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Abstract

Groundwater is one of the most important freshwater resources worldwide and plays an indispen-
sable role in regional water security, ecosystem stability, and socio-economic development. Robust
identification of groundwater recharge sources, flow pathways, and residence time is fundamental
to understanding groundwater cycling processes and supporting sustainable water-resources man-
agement. As natural tracers, stable hydrogen and oxygen isotopes (6°H and §*20) are highly sensi-
tive to hydrological processes and can be applied across flexible spatial and temporal scales, and
thus have been widely used in groundwater studies. In recent years, advances in isotope analytical
techniques and hydrological modeling have substantially promoted isotope-based research on re-
charge-source identification, surface water-groundwater interactions, and the estimation of ground-
water age and residence time. This paper systematically reviews the theoretical basis and major
application domains of stable water isotopes in groundwater research, with emphasis on methodo-
logical frameworks and representative case studies related to groundwater recharge and residence
time. We further summarize the mechanisms by which climate change and human activities in-
fluence groundwater isotope signatures, and discuss key challenges and future research directions.
Overall, stable isotope techniques show clear advantages in resolving multi-source recharge and
quantifying groundwater time scales, yet uncertainties remain under non-steady recharge condi-
tions and complex hydrogeological settings. Future progress is expected through strengthened long-
term monitoring, multi-isotope integrated tracing, and coupled modeling approaches, which will
improve understanding of groundwater systems and provide scientific support for regional water-
resources management.
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Table 1. Comparison of hydrogen and oxygen isotope response characteristics of groundwater in different aquifer types
(porous/fractured/karst).
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[FIRL 2 (a0 S H “OBRE A, FH T 2UsHh R K I ) ROBEAS B A2 [RIAL Z i I s B 25 7K A4 PR R 3%
AEHRFAE, Dy R /KA AR AL B A 46 2% A AR S 20

FET K R 28 =TT 1 AR () B s S B R B T3 T T A0 Bt T 7K1 S50 R I ] o Fer, i si Al
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ZYRIE L2 2~3 A H W ERTEITRIE L 7, 9 R S S B R i B it B AR A S SR AE, O
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RH 45 SR\ BRI B A AU R O U . R, FESERR R A A KIS I BTk 2R ERE R
JOKICTHE 5o, AR S5 Rk AT & RS

4. SIRTLS AKFERRMM TR T EALR DA
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St R 7K GTIRATAE 535 28 I 25 5o TR L DX R /K 32 B A2 B KA a LU SR KRN, 32 b R 7K B TR
B 0 R BT R X Sk K R 2R A REIE, WIIAB IR AR N KRBTk . DU R A A
A A A 2 K A b R KNG TR LU S AN s e, M T iR e AR . Hh R KR Bh R 42 S K
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