDODJPLWHV�UHFRYHUHG�IRU�
SDOHRFOLPDWH�UHFRQVWUXFWLRQ�

6WDODJPDWH�GULS�ORJJHUV�ZHUH�DFWLYH�DW�VLWH�7&���
IURP�1RYHPEHU������WR�-DQXDU\�������VLWH�7&���IURP�
6HSWHPEHU������WR�0D\�������DQG�VLWH�7&����IURP�
6HSWHPEHU������WR�2FWREHU�������&DYH�DLU�S&22 was 
PHDVXUHG�LQ�WKH�3LVD�5RRP�XVLQJ�D�9DLVDOD�&$5%2&$3�
*03����&22�SUREH�RU�DQ�$=�,QVWUXPHQW�&RUS�������$=�(%�
handheld pCO2�PHWHU�GXULQJ�HDFK�YLVLW�WR�WKH�FDYH�

'ULS�ZDWHU�ZDV�VDPSOHG�IURP�7&�XVLQJ�WZR�PHWKRGV��
)LUVW��ZDWHU�ZDV�VDPSOHG�LQVWDQWDQHRXVO\�IURP�PXOWLSOH�
GULS�VLWHV�GXULQJ�ELDQQXDO�YLVLWV�WR�WKH�FDYH��/LPLWHG�ZDWHU�
DYDLODELOLW\�DQG�ORQJ�GULS�LQWHUYDOV�KDYH�UHVWULFWHG�ZDWHU�
VDPSOLQJ�YLD�WKLV�PHWKRG��7KH�IHZ�VDPSOHV�UHWULHYHG��Q ���
YLD�LQVWDQWDQHRXV�VDPSOLQJ�ZHUH�FROOHFWHG�IRU�DQDO\VLV�RI�į18O 
DQG�į2+�LQ�SUH�FOHDQHG���PLOOLOLWHU��PO��YLDOV�ZLWK�OLPLWHG�
KHDGVSDFH��,Q�DQ�H൵RUW�WR�H[SDQG�GULS�ZDWHU�VDPSOLQJ�H൵RUWV�
DW�7&��D�:DLNDWR�6FLHQWL¿F�6<3�ZDWHU�DXWRVDPSOHU�ZDV�
LQVWDOOHG�LQ�WKH�3LVD�5RRP�DW�VLWH�7&���LQ�ODWH�0D\������DQG�
KDV�EHHQ�FROOHFWLQJ�ZDWHU�DW���GD\�LQWHUYDOV��¿J���E���7KH�
���PO�YLDOV�¿OO�LQ�DSSUR[LPDWHO\����KRXUV��SURYLGLQJ�DGHTXDWH�
ZDWHU�IRU�į182��į2+��DQG�WUDFH�HOHPHQW�DQDO\VHV�DW�VXE�ZHHNO\�

UHVROXWLRQ��,Q�2FWREHU�������IUHVKO\�IDOOHQ�VQRZ�ZDV�FROOHFWHG�
IRU�VWDEOH�LVRWRSH�DQDO\VLV�LQ�SUH�FOHDQHG����PO�)DOFRQ�WXEHV��
$OO�ZDWHU�VDPSOHV�ZHUH�NHSW�UHIULJHUDWHG�XQWLO�DQDO\VLV�

Water Sample Analysis

'ULS�ZDWHU��Q� ������DQG�VQRZ��Q ���VDPSOHV�ZHUH�
DQDO\]HG�RQ�D�3LFDUUR�/�����L�,VRWRSLF�:DWHU�$QDO\]HU�DW�
9DQGHUELOW�8QLYHUVLW\��(DFK�PHDVXUHPHQW�FRQVLVWHG�RI�IRXU�
SUHSDUDWRU\�LQMHFWLRQV�WR�PLQLPL]H�PHPRU\�H൵HFWV��DQG�IRXU�
PHDVXUHG�LQMHFWLRQV��6DPSOHV�ZHUH�PHDVXUHG�DW�OHDVW�WZLFH�
DQG�FRUUHFWHG�XVLQJ�H[WHUQDO�8�6��*HRORJLFDO�6XUYH\��86*6��
UHIHUHQFH�ZDWHU�VWDQGDUGV�WKURXJK�WKH�86*6�/,06�IRU�/DVHUV�
data reduction scheme (&RSOHQ���������'DWD�DUH�SUHVHQWHG�
LQ�SHU�PLO��Å��UHODWLYH�WR�WKH�9LHQQD�6WDQGDUG�0HDQ�2FHDQ�
:DWHU��9602:��LQWHUQDWLRQDO�VWDQGDUG��7\SLFDO�SUHFLVLRQ�RI�
VWDEOH�LVRWRSH�PHDVXUHPHQWV�LV�DERXW�����Å�IRU�R[\JHQ�DQG�
DERXW����Å�IRU�K\GURJHQ���ı��

Modern Calcite Collection and Analysis

0RGHUQ�FDOFLWH�ZDV�FROOHFWHG�DW�VLWHV�7&����7&����7&�����
7&�����DQG�7&����LQ�WKH�3LVD�5RRP��*ODVV�SODWHV��IURVWHG�
YLD�DEUDVLRQ�RQ�D�SROLVKLQJ�ZKHHO�DW����PLFURPHWHU�JULW�VL]H��
were carefully placed under each drip site and allowed to 
DFFXPXODWH�FDOFLWH�SUHFLSLWDWLQJ�IURP�GULS�ZDWHU�EHWZHHQ�YLVLWV�
WR�WKH�FDYH��)ROORZLQJ�UHFROOHFWLRQ��VDPSOHV�RI�SUHFLSLWDWHG�
calcite were gently scraped from the frosted glass plates using 
D�UD]RU�EODGH��7KH�SRZGHUHG�FDOFLXP�FDUERQDWH�VDPSOHV�ZHUH�
WKHQ�DQDO\]HG�IRU�į182�DQG�į13&�XVLQJ�D�7KHUPR�)LQQLJDQ�
'HOWD9�3OXV�LVRWRSH�UDWLR�PDVV�VSHFWURPHWHU�FRXSOHG�WR�D�
*DVEHQFK�,,�DW�9DQGHUELOW�8QLYHUVLW\��&DUERQDWH�SRZGHUV�
ZHUH�ZHLJKHG�LQWR�/DE&R�H[HWDLQHUV�DQG�GULHG�RYHUQLJKW�DW�
���GHJUHHV�&HOVLXV���&���9LDOV�ZHUH�WKHQ�ÀXVKHG�ZLWK�KHOLXP�
IRU����PLQXWHV��$QK\GURXV�RUWKRSKRVSKRULF�DFLG�ZDV�DGGHG�WR�
WKH�YLDOV��DQG�WKH�VDPSOHV�ZHUH�DOORZHG�WR�UHDFW�DW�����&�IRU�DW�
OHDVW���KRXU��6DPSOHV�ZHUH�FRUUHFWHG�XVLQJ�LQ�KRXVH�VWDQGDUGV�
7KHUPR�&DOFLWH�DQG�98�&RUDO�WKDW�DUH�UHIHUHQFHG�WR�WKH�
LQWHUQDWLRQDO�VWDQGDUGV�,$($�����DQG�1%6�����UHVSHFWLYHO\��
&RUUHFWLRQV�ZHUH�FRQGXFWHG�XVLQJ�WKH�86*6�/,06�IRU�/LJKW�
6WDEOH�,VRWRSHV�GDWD�UHGXFWLRQ�VFKHPH��&RSOHQ���������'DWD�
DUH�SUHVHQWHG�LQ�SHU�PLO��Å��UHODWLYH�WR�WKH�9LHQQD�3HH'HH�
%HOHPQLWH��93'%��LQWHUQDWLRQDO�VWDQGDUG��7\SLFDO�SUHFLVLRQ�RI�
VWDEOH�LVRWRSH�PHDVXUHPHQWV�LV�DERXW�����Å�IRU�R[\JHQ�DQG�
DERXW�����Å���ı��IRU�FDUERQ�
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Results

Cave Air Temperature, Relative 
Humidity, and pCO2

&DYH�DLU�WHPSHUDWXUH�UHPDLQHG�QHDUO\�FRQVWDQW�LQ�WKH�
3LVD�5RRP�IURP�0D\������XQWLO�2FWREHU�������DYHUDJLQJ�
������&�ZLWK�D�VWDQGDUG�GHYLDWLRQ�RI�SOXV�RU�PLQXV�������&��
-XO\�ZDV�WKH�ZDUPHVW����GD\�LQWHUYDO�GXULQJ�WKH�PRQLWRULQJ�
SHULRG��������&��DQG�6HSWHPEHU���WK�WR�2FWREHU���WK�ZDV�
WKH�FROGHVW�LQWHUYDO��������&���5HODWLYH�KXPLGLW\�ZDV�FORVH�WR�
����SHUFHQW�����DQG�WKXV�YDULDWLRQV�ZHUH�QRW�ZHOO�FDSWXUHG�
E\�WKH�GDWD�ORJJHU��$YHUDJH�3LVD�5RRP�FDYH�DLU�S&22 was 
����SDUWV�SHU�PLOOLRQ��SSP��ZLWK�DSSUR[LPDWHO\�����SSP�
YDULDELOLW\�EHWZHHQ�6SULQJ�DQG�)DOO��table 1��

Drip Rate

Drip rate at all monitored sites in the Pisa Room is 
FRQVLVWHQWO\�VORZ��UDUHO\�UHDFKLQJ�UDWHV�IDVWHU�WKDQ�RQH�GULS�
HYHU\���PLQXWHV��¿J������6LWH�7&����KDV�WKH�VORZHVW�GULS�UDWH��
DYHUDJLQJ������GULSV�SHU�PLQXWH��GSP��GXULQJ�WKH�PRQLWRULQJ�
SHULRG��ZKLFK�VSDQV�IURP�6HSWHPEHU������XQWLO�2FWREHU�������
ZLWK�D�VKRUW�KLDWXV�GXH�WR�D�GHDG�GULS�ORJJHU�EDWWHU\��7&����
GULS�UDWH�LV�QHDUO\�FRQVWDQW��H[FOXGLQJ�D�VOLJKW�SRVLWLYH�WUHQG�
WRZDUG�IDVWHU�GULS�UDWHV�IURP�-XQH�WKURXJK�$XJXVW�������
'XULQJ�WKH�RYHUODSSLQJ�SHULRG�LQ�WKH�WZR�UHFRUGV��WUHQGV�LQ�
GULS�UDWHV�DUH�QHDUO\�LGHQWLFDO�DW�VLWHV�7&���DQG�7&����KRZHYHU��
PHDQ�GULS�UDWH�LV�URXJKO\�WZLFH�DV�IDVW�DW�7&���������GSP��
FRPSDUHG�WR�7&���������GSP���¿J������'ULS�UDWHV�DW�7&���DQG�
7&���VKRZ�KLJK�FRUUHODWLRQ��3HDUVRQ¶V�5� �������S�����������
displaying nearly synchronous changes on hourly to daily 
WLPHVFDOHV��7KLV�VWURQJ�FRKHUHQFH�LV�XQVXUSULVLQJ�DV�WKH�VLWHV�
DUH�RQO\�DERXW���PHWHUV�DSDUW��7&���GULS�UDWH�GHFOLQHV�VWHDGLO\�
GXULQJ�WKH�PRQLWRULQJ�SHULRG��GHFUHDVLQJ�E\�URXJKO\������GSP�

SHU�\HDU�IURP������WR�������7&���GULS�UDWH�EHJLQV�GHFUHDVLQJ�
OHVV�UDSLGO\�LQ�6XPPHU�������V\QFKURQRXV�ZLWK�LQFUHDVLQJ�
VXPPHU�UDLQIDOO�LQ�'HDYHU��:<��¿J�����

Water Isotopes

3LVD�5RRP�GULS�ZDWHU�į182�YDOXHV�UDQJH�IURP�±������
SHU�PLO��Å��WR�±����Å��DQG�į2+�YDOXHV�UDQJH�IURP�
±������Å�WR�±������Å��¿J������:DWHU�FROOHFWHG�IRU�į18O 
DW���GD\�LQWHUYDOV�XVLQJ�WKH�DXWRVDPSOHU�DW�VLWH�7&���UDQJHV�
EHWZHHQ�RQO\�±�����Å�DQG�������Å�IURP�0D\������WR�
2FWREHU�������&RQVLGHULQJ�WKH�DQDO\WLFDO�XQFHUWDLQW\�RI�
��������ı���WKH�YDULDELOLW\�LQ�VLWH�7&���GULS�ZDWHU�į18O 
DSSHDUV�WR�EH�H[WUHPHO\�OLPLWHG��¿J������/LPLWHG�LQWHU�VLWH�
į182�YDULDELOLW\�ZLWKLQ�WKH�3LVD�5RRP�ZDV�DOVR�QRWHG��'ULS�
ZDWHU�į182�FROOHFWHG�LQVWDQWDQHRXVO\�DW�VLWHV�7&���DQG�7&����
in October 2023 are identical within analytical uncertainty 
�±�����Å�DQG�±�����Å���DQG�LQVWDQWDQHRXVO\�FROOHFWHG�
GULS�ZDWHU�IURP�7&���LQ�6HSWHPEHU������LV�DOVR�VLPLODU�
�±�����Å���'ULS�ZDWHU�FROOHFWHG�QHDU�WKH�FDYH�HQWUDQFH��VLWH�
07�GULS�RQ�¿J�����LQ�6HSWHPEHU������DQG�2FWREHU������LV�
notably more enriched in 182��ZLWK�YDOXHV�RI�±�����Å�DQG�
±�����Å�PHDVXUHG��UHVSHFWLYHO\��7ZR�VQRZ�VDPSOHV�FROOHFWHG�
IURP�DERYH�7&�LQ�2FWREHU������KDYH�DQ�DYHUDJH�į182�YDOXH�RI�
±�����Å�DQG�D�į2+�YDOXH�RI�±������Å�

Modern Calcite Stable Isotopes

0RGHUQ�SODWH�FDOFLWH�į13&�YDOXHV�UDQJH�IURP�±����Å�
WR�����Å�DQG�į182�YDOXHV�UDQJH�IURP�±�����Å�WR�±�����Å�
(¿JV��� and ���table 2���:LWKLQ�WKH�3LVD�5RRP��V\VWHPDWLF�
YDULDWLRQV�LQ�PRGHUQ�FDOFLWH�į13&�DQG�į182�ZHUH�QRWHG��EDVHG�
on drip site location (¿J������LQ�DGGLWLRQ�WR�FKDQJHV�ZLWK�WLPH�
(¿J������6LWHV�7&���DQG�7&����ORFDWHG�LQ�WKH�FHQWHU�RI�WKH�3LVD�
5RRP��UHFRUG�PRUH�QHJDWLYH�FDOFLWH�į13&�DQG�į182�YDOXHV�
FRPSDUHG�WR�VLWHV�7&����DQG�7&����ZKLFK�VLW�FORVHU�WR�WKH�
FDYH�ZDOO�

Table 1. Pisa Room instantaneous pCO2 measurements.

>SSP��SDUWV�SHU�PLOOLRQ@

Visit Date 9/15/21 5/27/22 10/13/22 6/5/23 10/26/23
Pisa Room pCO2 ����SSP 585 ppm 1R�GDWD ����SSP ����SSP
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Figure 2. Titan Cave (TC) drip logger data and Deaver, WY weather data (Western Regional Climate Center, 2024) from 
May 2019 to December 2023. From top to bottom, TC-1 drip logger raw data (red), TC-1 drip logger data detrended using 
detrend function in R (maroon), TC-2 drip logger data (magenta), TC-15 drip logger data (green), and 15-point moving 
average of mean daily precipitation (in mm) over previous 30-day period in Deaver, WY (black). Western US drought 
selected based on Seager and others (2022) is highlighted by the dark red vertical bar labelled “Western US drought.” 
Lighter red vertical bar demarcates extended dry conditions at TC. Blue vertical bars demarcate rainier summers at TC 
following drought conditions. Inset graph at right shows drip logger data from 12/20/21 to 2/8/22. Note break in y-axis. Gray 
bars highlight consistencies in drip rate response across all three sites.

Figure 3. All Titan Cave water stable isotope data. “TC snow” samples (gray) were collected from fresh snow 
directly above the Pisa Room on 10/26/23. “MT drip” samples (black) were collected from the Mr. Twister section 
of the cave (see figure 1B) on 9/15/21 and 10/13/22. Site TC-1 samples (red) were collected on 9/15/21, 6/18/22, 
and 10/26/23. Site TC-15 samples (green) were collected on 6/18/22 and 10/26/23. TC-2 samples (magenta) were 
collected using the SYP autosampler from 5/31/22 to 10/26/23 at 4-day intervals. Representative error bars 
for repeat analyses (0.1 per mil [‰] for�į2H and 0.02‰ for į18O [both 1ı]) are shown. Error bars are smaller 
than symbols in main figure. Dashed line represents global meteoric water line (GMWL) with slope=8 and 
y-intercept=10.
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Figure 4. Stable oxygen isotope (į18O) timeseries measured from site TC-2 drip waters in the Pisa Room of Titan 
Cave. Waters were collected at 4-day intervals (over about 12 hours) from 5/31/22 to 10/26/23, using the SYP water 
autosampler. Representative error bars (1ı) for repeat analyses (plus or minus 0.02‰) are shown.

Figure 5. Stable carbon (į13C) and oxygen (į18O) isotope data collected from calcium carbonate formed on glass 
plates in the Pisa Room of Titan Cave. Sites TC-1 and TC-2 are located in the middle of the Pisa Room under a high 
cave ceiling (see figure 1C), sites TC-13 and TC-15 sit against the room wall under a low cave ceiling, and site TC-16 
is in a separate part of the room under a high ceiling. Linear regression of the data yields a slope of 0.2155. Estimated 
equilibrium calculated using Tremaine and others (2011) and Coplen (2007) as described in text. See table 2 for raw data 
and timing of plate calcite collection.
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Figure 6. Pisa Room stable isotope data and Deaver, WY weather data (Western Regional Climate Center, 2024). A) Stable 
carbon (į13C) and B) oxygen (į18O) isotope timeseries from farmed calcium carbonate precipitated on glass plates at sites 
TC-1, 2, 13, 15, and 16. C) Site TC-2 drip water stable isotope (į18O) timeseries (same as fig. 4). D) 15-point moving average 
of mean daily precipitation (in mm) over previous 30-day period in Deaver, WY. Dashed lines mark when glass plates were 
collected and replaced.
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Discussion
7KH�VXLWH�RI�PRQLWRULQJ�GDWD�FROOHFWHG�IURP�7LWDQ�

&DYH�DFURVV�PXOWLSOH�\HDUV�DOORZV�IRU�WKH�V\VWHPDWLF�DQG�
FDYH�VSHFL¿F�LQWHUSUHWDWLRQ�RI�JHRFKHPLFDO�YDULDELOLW\�
UHFRUGHG�LQ�GULS�ZDWHU�DQG�PRGHUQ�SODWH�FDOFLWH�DW�WKLV�VLWH��
,Q�WKLV�VHFWLRQ��LQGLYLGXDO�PRQLWRULQJ�GDWDVHWV�IURP�7&�DUH�
GLVFXVVHG��7KHVH�GDWD�DUH�WKHQ�VXPPDUL]HG�DQG�V\QWKHVL]HG�
as it relates to interpretations of past climate change in the 
%LJKRUQ�UHJLRQ�DV�UHFRUGHG�YLD�7&�VSHOHRWKHPV�

Cave Air

7LWDQ�&DYH�DLU�WHPSHUDWXUH��S&22��DQG�KXPLGLW\�DUH�
UHPDUNDEO\�FRQVWDQW�WKURXJKRXW�WKH�\HDU�DQG�RYHU�WKH�
GXUDWLRQ�RI�WKH�PRQLWRULQJ�SHULRG��,Q�WKH�3LVD�5RRP��FDYH�DLU�
WHPSHUDWXUH�YDULHV�E\�OHVV�WKDQ������&�VHDVRQDOO\��VXJJHVWLQJ�
OLPLWHG�H[FKDQJH�ZLWK�VXUIDFH�DLU�DQG�UHVWULFWHG�DLU�ÀRZ�WR�
WKLV�URRP�LQ�7&�ZKHUH�VSHOHRWKHP�JURZWK�LV�RFFXUULQJ��2XU�
LQWHUSUHWDWLRQ�RI�SRRU�YHQWLODWLRQ�WR�WKH�3LVD�5RRP�LV�IXUWKHU�
VXSSRUWHG�E\�UHODWLYH�KXPLGLW\�PHDVXUHPHQWV��ZKLFK�UHPDLQ�
FORVH�WR������DQG�YDU\�E\�OHVV�WKDQ����WKURXJKRXW�WKH�
PRQLWRULQJ�SHULRG��&DYH�DLU�S&22�LV�DOVR�UHODWLYHO\�FRQVWDQW�
DQG�UHPDLQV�DERXW�����SSP�JUHDWHU�WKDQ�DWPRVSKHULF�OHYHOV�
WKURXJKRXW�WKH�\HDU��IXUWKHU�VXSSRUWLQJ�RXU�LQWHUSUHWDWLRQ�RI�
OLPLWHG�VXUIDFH�DLU�YHQWLODWLRQ�WR�WKH�3LVD�5RRP�

Drip Rate

Drip rates in the Pisa Room show muted changes in 
UHVSRQVH�WR�ZHDWKHU�HYHQWV�DQG�VHDVRQDO�VKLIWV�DERYH�WKH�
FDYH��,Q�FRQWUDVW�WR�RWKHU�FDYHV�LQ�WKH�8QLWHG�6WDWHV��Oster 
DQG�RWKHUV��������6HNKRQ���������7&�GULS�UDWHV�DUH�UHODWLYHO\�
LQVHQVLWLYH�WR�SUHFLSLWDWLRQ�HYHQWV�DQG�VSULQJ�VQRZPHOW��
,QVWHDG��7&�GULS�UDWHV�LQFUHDVH�RU�GHFUHDVH�E\�RQO\���±����RQ�
VHDVRQDO�WR�PXOWL�\HDU�WLPHVFDOHV�DV�D�UHÀHFWLRQ�RI�ORQJHU�WHUP�
YDULDWLRQV�LQ�SUHFLSLWDWLRQ�DPRXQW�

7KH�PRVW�QRWDEOH�WUHQG�LQ�7&�GULS�UDWH�GDWD�LV�WKH�
VXVWDLQHG�GHFUHDVH�LQ�VLWH�7&���GULS�UDWH�IURP�IDOO������
WKURXJK�ZLQWHU�������7KLV�WUHQG�LV�UHODWLYHO\�FRQVWDQW�DQG�
XQLQWHUUXSWHG�E\�SUHFLSLWDWLRQ�VHDVRQDOLW\�RU�LQGLYLGXDO�UDLQIDOO�
RU�VQRZPHOW�HYHQWV��2YHUDOO��WKLV�WUHQG�LV�LQWHUSUHWHG�WR�UHÀHFW�
WKH�GURXJKW�FRQGLWLRQV�VXVWDLQHG�LQ�QRUWK�FHQWUDO�:\RPLQJ�
IURP�IDOO������WKURXJK�VSULQJ�������:HOO�GRFXPHQWHG�
GURXJKW�LQ�WKH�ZHVWHUQ�86��LQFOXGLQJ�:\RPLQJ��RFFXUUHG�
from summer 2020 to spring 2021 (6HDJHU�DQG�RWKHUV���������
'HFUHDVLQJ�GULS�UDWHV�DW�VLWH�7&���GXULQJ�WKLV�LQWHUYDO�VXJJHVW�
WKDW�PXOWL�VHDVRQDO�WR�PXOWL�DQQXDO�SUHFLSLWDWLRQ�WUHQGV�DERYH�
7&�KDYH�WKH�VWURQJHVW�FRQWURO�RQ�GULS�UDWH�DW�WKLV�ORFDWLRQ��
1RWDEO\��DQ�H[DPLQDWLRQ�RI�GHWUHQGHG�7&���GULS�UDWH�GDWD�
VKRZV�D�SRVLWLYH�WUHQG�EHJLQQLQJ�LQ�VXPPHU�������WKH�VDPH�
WLPH�ZKHQ�D�UDLQ\�VXPPHU�LQ�:\RPLQJ�OHG�WR�WKH�DPHOLRUDWLRQ�
of drought conditions in the region (¿J������6LWH�7&����DOVR�
UHFRUGV�D�VPDOO��DSSUR[LPDWHO\�����XSWLFN�LQ�DYHUDJH�GULS�UDWH�
GXULQJ�WKH�HYHQ�ZHWWHU�VXPPHU�RI������

Table 2. Titan Cave plate calcite stable isotope data.

>į13&��GHO�FDUERQ�����į182��GHO�R[\JHQ�����Å�93'%��SHU�PLO�9LHQQD�3HH'HH�%HOHPQLWH@

Site Start Date End Date į13C 
(‰ VPDB)

į13C 
uncertainty (1ı)

į18O 
(‰ VPDB)

į18O 
uncertainty (1ı)

Location in Pisa 
Room

7&�� ������ ������� ±���� ���� ±����� ���� Middle
7&�� ������� ������� ±���� ���� ±����� ���� Middle
7&�� ������� �������� ±���� ���� ±����� ���� Middle
7&�� �������� ������ ±���� ���� ±����� ���� Middle
7&�� ������ �������� ±���� ���� ±����� ���� Middle
7&�� ������ ������� ±���� ���� ±����� ���� Middle
7&�� ������� ������� ±���� ���� ±����� ���� Middle
7&��� ������� ������� ±���� ���� ±����� ���� 6ORSH
7&��� ������� �������� ±���� ���� ±���� ���� 6ORSH
7&��� �������� ������ ±��� ���� ±����� ���� 6ORSH
7&��� ������� ������� ±���� ���� ±����� ���� 6ORSH
7&��� ������� �������� ±���� ���� ±����� ���� 6ORSH
7&��� �������� ������ ���� ���� ±����� ���� 6ORSH
7&��� ������ �������� ±���� ���� ±����� ���� 6ORSH
7&��� ������� �������� ±���� ���� ±����� ���� )URQW
7&��� �������� ������ ±���� ���� ±����� ���� )URQW
7&��� ������ �������� ±���� ���� ±����� ���� )URQW
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$�SRWHQWLDO�LQFRQVLVWHQF\�LQ�WKHVH�LQWHUSUHWDWLRQV�LV�WKH�
ODFN�RI�D�GULS�UDWH�FKDQJH�DW�VLWH�7&���FRLQFLGHQW�ZLWK�UDLQ\�
conditions in summer 2020 (¿J������7KH�DEVHQFH�RI�D�GULS�
UDWH�UHVSRQVH�WR�WKLV�HYHQW�IXUWKHU�KLJKOLJKWV�WKH�VPRRWKLQJ�
RI�FOLPDWH�VLJQDOV�EHLQJ�WUDQVIHUUHG�WR�WKH�FDYH�HQYLURQPHQW�
DW�7&��+RZHYHU��LW�PD\�DOVR�GHPRQVWUDWH�WKH�LPSRUWDQFH�RI�
VXPPHU�HYDSRUDWLRQ�RQ�7&�GULS�UDWH��DV�DYHUDJH�GDLO\�SDQ�
HYDSRUDWLRQ�LQ�3RZHOO��:<��DERXW����NLORPHWHUV�VRXWKZHVW�RI�
7&��ZDV�����KLJKHU�LQ�VXPPHU�������QR�GULS�UDWH�LQFUHDVH��
FRPSDUHG�WR�VXPPHU������ZKHQ�GHWUHQGHG�7&���GULS�UDWH�
GDWD�VKRZ�D�SRVLWLYH�WUHQG��:HVWHUQ�5HJLRQDO�&OLPDWH�&HQWHU��
�������7LWDQ�FDYH�GULS�UDWHV�DOVR�LQFUHDVH�VOLJKWO\�GXULQJ�
VXPPHU�������KRZHYHU��SDQ�HYDSRUDWLRQ�GDWD�DUH�QRW�DYDLODEOH�
IRU�WKLV�SHULRG��2YHUDOO��7&�GULS�UDWH�GDWD�VXJJHVW�WKDW�
PXOWL�VHDVRQDO�WR�PXOWL�\HDU�SUHFLSLWDWLRQ�WUHQGV�DUH�UHOD\HG�WR�
WKH�FDYH�HQYLURQPHQW��ZKLOH�WKH�VLJQDO�RI�VKRUW�WHUP�UDLQIDOO�
DQG�VQRZPHOW�HYHQWV�DUH�VPRRWKHG�E\�ZDWHU�PL[LQJ�DQG�VORZ�
LQ¿OWUDWLRQ�WLPHV�LQ�WKH�NDUVW�DERYH�7&�

6PDOO�ÀXFWXDWLRQV�LQ�GULS�UDWH�RQ�KRXUO\�WR�GDLO\�
WLPHVFDOHV�DUH�QHDUO\�LGHQWLFDO�DW�VLWHV�7&���DQG�7&����:KHQ�
FRPSDULQJ�GDLO\�DYHUDJHG�GSP�IURP�VLWHV�7&���DQG�7&����D�
3HDUVRQ¶V�5�YDOXH�RI�������S����������LV�FDOFXODWHG��'XULQJ�
WKHLU�RYHUODSSLQJ�SHULRG�RI�UHFRUG�IURP�6HSWHPEHU������WR�
0DUFK�������GULS�UDWHV�DW�ERWK�VLWHV�YDULHG�E\�D�PD[LPXP�RI�
RQO\�����GSP��+RZHYHU��WKHVH�VOLJKW�YDULDWLRQV�LQ�GULS�UDWH�
DUH�PLUURUHG�DW�ERWK�VLWHV��VXJJHVWLQJ�D�FRPPRQ�FRQWURO�RQ�
ZDWHU�GHOLYHU\��6LWHV�7&���DQG�7&���DUH�VHSDUDWHG�E\�RQO\���
PHWHUV�LQ�WKH�3LVD�5RRP��WKHUHIRUH�WKLV�FRPPRQ�FRQWURO�RQ�
GULS�UDWH�FRXOG�EH�OLQNHG�WR�D�VKDUHG�ÀRZ�SDWK�EHWZHHQ�WKH�
VLWHV��'ULS�ZDWHU�VWDEOH�LVRWRSH�YDOXHV�DUH�QHDUO\�LGHQWLFDO�
EHWZHHQ�WKH�WZR�VLWHV��SURYLGLQJ�IXUWKHU�VXSSRUW�IRU�D�VKDUHG�
ÀRZ�SDWK�WR�7&���DQG�7&����6LWH�7&�����ZKLFK�LV�VHSDUDWHG�
IURP�7&���DQG�7&���E\�URXJKO\����PHWHUV��DOVR�VKRZV�VLPLODU�
GULS�UDWH�WUHQGV��:KHQ�FRPSDULQJ�GDLO\�DYHUDJHG�GSP�IURP�
VLWHV�7&���DQG�7&�����D�3HDUVRQ¶V�5�YDOXH�RI�������S����������
LV�FDOFXODWHG��DQG�D�YDOXH�RI�������S����������LV�FDOFXODWHG�
ZKHQ�FRPSDULQJ�7&���DQG�7&�����%RWK�FRUUHODWLRQV�DUH�
VWURQJ�DOWKRXJK�ZHDNHU�WKDQ�EHWZHHQ�7&���DQG�7&����7KLV�LV�
SRVVLEO\�GXH�WR�H[WUHPHO\�VORZ�GULS�UDWHV�DW�7&�����OHVV�WKDQ�
�����GSP��DQG�OLPLWHG�GULS�UDWH�YDULDELOLW\��LQ�DGGLWLRQ�WR�WKH�
SK\VLFDO�GLVWDQFH�EHWZHHQ�WKH�VLWHV�

Water Isotopes

:DWHU�LVRWRSHV�LQ�FDYH�GULS�ZDWHU�FDQ�UHÀHFW�QXPHURXV�
SURFHVVHV��ERWK�DERYH�DQG�ZLWKLQ�WKH�NDUVW�HQYLURQPHQW��'XH�
WR�VORZ�GULS�UDWHV�ZLWKLQ�7&�DQG�WKH�3LVD�5RRP��WKH�PDMRULW\�
RI�GULS�ZDWHU�FROOHFWLRQ�RFFXUUHG�DW�VLWH�7&���XVLQJ�WKH�6<3�
DXWRVDPSOHU��$V�ZLWK�GULS�UDWH��WKHUH�LV�OLWWOH�YDULDWLRQ�LQ�GULS�
ZDWHU�į2+�DQG�į182�DW�7&���GXULQJ�WKH�PRQLWRULQJ�SHULRG�
(¿JV��� and ����,Q�ERWK������DQG�������GULS�ZDWHU�į2+�DQG�
į182�YDOXHV�LQFUHDVHG�LQ�-XO\�DQG�$XJXVW�E\�DERXW����Å�
DQG�DERXW�����Å�UHVSHFWLYHO\��EHIRUH�IDOOLQJ�VWHDGLO\�GXULQJ�
October (¿J������7KLV�SDWWHUQ�VXJJHVWV�D�VOLJKW�VHDVRQDO�FRQWURO�
RQ�GULS�ZDWHU�LVRWRSLF�FRPSRVLWLRQ��,QFUHDVLQJO\�QHJDWLYH�į2+�

DQG�į182�GXULQJ�WKH�IDOO�FRXOG�UHÀHFW�WKH�GHOLYHU\�RI�PRLVWXUH�
sourced from more northern regions during the shift from 
summer to winter precipitation regimes (2VWHU�DQG�RWKHUV��
2020���+RZHYHU��WKLV�WKHRU\�GRHV�QRW�H[SODLQ�WKH�UHWXUQ�WR�
PRUH�SRVLWLYH�LVRWRSLF�YDOXHV�GXULQJ�'HFHPEHU�������$Q�
H[WHQGHG�SHULRG�RI�GULS�ZDWHU�FROOHFWLRQ�DW�7&���LV�QHFHVVDU\�
WR�HOXFLGDWH�PXOWL�\HDU�WUHQGV�LQ�ZDWHU�LVRWRSH�FRPSRVLWLRQ��
%HFDXVH�RI�WKH�OLPLWHG�YDULDELOLW\�RI�GULS�ZDWHU�į2+�DQG�į18O 
RQ�VHDVRQDO�WLPHVFDOHV��PXOWL�\HDU�WUHQGV�LQ�SUHFLSLWDWLRQ�
DUH�SRVVLEO\�UHVSRQVLEOH�IRU�LVRWRSLF�VKLIWV�UHFRUGHG�LQ�7&�
VSHOHRWKHPV��$V�ZLWK�7&�GULS�UDWH��HYHQW�WR�VHDVRQDO�VFDOH�
YDULDELOLW\�LQ�SUHFLSLWDWLRQ�į2+�DQG�į182�DERYH�7&�LV�QRW�
WUDQVIHUUHG�WKURXJK�WKH�HSLNDUVW�WR�WKH�3LVD�5RRP�

$�VPDOO�QXPEHU�RI�LQVWDQWDQHRXVO\�FROOHFWHG�7&�
GULS�ZDWHUV�SURYLGH�LPSRUWDQW�GHWDLOV�UHJDUGLQJ�LQWUD�FDYH�
YDULDWLRQV�LQ�į2+�DQG�į182�YDOXHV��:LWKLQ�WKH�3LVD�5RRP��VLWHV�
7&����7&����DQG�7&����DOO�UHFRUG�VLPLODU�į182�YDOXHV�EHWZHHQ�
±�����Å�DQG�±����Å��/LPLWHG�YDULDELOLW\�LQ�GULS�ZDWHU�į18O 
EHWZHHQ�VLWHV�SURYLGHV�IXUWKHU�HYLGHQFH�WKDW�GHOLYHU\�RI�ZDWHU�
to sites throughout the Pisa Room is controlled by shared karst 
SURFHVVHV��DQG�WKHUHIRUH�ZLOO�UHVSRQG�VLPLODUO\�WR�FOLPDWLF�
DQG�HQYLURQPHQWDO�FKDQJHV��%HFDXVH�RI�OLPLWHG�V\VWHPDWLF�
GHSDUWXUHV�IURP�WKH�JOREDO�PHWHRULF�ZDWHU�OLQH��HYDSRUDWLRQ�
RI�ZDWHU�SULRU�WR�GULSSLQJ�LV�OLNHO\�QRW�LQÀXHQFLQJ�GULS�ZDWHU�
stable isotope composition in the Pisa Room (¿J�����

Modern Calcite Stable Isotopes

6WDEOH�R[\JHQ�DQG�FDUERQ�LVRWRSHV�LQ�VSHOHRWKHPV��DQG�
PRGHUQ�FDOFLWH��DUH�LQÀXHQFHG�E\�YDULRXV�SURFHVVHV�DFWLQJ�
RYHU�PXOWLSOH�WLPHVFDOHV��3RVVLEOH�FRQWUROV�RQ�ORQJ�WHUP�į13C 
YDULDELOLW\�LQFOXGH�WKH�UDWLR�RI�&��WR�&��YHJHWDWLRQ�DERYH�WKH�
FDYH��%XUQV�DQG�RWKHUV��������)RKOPHLVWHU�DQG�RWKHUV���������
temperature as it relates to soil respiration ()RKOPHLVWHU�DQG�
RWKHUV���������DQG�DWPRVSKHULF�&22 concentrations at the time 
of speleothem growth (%UHHFNHU���������2Q�VKRUWHU�WLPHVFDOHV��
FKDQJHV�LQ�ZDWHU�VXSSO\�DQG�YDULDWLRQV�LQ�VRLO�UHVSLUDWLRQ��&22 
GHJDVVLQJ��DQG�SULRU�FDOFLWH�SUHFLSLWDWLRQ�OLNHO\�SOD\�D�ODUJHU�
UROH�LQ�GLFWDWLQJ�VHDVRQDO�WR�PXOWL�\HDU�į13&�ÀXFWXDWLRQV�DW�7&�
((UVHN�DQG�RWKHUV��������2VWHU�DQG�RWKHUV��������2020��

6SHOHRWKHP�į182�UHÀHFWV�WKH�į182�RI�SUHFLSLWDWLRQ�DERYH�
WKH�FDYH�VLWH��SRWHQWLDOO\�PRGL¿HG�E\�HYDSRUDWLRQ�DQG�ZDWHU�
PL[LQJ�LQ�WKH�NDUVW��DQG�FKDQJHV�GXULQJ�FDOFLWH�SUHFLSLWDWLRQ�
YLD�QRQ�HTXLOLEULXP�SURFHVVHV�DQG�WHPSHUDWXUH�GHSHQGHQW�
IUDFWLRQDWLRQ�LQ�WKH�FDYH��%DNHU�DQG�RWKHUV���������&RHYDO�
VSHOHRWKHP�UHFRUGV�IURP�WKH�VDPH�FDYH�GR�QRW�DOZD\V�GLVSOD\�
WKH�VDPH�WUHQGV�RU�PHDQ�YDOXHV��GHPRQVWUDWLQJ�WKH�SRVVLELOLW\�
IRU�FRQWURO�RQ�VSHOHRWKHP�į182�E\�ÀRZ�SDWK�YDULDELOLW\��7UHEOH�
DQG�RWKHUV��������DQG�LQ�FDYH�GLVHTXLOLEULXP�SURFHVVHV�
(0LFNOHU�DQG�RWKHUV���������������3URJUHVVLYH�&22 degassing 
EHIRUH�DQG�GXULQJ�FDOFLWH�SUHFLSLWDWLRQ�LQ�WKH�FDYH�OHDGV�WR�
SRVLWLYH�H[FXUVLRQV�LQ�į13&�DQG�į18O due to the preferential 
loss of 12C and ��O into the gas phase ('UH\EURGW�DQG�6FKRO]��
2011���7KHUHIRUH��ZKHQ�D�SRVLWLYH�OLQHDU�UHODWLRQVKLS�LV�
REVHUYHG�EHWZHHQ�į13&�DQG�į182��LW�FDQ�LQGLFDWH�GLVHTXLOLEULXP�
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processes (+HQG\��������0LFNOHU�DQG�RWKHUV���������������7KH�
VORSH�RI�WKLV�OLQHDU�UHODWLRQVKLS�FDQ�YDU\�GXH�WR�WKH�GHJUHH�RI�
FDUERQ�LVRWRSH�H[FKDQJH�EHWZHHQ�GLVVROYHG�LQRUJDQLF�FDUERQ�
�',&��LQ�WKH�GULS�ZDWHU�DQG�&22�LQ�WKH�FDYH�DWPRVSKHUH�
(3DUYH]�DQG�RWKHUV��������

$W�7LWDQ�&DYH��SODWH�FDOFLWH�į13&�DQG�į182�YDOXHV�DUH�
YDULDEOH�LQ�ERWK�VSDFH�DQG�WLPH��¿JV��� and ����0RVW�QRWDEO\��
GULS�VLWHV�LQ�WKH�PLGGOH�RI�WKH�3LVD�5RRP��7&����7&����DUH�
FRQVLVWHQWO\�PRUH�QHJDWLYH�LQ�į13&�E\�DERXW��Å�DQG�į18O by 
DERXW����Å�FRPSDUHG�WR�WKH�VLWHV�ORFDWHG�QHDU�WKH�URRP¶V�ZDOO�
�7&�����7&������%HFDXVH�RI�WKH�ODFN�RI�FRQVLVWHQW�GULS�ZDWHU�
VDPSOLQJ�DFURVV�VLWHV��D�NDUVW��ÀRZ�SDWK�K\GURORJ\��FRQWURO�
RQ�WKLV�REVHUYHG�LVRWRSLF�YDULDELOLW\�FDQQRW�EH�UXOHG�RXW��,Q�
WKLV�FDVH��ZH�ZRXOG�H[SHFW�SODWH�FDOFLWH�DW�VLWHV�7&���DQG�
7&����ZKLFK�GLVSOD\�PRUH�QHJDWLYH�LVRWRSLF�UDWLRV��WR�UHFHLYH�
proportionally larger amounts of recharge from snowmelt 
RU�LVRWRSLFDOO\�OLJKWHU�ZDWHU�VRXUFHV�FRPSDUHG�WR�7&����DQG�
7&�����$GGLWLRQDOO\��ZH�ZRXOG�H[SHFW�OHVV�&22 degassing in 
WKH�HSLNDUVW�DERYH�7&���DQG�7&���GXH�WR�IDVWHU�OHVV�GLVUXSWHG�
ZDWHU�ÀRZ��7KHVH�DUH�ERWK�UHDVRQDEOH�DVVXPSWLRQV�JLYHQ�WKH�
IDVWHU�GULS�UDWHV�REVHUYHG�LQ�WKH�FHQWHU�RI�WKH�3LVD�5RRP�WKDW�
DUH�PRUH�UHVSRQVLYH�WR�VXUIDFH�SUHFLSLWDWLRQ��LQGLFDWLYH�RI�
PRUH�IUDFWXUH�EDVHG�ÀRZ��7KLV�ZRXOG�DOORZ�LQFUHDVHG�UHFKDUJH�
GXULQJ�SHULRGV�RI�VQRZPHOW��PRUH�QHJDWLYH�į18O) and less time 
IRU�SULRU�FDOFLWH�SUHFLSLWDWLRQ��3&3��LQ�WKH�NDUVW��PRUH�QHJDWLYH�
į13&���)ROORZLQJ�WKH�FODVVL¿FDWLRQ�VFKHPH�RI�6PDUW�DQG�
)ULHGHULFK��������DOO�7&�GULSV�DUH�GHWHUPLQHG�WR�EH�GRPLQDWHG�
E\�VHHSDJH��RU�GL൵XVH��ÀRZ�GXH�WR�WKHLU�ORZ�PD[LPXP�ZDWHU�
GLVFKDUJH�DQG�ORZ�GULS�UDWH�YDULDELOLW\��%DOGLQL�DQG�RWKHUV��
������7UHPDLQH�DQG�)URHOLFK��������:RQJ�DQG�%UHHFNHU��
2015���+RZHYHU��DOWKRXJK�DEVROXWH�GL൵HUHQFHV�LQ�GULS�UDWH�DQG�
GULS�YDULDELOLW\�DUH�VPDOO��UHODWLYH�GL൵HUHQFHV�LQ�WKHVH�PHWULFV�
EHWZHHQ�GULS�VLWHV�LV�TXLWH�ODUJH��VXJJHVWLQJ�WKDW�ÀRZ�SDWKV�WR�
YDULRXV�7&�GULSV�PD\�EH�GL൵HUHQW�GHVSLWH�DOO�IDOOLQJ�XQGHU�WKH�
VHHSDJH�GL൵XVH�ÀRZ�FODVVL¿FDWLRQ�

,I�LW�LV�DVVXPHG�WKDW�ÀRZ�SDWKV�DQG�GULS�ZDWHU�į18O are 
FRQVLVWHQW�EHWZHHQ�VLWHV�LQ�WKH�3LVD�5RRP��GLVHTXLOLEULXP�
SURFHVVHV�PXVW�EH�LQYRNHG�WR�H[SODLQ�LQWUD�FDYH�GL൵HUHQFHV�LQ�
WKH�LVRWRSLF�FRPSRVLWLRQ�RI�FDOFLWH��&DOFLWH�IRUPHG�DW�DOO�GULS�
VLWHV�ZLWKLQ�WKH�3LVD�5RRP�LV�PRUH�SRVLWLYH�LQ�į18O than would 
EH�H[SHFWHG�DW�7&�EDVHG�RQ�PHDVXUHG�GULS�ZDWHU�į182�YDOXHV�
(¿J������*LYHQ�D�FRQVWDQW�3LVD�5RRP�WHPSHUDWXUH��������&��
DQG�DYHUDJH�PHDVXUHG�GULS�ZDWHU�į182��±����Å�9602:���
the equilibrium relationship of 7UHPDLQH�DQG�RWKHUV������� 
SUHGLFWV�VSHOHRWKHP�į182�YDOXHV�RI�DSSUR[LPDWHO\�±����Å�
93'%��RU�DERXW��Å�PRUH�QHJDWLYH�WKDQ�DQ\�PHDVXUHG�7&�
SODWH�FDOFLWH�YDOXH��8VLQJ�WKH�PRVW�SRVLWLYH�į18O water isotope 
YDOXH��±����Å�9602:��DQG�ORZHVW�WHPSHUDWXUH��������&��
YDOXH��WKH�7UHPDLQH�DQG�RWKHUV������� equation still yields 
DQ�HTXLOLEULXP�į182�YDOXH�DV�ORZ�DV�±����Å�93'%��7R�
determine if equilibrium relationship selection is the source 
RI�WKLV�R൵VHW��WKH�VDPH�FDYH�SDUDPHWHUV�DQG�WKH�HTXLOLEULXP�
relationship of &RSOHQ��������ZHUH�HPSOR\HG��ZKLFK�ZDV�
FDOFXODWHG�XVLQJ�D�GL൵HUHQW�VHW�RI�HPSLULFDO�GDWD�WKDQ�7UHPDLQH�
and others (2011)��7KLV�HTXDWLRQ�SUHGLFWV�D�FDOFLWH�į182�YDOXH�
RI�±����Å�93'%��ZKLFK�RQO\�DOLJQV�ZLWK�FDOFLWH�į182�YDOXHV�

PHDVXUHG�DW�VLWH�7&�����¿J������7KLV�VXJJHVWV�D�GHSDUWXUH�RI�
7&�SODWH��DQG�WKXV�SRWHQWLDOO\�VSHOHRWKHP��FDOFLWH�WR�PRUH�
SRVLWLYH�į182�YDOXHV�GXH�WR�SUHIHUHQWLDO�GHJDVVLQJ�RI���O 
GXULQJ�FDOFLWH�IRUPDWLRQ�DW�PRVW�RU�DOO�3LVD�5RRP�GULS�VLWHV�

$�SRVLWLYH�FRUUHODWLRQ�DOVR�H[LVWV�EHWZHHQ�WKH�PHDVXUHG�
į13&�DQG�į182�RI�7&�SODWH�FDOFLWH��VORSH� ���������52� �������
(¿J������7KLV�VORSH�IDOOV�ZLWKLQ�WKH�UDQJH�RI�VORSHV�UHSRUWHG�E\�
3DUYH]�DQG�RWKHUV��������LQ�DQ�LQYHVWLJDWLRQ�RI�GLVHTXLOLEULXP�
DQG�FDUERQ�LVRWRSH�H[FKDQJH�EHWZHHQ�FDYH�DLU�&22�DQG�',&�LQ�
WKH�GULS�ZDWHU��,Q�WKLV�VLWXDWLRQ��WKH�VORZHU�GULS�UDWHV�REVHUYHG�
DORQJ�WKH�ZDOOV�RI�WKH�3LVD�5RRP��VLWHV�7&����DQG�7&�����
would enable increased time for degassing and isotopic 
H[FKDQJH�SULRU�WR�FDOFLWH�SUHFLSLWDWLRQ��WKHUHIRUH�GULYLQJ�į13C 
DQG�į182�WR�PRUH�SRVLWLYH�YDOXHV��$W�WKH�FHQWHU�RI�WKH�FDYH�
�VLWHV�7&���DQG�7&�����IDVWHU�GULS�UDWHV�OHDG�WR�PRUH�UDSLG�
UHSOHQLVKPHQW�RI�',&�DQG�+22�UHVHUYRLUV�ZLWK�IUHVK�FDYH�
ZDWHU��WKXV�PDLQWDLQLQJ�PRUH�QHJDWLYH�LVRWRSLF�YDOXHV�FORVHU�
WR�HTXLOLEULXP��3ODWH�FDOFLWH�WLPHVHULHV�GDWD��¿J���) show 
WKDW�WKHVH�UHODWLRQVKLSV�DUH�FRQVLVWHQW�WKURXJK�WLPH��DV�į13C 
DQG�į182�DW�7&���DQG�7&���DUH�DOZD\V�PRUH�QHJDWLYH�WKDQ�DW�
7&����DQG�7&�����GHVSLWH�YDULDELOLW\�IURP�RQH�SODWH�FROOHFWLRQ�
LQWHUYDO�WR�WKH�QH[W�

2Q�WKH�EDVLV�RI�WKHVH�REVHUYDWLRQV��LW�LV�SRVVLEOH�WKDW�ERWK�
NDUVW�SURFHVVHV��LQ�FDYH�GHJDVVLQJ��RU�ERWK��DUH�FRQWULEXWLQJ�
WR�WKH�LQWUD�FDYH�YDULDWLRQV�LQ�SODWH�FDOFLWH�į13&�DQG�į182��
)XWXUH�WULSV�WR�7LWDQ�&DYH�ZLOO�IRFXV�RQ�FROOHFWLQJ�GULS�ZDWHU�
IURP�DGGLWLRQDO�VLWHV�ZLWKLQ�WKH�FDYH�WR�IXUWKHU�LQYHVWLJDWH�
YDULDELOLW\�LQ�GULS�ZDWHU�į182�

Implications for Paleoclimate Reconstruction at 
Titan Cave

7LWDQ�&DYH�PRQLWRULQJ�H൵RUWV�KDYH�GHPRQVWUDWHG�WKH�
VXLWDELOLW\�RI�7&�VSHOHRWKHPV�IRU�SDOHRFOLPDWH�UHFRQVWUXFWLRQ��
&RQVWDQW�FDYH�WHPSHUDWXUH��UHODWLYH�KXPLGLW\��DQG�S&22 limit 
RSSRUWXQLWLHV�IRU�VHDVRQDO�ELDVHV�WR�DULVH�LQ�7&�VSHOHRWKHPV��
,Q�FDYHV�ZKHUH�WHPSHUDWXUHV�DQG�FDOFLWH�JURZWK�UDWHV�H[KLELW�
ODUJH�VHDVRQDO�YDULDWLRQV��FKDQJHV�LQ�į182�PD\�EH�GULYHQ�E\�
FKDQJHV�LQ�WHPSHUDWXUH�GHSHQGHQW�HTXLOLEULXP�IUDFWLRQDWLRQ�
instead of recording shifts in hydroclimate (Mickler and 
RWKHUV���������6LPLODUO\��FRQVWDQW�UHODWLYH�KXPLGLW\�OLPLWV�
VHDVRQ�VSHFL¿F�FKDQJHV�LQ�WKH�GHJUHH�RI�GLVHTXLOLEULXP�
IUDFWLRQDWLRQ��LQÀXHQFLQJ�FDOFLWH�į13&�DQG�į182��&RQVLVWHQW�
FDYH�DLU�S&22�LV�DOVR�LPSRUWDQW�IRU�OLPLWLQJ�JURZWK�ELDVHV��DV�
calcite precipitation is reduced when pCO2 is high (%DOGLQL�
DQG�RWKHUV���������DQG�VHDVRQDO�YDULDWLRQV�LQ�S&22�FDQ�GULYH�
PCP shifts independent of hydroclimate controls (Oster and 
RWKHUV���������(OHYDWHG�S&22�OHYHOV�PD\�DOVR�GULYH�LQFUHDVHG�
FDUERQ�LVRWRSH�H[FKDQJH��6NLED�DQG�)RKOPHLVWHU���������
7KLV�ULVN�LV�OLPLWHG�DW�7&�GXH�WR�FRQVLVWHQW�S&22 throughout 
WKH�\HDU�

$GGLWLRQDOO\��7&�GULS�UDWH�GRHV�QRW�ÀXFWXDWH�VHDVRQDOO\�
RU�DV�D�UHVXOW�RI�HYHQW�VFDOH�SUHFLSLWDWLRQ��5DWKHU��D�VXVWDLQHG��
PXOWL�\HDU�GURXJKW�UHVXOWHG�LQ�WKH�VORZ�UHGXFWLRQ�LQ�GULS�UDWH�
DW�VRPH�VLWHV��'ULS�ZDWHU�FROOHFWHG�YLD�WKH�6<3�DXWRVDPSOHU�DW�
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��GD\�LQWHUYDOV�RYHU����PRQWKV�UHFRUGV�RQO\����Å�YDULDELOLW\�
LQ�į182��MXVW�EH\RQG�WKH�OLPLWV�RI�DQDO\WLFDO�XQFHUWDLQW\��7LWDQ�
&DYH�SODWH�FDOFLWH�DOVR�UHFRUGV�PLQLPDO�VKLIWV�LQ�LVRWRSLF�
FRPSRVLWLRQ��ZLWK�FDOFLWH�į182�DQG�į13&�YDU\LQJ�E\�RQO\��Å�
DQG��Å��UHVSHFWLYHO\��DW�D�VLQJOH�GULS�VLWH��¿J������)XUWKHUPRUH��
SODWH�FDOFLWH�į182�DQG�į13C do not shift dramatically as the 
UHVXOW�RI�VHDVRQDO�YDULDWLRQV�RU�FKDQJHV�LQ�SUHFLSLWDWLRQ�
amount (¿J������$���Å�VKLIW�LQ�į13&�DW�VLWHV�7&����7&�����
DQG�7&����ZDV�REVHUYHG�GXULQJ�WKH�UHODWLYHO\�ZHW�VXPPHU�RI�
������SRVVLEO\�UHÀHFWLYH�RI�PRUH�UDSLG�ZDWHU�LQ¿OWUDWLRQ�DQG�
UHGXFHG�3&3��7KHVH�REVHUYDWLRQV�LQGLFDWH�WKDW�7&�VSHOHRWKHPV�
ZLOO�GRFXPHQW�WLPH�DYHUDJHG�UHFRUGV�RI�K\GURFOLPDWH�LQ�WKH�
%LJKRUQ�UHJLRQ�

$QDO\VLV�RI�VWDEOH�LVRWRSHV�LQ�SODWH�FDOFLWH�IURP�PXOWLSOH�
3LVD�5RRP�VLWHV�SURYLGHV�FULWLFDO�FRQWH[W�IRU�UHFRQVWUXFWLRQV�
RI�SDOHRFOLPDWH�XVLQJ�7&�VSHOHRWKHPV��0RGHUQ�FDOFLWH�GDWD�
VKRZ�WKDW�YDULDEOH�ZDWHU�ÀRZ�SDWKV�DQG�RU�GLVHTXLOLEULXP�
H൵HFWV�PD\�EH�GULYLQJ�GL൵HULQJ�GHJUHHV�RI�į182�DQG�į13C 
change in the center of the Pisa Room compared to the 
sides (¿JV��� and ����7KHVH�REVHUYDWLRQV�SURYLGH�WZR�NH\�
LQVLJKWV�ZKHQ�LQWHUSUHWLQJ�3LVD�5RRP�VSHOHRWKHP�UHFRUGV��
)LUVW��VLPLODU�R൵VHWV�EHWZHHQ�FRHYDO�VSHOHRWKHP�UHFRUGV�PD\�
H[LVW�LQ�WKH�3LVD�5RRP��,I�WKLV�LV�WKH�FDVH��LW�VKRXOG�UHÀHFW�
����VSDWLDO�YDULDELOLW\�LQ�NDUVW�SURFHVVHV��RU�����GL൵HUHQWLDO�
5D\OHLJK�IUDFWLRQDWLRQ�SURFHVVHV�ZLWKLQ�WKH�FDYH��,I�WHPSRUDO�
WUHQGV�LQ�į182�DQG�į13C are consistent among stalagmites 
IURP�GL൵HUHQW�VLWHV�ZLWKLQ�WKH�FDYH��WKLV�VKRXOG�FRQ¿GHQWO\�EH�
LQWHUSUHWHG�WR�UHÀHFW�UHJLRQDO�K\GURFOLPDWH�FKDQJH��6HFRQG��
speleothems growing in the center of the Pisa Room will 
OLNHO\�UHFRUG�LVRWRSLF�YDOXHV�FORVHU�WR�HTXLOLEULXP�FRPSDUHG�
to those growing along the wall and are thus best suited for 
SDOHRFOLPDWH�UHFRQVWUXFWLRQ�

Conclusions
7KLV�VWXG\�SUHVHQWV�GDWD�IURP�WKH�¿UVW�NQRZQ�

FRPSUHKHQVLYH��PXOWL�\HDU�FDYH�PRQLWRULQJ�FDPSDLJQ�LQ�WKH�
5RFN\�0RXQWDLQV�LQ�WKH�ZHVWHUQ�FRQWHUPLQRXV�8QLWHG�6WDWHV��
7KH�GDWDVHW�LQFOXGHV�PHDVXUHPHQWV�RI�FDYH�WHPSHUDWXUH��
UHODWLYH�KXPLGLW\��S&22��GULS�UDWH��DQG�ZDWHU�DQG�PRGHUQ�
FDOFLWH�VWDEOH�LVRWRSH�FRPSRVLWLRQV�IURP�7LWDQ�&DYH��
:\RPLQJ��0RQLWRULQJ�H൵RUWV�UHYHDO�D�UHPDUNDEO\�VWDEOH�FDYH�
HQYLURQPHQW��ZLWK�FRQVLVWHQW�FDYH�WHPSHUDWXUH��KXPLGLW\��DQG�
pCO2�WKURXJKRXW�WKH�\HDU��6PDOO�ÀXFWXDWLRQV�LQ�GULS�UDWH�ZHUH�
REVHUYHG�WKDW�DUH�FRQVLVWHQW�ZLWK�PXOWL�VHDVRQDO�WR�DQQXDO�
WUHQGV�LQ�SUHFLSLWDWLRQ��DORQJ�ZLWK�VOLJKW�VKLIWV�LQ�GULS�ZDWHU�
DQG�SODWH�FDOFLWH�VWDEOH�LVRWRSH�YDOXHV�RQ�VLPLODU�WLPHVFDOHV��
0RGHUQ�SODWH�FDOFLWH�į182�DQG�į13&�YDOXHV�VKRZ�LQWUD�FDYH�
YDULDELOLW\�DORQJ�ZLWK�D�V\VWHPDWLF�WUHQG�DZD\�IURP�LVRWRSLF�
HTXLOLEULXP�FRQGLWLRQV�LQ�VSHFL¿F�DUHDV�RI�WKH�FDYH��7KXV��WKH�
PLGGOH�RI�WKH�3LVD�5RRP�ZDV�LGHQWL¿HG�DV�WKH�ORFDWLRQ�EHVW�
suited for future speleothem paleoclimate reconstructions due 
WR�WKH�KLJK�GHQVLW\�RI�VSHOHRWKHP�JURZWK�DQG�FDOFLWH�į18O 
YDOXHV�FORVHU�WR�HTXLOLEULXP�WKDQ�DW�RWKHU�3LVD�5RRP�ORFDWLRQV��

%HFDXVH�RI�WKH�GRFXPHQWHG�VWDELOLW\�RI�WKH�FDYH�HQYLURQPHQW�
DQG�DEXQGDQW�VXLWDEOH�VWDODJPLWHV��7LWDQ�&DYH�ZDV�IRXQG�
WR�EH�D�IDYRUDEOH�FDYH�IRU�WKH�GHYHORSPHQW�RI�VSHOHRWKHP�
SUR[\�UHFRUGV�
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