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ARTICLE INFO ABSTRACT
Keywords: 81Kr and %Cl can both be used to date groundwater beyond the dating range of 1*C. 8'Kr usually provides reliable
81 :

Kr dating groundwater ages because it has uniform initial distribution and negligible subsurface generation, while *°Cl is

36l dating
Geothermal water
Groundwater dynamics
Weihe basin

commonly influenced by subsurface sources or “dead” chloride dissolution. Therefore, the combined use of 8'Kr
and 3°Cl could provide clues on the evolution history of groundwater. In the present study, we performed 361
and 8'Kr dating of geothermal water in Weihe Basin of China and interpreted the possible cause of disagreement.
Two distinct water masses were identified with distinctive isotopic signals: groundwater with significant 520
shifts (up to —2.0%o), dissolved dead Cl and ages < 1.0 Ma (Cluster A), and older water with little 5180 shifts,
negligible dissolved Cl and ages >1.0 Ma (Cluster B). The results confirm the eastward flow path of Cluster B to
the Ancient Sanmen Lake with an increasing trend of Cl concentration and age. Modern recharge from the
mountains flows to the basin center with intense interaction between water and carbonate under respective
reservoir temperatures (100 ~ 130 °C). These waters flow through the saline stratum emerging from the spillover
of the Ancient Sanmen Lake, resulting in higher dead Cl dissolution. A significant linear relationship is observed
with the older end-member of ~1.3Ma under the topographically-driven faster circulation effect. 'Kr ages seem
to support the hypothesis that the birth of the modern Yellow River was at about 1.0-1.3 Ma. We inferred the
drainage reorganization from the Ancient Sanmen Lake to the modern Yellow River since the Mid-Pleistocene
Transition induced the change in groundwater dynamics as well as its chemical evolution. The excavation of
the Ancient Sanmen Lake and the accentuated incision of the Weihe River induced groundwater gradient, and
therefore the recharge from precipitation from both slopes of the Qinling Mountains in the south and the Beishan
Mountains in the north. Our results highlight the effects of dead Cl on 3°Cl dating and demonstrate the significant
impact of catchment reorganization on groundwater dynamics and its chemistry.

1. Introduction orogenic events and the buildup or demise of ice sheets (Alley et al.,
2002). Denudation, for instance, contributed to the persistence of saline

Groundwater flow systems and geochemical parameters are evolving water in the shallow subsurface of the Appalachian Plateaus (Yager

in response to geological processes and climatic stresses, such as et al., 2017). Regional groundwater flow driven by topography flushed
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ore-forming brines to distal margins of basins, such as the Western
Canada sedimentary basin, North American tectonic belts, etc. (Garven,
1989; Bethke and Marshak, 1990). Multiple reversing flows in the deep
Cambrian aquifer system of the Baltic Artesian Basin were induced by
the expansion and demise of ice sheets over several glacial cycles
(Gerber et al., 2017). Meanwhile, changes in groundwater dynamics
may be accompanied by alterations of geochemical parameters resulting
from diverse geochemical processes such as mixing and water-rock
interaction (Clark and Friz, 1997; Li et al.,, 2023). Exploration,

Earth and Planetary Science Letters 623 (2023) 118425

utilization, and conservation of groundwater resources heighten the
need for a better understanding of groundwater flow systems and their
geochemical evolution throughout geologic time.

Due to the difficulty in obtaining reliable groundwater residence
times beyond the dating range of 1*C, our understanding of groundwater
evolution in response to geological processes and climatic stresses is still
limited. 36Cl is a useful tracer for dating old groundwater due to its long
half-life (T1 /5 = 301 kyr). 2°Cl is a cosmogenic isotope produced in the
atmosphere by cosmic-ray splitting of “°Ar and neutron activation of
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Fig. 1. The location of the Weihe Basin (a) and the sampling sites (b) with a schematic cross section A-A’ (c).
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36Ar (Phillips, 2000). 2Cl enters groundwater systems through wet
deposition in the form of marine aerosols. In an ideal system (i.e., one
with no subsurface sources of either 3°Cl or stable Cl and no sinks except
for radioactive decay), calculating the 3°Cl model age is a simple matter
of entering the initial and measured 2°Cl/Cl ratios into the radioactive
decay equation and solving for the age (time). In actual aquifers, >°Cl or
stable Cl is often introduced in the subsurface through muon reactions
and thermal neutron absorption. What’s more, meteoric >°Cl varies over
time and space (Davis et al., 2003; Moysey et al., 2003). Due to the
uncertainty of the initial content and potential underground sources of
36¢) (Phillips, 2000; Park et al., 2002), the application of 36C] as a tracer
to trace past groundwater flow fields is limited (Fehn et al., 1994; Pat-
terson et al., 2005; Sherif et al., 2019). Therefore, it is valuable to
calibrate the 2°Cl chronometers with other robust methods that are less
or not affected by subsurface processes.

Recently, the development of atom trap trace analysis has made 8'Kr-
dating available to groundwater research at large (Lu et al., 2014; Jiang
etal., 2020). 81Kr is chemically inert and a cosmogenic isotope with very
limited subsurface production (Lehmann et al., 1993). Its atmospheric
history is also relatively constant due to its long residence time in the air
(Zappala et al., 2020). As a result, the interpretation of the 81Ky data is
straightforward (Jiang et al., 2012; Lu et al., 2014). Although this novel
tracer has been used in quite a few groundwater studies recently (Leh-
mann et al., 2003; Sturchio et al., 2004; Matsumoto et al., 2018;
Yechieli et al., 2019; Yokochi et al., 2019), few have investigated past
groundwater dynamics and geochemical fields with effects of climatic or
geological processes. 3'Kr dating of groundwater in the Baltic Artesian
Basin in the range of 300 ka to >1.2 Ma revealed that it was comprised of
three distinct fluid components, and the interface between precipitation
and brines was impeded by Pleistocene glaciation (Gerber et al., 2017).
The deep circulation of meteoric water in the Paradox Basin was
strengthened by rapid denudation of the Colorado Plateau, as evidenced
by 8'Kr groundwater age distributions (Kim et al., 2022). Due to the
similar dating range of 5 x 10*-10° yr for 8'Kr and 3°Cl, it is possible to
calibrate the 36Cl chronometers with 8'Kr and then enhance the use of
36C] data (Sturchio et al., 2004; Matsumoto et al., 2020). 81Kr was
applied to calibrate the input and the secular equilibrium 2°Cl/Cl values
of 36Cl chronometers for the first time in the Nubian Aquifer (Sturchio
et al., 2004). Matsumoto et al. (2020) used 81Kr to constrain the input
values of 2°Cl/Cl and Cl in the deep Continental Intercalaire aquifer.
Furthermore, the utilization of 3'Kr-calibrated->5Cl dating offers a
powerful tool, as it not only provides reliable residence time of the
groundwater but also allows for the utilization of the isotopic abun-
dances of %Cl as indicators to trace the sources of solutes for
geochemical evaluation.

The Weihe Basin is located between the Qinling Mountains and the
Beishan Mountains (Fig. 1), through which the Ancient Yellow River
flowed before the formation of the Modern Yellow River with the major
bends of the main river channel around the Ordos Block (Lin et al.,
2001). Most geothermal water in the Weihe Basin is low in **C activity
(<10 pmC) (Luo et al., 2017; Qin et al., 2005), approaching the dating
limit of the *C method. Previous studies based on *°Cl and 8'Kr tracers
indicated that the mean residence time of the geothermal water is be-
tween a few hundred thousand and one million years (Ma et al., 2016; Li
et al., 2017). The geothermal water in the Weihe Basin therefore offers
an opportunity and a wealth of information that can be used to constrain
the timing of the incision of the Sanmen Gorge and the birth of the
Modern Yellow River, an issue still in academic debate, with ages
ranging from the late Miocene to the late Pleistocene (Yang et al., 2009;
Zhang et al., 2021; Wang et al., 2022).

Here we report a multi-tracer study based on *°Cl and 3'Kr together
with water chemistry of geothermal water in the deep aquifer, mainly
the Lantian Formation of the Later Tertiary in the Weihe Basin. These
tracers allow us to reveal the evolution of the groundwater flow system
induced by catchment drainage changes, i.e., the excavation of the
Ancient Sanmen Lake combined with the course change of the Yellow
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River. In addition, hydrogeological evidence is also incorporated to
support the view that the Modern Yellow River originated at the
beginning of the Mid-Pleistocene Transition (MPT, 1.25-0.7 Ma).
Therefore, the age distribution and geochemical evolution of ground-
water in the Weihe Basin provide strong evidence for the final integra-
tion of the Yellow River into its present form.

2. Study area

The Weihe Basin (33°00'N-35°20'N, 106°30'E-110°30'E) in Central
China covers an area of 34,000 km? (Fig. 1), which is bounded to the
north by the Bei Mountains and to the south by the Qinling Mountains. It
contains approximately 7000 m of Cenozoic strata, filled predominantly
with Tertiary fluvial and aeolian sediments, and Quaternary loess. Two
main depressions, the Xi’an Depression and the Gushi Depression, are
distributed throughout the basin. The Xianli Terrace is clamped to the
north of the Xi’an Depression. The basement rock is Cenozoic granites
and Proterozoic schist in the Xi’an Depression, and carbonate in the
Xianli Terraces. There are abundant Cenozoic fractures and faults in the
study area as shown in Fig. 1b, suggesting the Cenozoic extension in the
study area (Mercier et al., 2013).

The Wei River runs through the study area and joins the Yellow River
at Sanmen Gorge. Groundwater is recharged from the Ordos Basin in the
north and the Qinling Mountains in the south (Fig. 1¢) and discharged in
the basin center (Li et al., 2017; Zhang et al., 2019). There are currently
hundreds of wells drilled into Tertiary reservoirs between 1000 and
4000 m in depth for geothermal water exploitation. The late Pliocene
Lantian formation consists mostly of bedded medium-grained feld-
spathic sandstone with interbeds of brown-red and silty mudstone,
which is the main productive well section. Geothermal samples with
measured 5''B values between —8.8%o and 12.5%o confirmed the pres-
ence of halite from non-marine evaporites (He, 2015).

3. Data and methods

Water samples for major ions, stable isotopes (52H and 8'%0), and
radiochlorine (3®Cl) analysis were collected during the sampling
campaign in 2016. A total of eight water samples were obtained from
wells within the late Pliocene Lantian formation, with depths ranging
from 2750 m to 3200 m. The major cation and anion concentrations
were determined by ion chromatography at the Analytical Laboratory of
the Beijing Research Institute of Uranium Geology. The charge balance
error was less than +5%, and the detection limit was 0.1 mg/L. 5°H and
5180 values were measured with a Picarro L1102-i water isotope
analyzer at the Water Isotope and Water-Rock Interaction Laboratory,
Institute of Geology and Geophysics, Chinese Academy of Sciences. The
precisions for °H and 8'80 were +0.5%o and +0.1%o, respectively. 3°Cl
samples were firstly prepared by AgCl precipitation and chromato-
graphic purification, and then °Cl abundances, reported as 3°Cl/Cl in
units of 10’15, were measured by accelerator mass spectrometry (AMS)
at the PRIME Laboratory of Purdue University.

36C1 ages are generally calculated by the following equation, which
considers the radioactive decay of >°Cl and the in situ production of *Cl
by thermal neutron capture (35Cl(n, y)36C1) within the aquifer (Bentley
et al., 1986):

1 R, — R,
P m se 1
/136 n<Ri7Rxe) ( )

where A3¢ is the 36¢1 decay constant (2.3 x 107 yr_l) and R, Rse and R;
are the measured, secular equilibrium, and initial 36Cl/Cl ratios,
respectively. Generally, the subsurface *°Cl/Cl of the aquifer is constant
in secular equilibrium (Rg). In some cases, the dissolution of bedded
evaporites and diffusion from stagnant, saline pore fluids in aquitards
will bring new inputs; thus, a mass balance approach may be taken:
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RuCo = [(Ri —Ry)e ™™ +R,.] X C; + RyCp (2)
where Ry is the 36C1/Cl ratio of the input to the aquifer. C, and C; are
the measured and initial chloride concentrations, respectively. Cy rep-
resents the Cl content added to the aquifer. The above equation can be
rearranged and solved for time:

11{ 1 X(m¢%—RMaui&J}

- 3
e LR — Ry) C )

=

The secular equilibrium ratio in a closed system is calculated with
the following equation:

Doj35035

™ G

R, =

where @, is neutron flux, y55 stands for the isotopic abundance of 3>Cl
(0.75775), and o35 is neutron capture cross-section (43.74 x 10~% cmz).
Using the available data ®, = 2.0 x 10™® cm~2s ~ ! of the geothermal
sandstone aquifer in the Weihe Basin (Ma et al., 2016), this expression
yielded a secular equilibrium ratio of (0.9 + 0.1)x 10715,
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4. Results and discussion
4.1. Chloride sources

Chloride behaves conservatively in aquifers and does not go through
adsorption or chemical reactions with aquifer materials. In order to trace
the solute origin and physical processes such as mixing or evaporation,
Cl™ concentrations together with H isotopic compositions for ground-
water samples are shown in Fig. 2a. In the piedmont region of the
Qinling Mountains, there are five precipitation samples with low
Cl concentrations in the range of 0.8 to 4.3 mg/L. The eight geothermal
water samples have Cl concentrations in the range of 1660 mg/L to
2960 mg/L, significantly higher than those of the precipitation but have
similar §2H values. It is clear that the high C1~ concentration is due to an
external source of solutes, such as salt dissolutions. Additionally, the CI™
concentrations in our geothermal water were also significantly higher
than those of the non-thermal systems, such as the Continental Inter-
calaire aquifer (296-1188 mg/L) and the Nubian Aquifer (20-200 mg/
L) (Matsumoto et al., 2020; Sturchio et al., 2004).

Measured °Cl/Cl ratios versus Cl~ concentrations (mg/L) are
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Fig. 2. Relationships between chloride concentrations and isotopic data. (a) §%H vs. Cl concentration (mg/L) in geothermal waters (red circles) and precipitation
(blue circles, He, 2015). The seawater (blue solid square, Sherif et al., 2019) and the evaporation trend calculated by the theoretical formula (Supplementary
Materials) are also presented. (b) 36C1/Cl ratios vs. Cl concentration (mg/L) for the geothermal wells of the study area. The dashed red line indicated the assumed
initial 3Cl/Cl ratio in the study area. (c) >°Cl/Cl ratios vs. the 8'Kr ages. The line is the **Cl/Cl ratios against ages calculated by Eq. (1) with the initial *Cl/Cl ratio of
182x107 5, where the calculated 3°Cl age is assumed to be the same as the 8'Kr age. (d) *°Cl ages vs. 8'Kr ages. The blue and red points are samples with 3°Cl ages

calculated by Eq. (1) and Eq. (3), respectively.
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presented in Fig. 2b for geothermal samples. Groundwaters from the
geothermal system have 3®Cl/Cl ratios ranging from 4.3 x 1071° to 14.2
x 107! (Table S1). In general, lower ratios are observed in the
geothermal aquifers, implying longer residence times in the geothermal
system. However, the effects of additional salt dissolution need to be
taken into account in order to get the proper 3°Cl ages.

4.2. %5Cl ages

Four geothermal samples in the southern area from Ma et al. (2016)
have high *°Cl/Cl values (170 x 107'°-188 x 107!%) (Fig. 2b). The
average >°Cl/Cl value of the geothermal samples is 182 x 10~ !5, which
is quite close to the initial ratio Ri = 190 x 10~ '° estimated by Ma et al.
(2016) with the theoretical natural 3°Cl fallout rate. Therefore, the
initial 3Cl/Cl is assumed to be 182 x 1071° and the average Cl con-
centration (268 mg/L) was assumed as the initial Cl concentration (C;).
The initial 3°Cl/Cl value was higher than the value previously found in
the desert of Egypt (130 x 10~'° for Western Desert, Patterson et al.,
2005; 90 x 10~'° for Eastern Desert, Sherif et al., 2019), but lower than
those for the Continental Intercalaire aquifer in the Northern Tunisian
Sahara (340 ~820 x 10’15, Matsumoto et al., 2020). A secular equi-
librium ratio of 0.9 x 10~1° was obtained with the available data for the
sandstone aquifer using Eq. (4). This obtained value was smaller than 8
x 1071® for the Nubian sandstone reservoir in Egypt (Phillips, 2013;
Sturchio et al., 2004) and 5 x 107> for the same aquifer (Patterson
et al., 2005; Sherif et al., 2019). The reason for the difference of an order
of magnitude may be attributed to the U and Th contents from the rock
matrix in our aquifer. The average measured values of U and Th con-
centrations of the sandstone were 2.9 pg/g and 7.1 pg/g (Ma et al.,
2016).

Fig. 2¢ presents >°Cl/Cl ratios with the previously published 81Kr
ages (Lietal., 2017) in eight samples for which both measurements were
made in the study area. The 3°Cl/Cl ratios were calculated with Eq. (1)
(assuming an initial 3°Cl/Cl value of 182 x 107'°), as shown by the
curve in Fig. 2¢c. Four out of the 8 samples (ZJC, WRS8, J2, and SP1) lie
below the curve, which is an indication of influence due to the disso-
lution of “dead” chloride. The dead chloride may originate from evap-
orites with negligible U and Th (Bentley et al., 1986). Similar behavior
has been reported in deep groundwater samples from the Northern
Tunisian Sahara, where the deviation of the 2°Cl/Cl ratios from the
decay curve was attributed to the dissolution of chloride within the
aquifer (Matsumoto et al., 2020). However, the effect of “dead” chloride
in our study played a more important role in the variation of the °Cl/Cl
ratio of geothermal water. The reservoir temperatures are determined to
be about 100 °C using a chemical geothermometer for the Tertiary
reservoirs in the study area (see Supplementary Materials). As a result,
more “dead” chloride can be dissolved.

To correct the effect of “dead” chloride, groundwater >°Cl model ages
were calculated using Eq. (3). In the calculation, Ry is assumed to be
0 and R, = 0.9 x 1071, Both the uncorrected *°Cl and corrected 36Cl
ages are plotted against the 8'Kr ages in Fig. 2d. First, we noticed that the
corrected groundwater 3°Cl ages (from 314 to 593 kyr, Table S1, red
points in Fig. 2d) were significantly smaller than the 3°Cl ages with no
“dead” chloride correction calculated using Eq. (1) (from 1121 to 1705
kyr, blue points in Fig. 2d). The second thing worth noting is that the 8
samples clustered into two groups (denoted Cluster A and B in Fig. 2d).
In Cluster B (WG2, XP, J3, and WR4), the uncorrected 36¢) ages already
agreed with the 81Kr ages within measurement uncertainties, while the
correction for dead chloride only made the 36Cl ages and 8!Kr ages
mismatch. But in Cluster A (ZJC, WRS, J2, and SP1), the dead chloride
corrections were necessary to make the 3°Cl ages match with the 8'Kr
ages. The classification of these two groups is supported by additional
evidence from stable isotope and water chemistry data, which are pre-
sented in the next section.
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4.3. Stable isotopes and recharge dynamics

The stable isotope compositions of the water samples are shown in
Fig. 3a. The 8°H values for the eight geothermal water samples are
similar, between —84.1%o and —86.5%o, while the §'0 values are more
variable, between —9.8%o and —2.1%o.. The samples exhibit positive 520
shifts from the GMWL, which were also found in previous studies (Qin
et al., 2005; Luo et al., 2019). Generally, a positive 580 shift can be
caused by one of the flowing factors or jointly: (1) the exchange of ox-
ygen isotopes between carbonates and geothermal water at relatively
low temperatures during a long residence time or (2) the exchange of
oxygen isotopes between silicate minerals and geothermal water at high
reservoir temperatures (> 250 °C) (Horita, 2005). The estimated
reservoir temperature determined with Na-K-Mg chemical geo-
thermometer (Giggenbach, 1988) and the method of Pang and Reed
(1998) for the Tertiary reservoirs (Qin et al., 2005, and Supplementary
Materials) in the study area was 100 ~ 130 °C, indicating the temper-
ature of the reservoir when the water-rock equilibrium was reached.
Therefore, the 880 shifts may have involved carbonates (Qin et al.,
2005; Luo et al., 2019). Although there are similar reservoir tempera-
tures for eight samples in the study area, the degree of 5'°0 shifts varies
among them. Smaller 5'80 shifts were observed in Cluster B, compared
to those of Cluster A with the minimum &'80 shift in the well WG2
(Fig. 3a and b). More interestingly, there is a negative correlation be-
tween 580 and 8!Kr ages (or a positive correlation between 580 and
the isotopic abundance of 81kr, Fig. 3b), which is opposite to the trend
for larger 8'%0 shifts with longer water-rock interactions. We attribute
the cause of this phenomenon to a binary mixing between a younger
endmember (~350 ka, ZJC in Cluster A) with more positive 5'80 values
around —2.1%o and an older endmember (~1.3 Ma, J3 and WR4 in
Cluster B) with more negative 5'80 values.

The younger endmember is characterized by a noticeable 5'20 shift
of —2.1%o, which is due to the water-rock interaction between the
groundwater and the surrounding carbonate. There is a good positive
correlation between the wellhead temperature and 5'%0 values of
samples from Cluster A and most sites from Qin et al. (2005) (Fig. 3c),
which is in agreement with the groundwater flow path in a northward
direction. *C contents of these samples in the Xi’an Depression
collected by Qin et al. (2005) decrease from 50.5 to 1.3 pmC, with an
increasing trend of 5'3C in the dissolved inorganic carbon (Table S2),
indicating the dissolution processes of carbonate minerals. The car-
bonate nodules in the Tertiary loess sediment have 5'80 values of
—11.8%0 ~ —8%o VPDB (Ding and Yang, 2000), which is the dominant
180 source for the water-rock exchanges. Therefore, this end member is
derived from modern recharge. The quick infiltration through deep
faults in the mountain front of the Qinling Mountains and the high
thermal background enhanced the dissolution processes of carbonate
minerals. The wellhead temperature increases with the upward trend of
580 shifts and the increase of Cl concentrations along the flow direction
(Fig. 3c and d).

A closer look at the relations between Cl concentrations and 520
further revealed an interesting and complex evolution history of Cluster
A. First, the Cluster A samples showed large positive 5120 shifts (—4%o ~
—2%o). These values are close to the highest 5'80 shifts observed in
Cluster C from Qin et al. (2005) (Fig. 3d). Second, compared to the data
from Cluster C, the Cluster A samples have much higher CI concentra-
tions (an order of magnitude higher). Dead chloride dissolution of
Cluster C (Fig. 3d) has been excluded due to low Cl concentrations (152
mg/L ~ 321 mg/L) and high 2°Cl data (170 x 10715 ~ 192 x 10713, Ma
et al. 2016) (see detailed discussions in the previous paragraph).
Moreover, the groundwater ages of Cluster A (based on 81Kr) are much
older than the groundwater ages (based on C) of Cluster C by Qin et al.
(2005). Lastly, the distribution of Cluster A samples on the Cl - 580 plot
(Fig. 3d) suggested a mixing between them and the old end member
(WR4 and J3) in Cluster B. Based on this evidence and the discussion in
the previous paragraph, we deduced that the water first went through
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water-rock interaction with the carbonates and became %0 enriched
(blue arrows in Fig. 3d). Then they went through a dead chloride
dissolution process as they mixed with an old end member. The dead
chloride dissolutions cause the data to be shifted upward from the
mixing line (red dotted line in Fig. 3d). We deduced that the mixing
mainly occurs with the old water from WR4 and J3, as geographically
WG2 and XP are located far from other samples (in the west of the study
area, Fig. 1). This picture is also consistent with the binary mixing
process in the 81Kr-580 plot in Fig. 3b. This analysis showed that only
Cluster A was affected by the dead chloride dissolution, while Cluster B
was not. This explains why the dead chloride correction had made the
mismatches between the 3°Cl ages and 8!Kr ages smaller for Cluster A,
but did not work for Cluster B in Section 4.2.

4.4. Implication for drainage reorganization of the Yellow River
catchment

In this section, we discuss the implication of the geochemical data
'Kz, 36cl, stable isotopes, water chemistry, wellhead temperature, etc.)
and its linkage to a major geological event in the evolution history of
Yellow River, i.e., the reorganization of Yellow River.

First, we resolve subsurface mixing and identify two distinct end-
members: one high-salinity brine groundwater (580 ~ —10%o, 1.5~5.0
(g C1)/L, >1.0Ma) discharged to the Ancient Sanmen Lake, and the other
more recent (~350ka) recharge from both the Qinling Mountains and
Bei Mountains with a north-south groundwater movement. This change
in groundwater dynamics can be related to the excavation of Ancient
Sanmen Lake and the drainage reorganization of the Modern Yellow
River.

In the southern end of the piedmont area of the Qinling Mountains

(Latitude of 34.16° to 34.34°, approximately 20 km), 1*C ages indicated
a northward flow of ~2 m/yr (Qin et al., 2005). Further north, the
distance from the Qinling Mountains to the basin center is approxi-
mately 40 km, and the flow rates suggested by the youngest 3'Kr ages
(0.35 Ma) were about 0.1 m/yr. This decrease in flow rate toward the
retention area indicates a decrease in hydraulic gradient and/or
permeability. The youngest groundwater (WG2) from Cluster B has a
8lKr age of 1.0 + 0.1 Ma, which indicates that groundwater was
generally recharged at around 1.0 Ma. The older 3'Kr ages (1.1 + 0.1 Ma
for XP, 1.1 £ 0.1 Ma for J3, and 1.3 & 0.2 Ma for WR4) refer to the
migration time from the west to the east. This trend is consistent with the
geochemical evolution trend, i.e., the Cl™ concentration increases from
the west (WG2, XP) to the east (WR4, J3) (see Figs. 3d and S1). This is
due to the old groundwater discharged to the Ancient Sanmen Lake,
located just in the east of the Weihe Basin (Fig. 4a). As shown in Fig. 3b,
J3 and WR4 samples are deemed to be an old endmember with ages
~1.3 Ma for the linear mixing with younger groundwater (ZJC in Cluster
A). XP is located on the red dotted line in Fig. 3d, showing a straight
mixing between modern recharge (the rightmost blue point with a 5'80
of —3.1%o in Fig. 3d) and old groundwater (J3 and WR4). The agreement
between 81Kr ages and 36Cl ages without dead Cl dissolution for XP
(Fig. 2d) indicates the absence of paleo-salt lake sedimentation here. The
different properties and ages of groundwater in Cluster A and Cluster B
indicate that the recharge dynamics had changed significantly in the
past and provide insights to the birth time of the Modern Yellow River.

Previous studies suggested two major phases in the evolution of the
Yellow River, the proto-Yellow River and the Modern Yellow River.
There is a vast difference between flow patterns and dynamics of these
two phases (Fig. 4a and b). The Paleo-Yellow River phase is marked by
the existence of the Ancient Sanmen Lake, while the incision of the
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Fig. 4. Schematic diagrams of groundwater evolution in response to the drainage reorganization of the modern Yellow River a) before and b) after the Mid-

Pleistocene Transition. Red arrows indicate groundwater flow directions.

Sanmen Gorge and spillover of the Ancient Sanmen Lake mark the birth
of the Modern Yellow River. Several researchers estimated the birth time
of the modern Yellow River was between 1.3Ma and 1.0 Ma (Kong et al.,
2014; Hu et al., 2019; Liu et al., 2022; Wang et al., 2022). A continuous
sedimentary archive from the SMX19 drill core in the Sanmen Basin
(Wang et al., 2022), indicates that the modern Yellow River finally in-
tegrated at 1.25 Ma, similar to the beginning of the MPT. Furthermore,
the evidence from detrital zircon U-Pb ages and heavy mineral assem-
blages as provenance tracers (Kong et al., 2014; Liu et al., 2022) also
supports this view. The highest (oldest) terraces of the Yellow River in
the Jinshaan Gorge and the Kouma region were developed at ~1.2 Ma,
indicating that the connection between the middle and lower reaches of
the Yellow River occurred no later than 1.2 Ma (Pan et al., 2005; Hu
et al., 2019).

Our study on the thermal groundwater in the Weihe Basin provides
additional information about the evolution history of the Yellow River
and suggests the birth time of the modern Yellow River is about 1.0~1.3
Ma. First, the groundwater age of 1.0 + 0.1 Ma for WG2 from Cluster B
indicates the minimal extinction time of Ancient Sanmen Lake. Although
WR4 and J3 are located very close to Cluster A, the absence of paleo-salt
lake sedimentation of WR4 and J3 may suggest the oldest limit for the
existence time of the Ancient Sanmen Lake at approximately 1.1-1.3
Ma. The dead Cl dissolution process in Cluster A likely originated from
paleo-salt lakes, which could be linked to the spillover of Ancient San-
men Lake. The oldest 8'Kr age of Cluster A (SP1) is approximately 0.81
Ma, much younger than the extinction time of the Ancient Sanmen Lake
(1.0-1.3 Ma). The southward groundwater flow direction was confirmed
with evidence from wellhead temperature, Cl concentrations, and 5%
shifts (Fig. 3). 5'%0 shifts become greater with the buildup of salinity
after the recharge from the Mountains. Subsequently, dead Cl dissolu-
tion was triggered when groundwater flowed into the saline stratum,
corresponding to the disappearance of Ancient Sanmen Lake. The cause
of groundwater recharge on both sides, from the Qinling Mountains in
the south and the Bei Mountains in the north, could be the incision of the
Wei River or the quick uplift of the Qingling Mountains, which can both
enhance groundwater head gradients. The intermittent uplift of the
Qinling Mountains with an increasing trend of uplift speed was deduced

since 10 Ma (Liu et al., 2013; Meng, 2017), corresponding to the uplift of
the Northern Tibet Platea during 15 to 7 Ma with evidence from pollen
records of montane conifers (Miao et al., 2022). Groundwater ages in
Cluster A are in the range of 0.35-0.81 Ma, smaller than the uplift time
by one order of magnitude, which suggests topographical uplift did not
make enough head gradients until 0.35-0.81 Ma and required further
accelerating process to enhance the head gradients to change ground-
water dynamics in the Weihe Basin. This is confirmed by the study by
Kim et al. (2022) in the Paradox Basin. According to that study, although
the denudation of the Colorado Plateau began at 4-10 Ma (Lazear et al.,
2013; Murray et al., 2019), it was insufficient to enhance regional
groundwater flow in the deeper Paradox Basin until ~1 Ma by !Kr
dating (Kim et al., 2022). Therefore, a more likely scenario is that the
accelerated lowering of the eustatic sea level during the MPT induced
changes in groundwater dynamics and water-rock interactions in the
river basins and activated the drainage reorganization of the modern big
rivers, including the Yellow River and Yangtze River.

In fact, a similar spillover of the paleo-Xigeda Lake in Eastern Tibet
was also confirmed during the early Pleistocene by zircon U-Pb age
spectra from the Pliocene-early Pleistocene Xigeda Formation and
modern river sands (Zhao et al., 2021). The earliest terraces developed
along the Three Gorges have been dated at ~1.16 and ~1.13 Ma in the
middle reaches of the Yangtze River, and the Dadu River, respectively
(Li et al.,, 2001; Zhao et al., 2013). Therefore, an early Pleistocene
accelerated incision occurred both in the Yellow River and the Yangtze
River, which was induced by the accelerated lowering of the eustatic sea
level during the MPT. And the role of landscape evolution over the last
few million years on the extent of recent subsurface flow systems and
water-rock interaction could be evaluated by paleogroundwater studies.

5. Conclusions

Hydrochemical and isotope data were combined with 8!Kr and %Cl
chronometers in a systematic data framework to improve our under-
standing of the past groundwater dynamics and water-rock interactions
of the Weihe Basin. Two marked groups were divided by correcting 36Cl
ages with 8'Kr: one group with groundwater ages in the range of
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350-813 ka (Cluster A) exhibits dead Cl dissolution and large positive
5'%0 shifts, and the other group with ages >1.0 Ma (Cluster B) with
negligible dead Cl dissolution and small §'%0 shifts.

The evolution of the groundwater and its age information revealed
the change of the flow system in the Weihe Basin and constrains the
birth time of the modern Yellow River. Since the MPT, the excavation of
the Ancient Sanmen Lake and the accentuated incision of the Wei River
induced groundwater recharge on both sides, from the Qinling Moun-
tains in the south and the Beishan Mountains. The intense interaction
between meteoric-originated groundwater and rock in the aquifers leads
to an obvious oxygen-isotope shift and dead Cl dissolution for Cluster A.
These waters flowed from north or south to the basin center, mixing with
old groundwater (Cluster B) in the basin center with an eastward
groundwater direction with discharge to the Ancient Sanmen Lake in the
past.
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