
1.  Introduction
Paleoclimate reconstructions are critical for understanding the past and for testing models of future climate 
change. Reconstructions have been done with ice cores (Thompson et al., 2000; Yao & Thompson, 1992), tree 
rings (Cook et al., 2004; Sheppard et al., 2004), lakebed and ocean floor sediments (Eichler et al., 2011; Mayer 
& Schwark, 1999; Moberg et al., 2005), and stalagmites (Yang et al., 2002; P. Zhang et al., 2008). However, 
these proxies can be spatially restricted. One somewhat neglected approach for paleoclimate reconstruction is the 
geochemical analyses of soil pore waters. There have been some analyses of chloride and tritium for palaeohy-
drological reconstructions (Edmunds & Tyler, 2002; Stone & Edmunds, 2016). By comparing soil water chloride 
concentration with deposition amount with wet and dry deposition, the paleo moisture time scales can be deter-
mined. Similarly, the depth of the tritium peak in the unsaturated zone relative to the timing of the bomb-peak 
in 1963 has been used to generate infiltration rates, dates, and flow mechanism (Scanlon et al., 2002; Si and de 
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shows the potential of stable isotopes of soil water for paleoclimate reconstruction in deep soils.

Plain Language Summary  While paleoclimate reconstructions have been made with ice cores, 
tree rings, lake sediments and other proxies, few if any studies have explored the potential use of soil cores 
from the unsaturated zone to tease out paleoclimate information. Here, we report the soil water stable isotope 
data for an unusually deep, unsaturated zone soil core from the Loess Plateau of China. We found that waters 
extracted from the soil have relatively low δ 2H and δ 18O values in between the depths of 14–50 m. Waters at 
these depths likely derive from precipitation from the Little Ice Age period that occurred in that region of China 
from 1420 to 1870. Beyond simple time period identification, our isotope signal also captured the temperature 
dynamics during the Little Ice Age. We determined this by analyzing pore waters at 20 cm intervals. Tritium 
( 3H, a radioactive tracer) and a salt mass balance method enabled us to covert core depth increments into 
calendar year. Our study shows the potential of soil water extractions from the deep critical zone for meaningful 
interpretation of paleoclimate conditions.
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Jong, 2007). But to date, δ 2H and δ 18O of soil water have been used primarily as a supplementary tool for paleo-
climate work, mostly to reveal discrete cold recharge histories and the extent of evapotranspiration (Hartshough 
et al., 2001; Tyler et al., 1996). We are not aware of any continuous-with-depth paleoclimate records that have 
been established via δ 2H and δ 18O of soil water.

Here we sampled the unsaturated zone on the Loess Plateau of China, an exceptionally deep (Li et al., 2020) and 
potentially rich repository of pore water paleoclimate information. Certainly there has been much work done 
dating the actual deposits that make up this deep soil (H. Lu et al., 1999; Stevens et al., 2013) and reconstructing 
paleoclimate using lake sediments, loess, and chloride of the soil pore water (Guo et al., 2022; Huang et al., 2013; 
Y. Lu et al., 2020; Maher, 2016). Nonetheless, the δ 2H and δ 18O of vadose zone water within these soil deposits—
as far as we know—has not been examined for paleoclimate signals.

We focused on an unusually deep (98 m) soil core from the Loess Plateau that includes measurements of δ 18O, 
δ 2H,  3H, and chloride. We used cryogenic vacuum distillation (Orlowski et al., 2016; Sprenger et al., 2015) to 
extract the soil water. The main research question driving our study were linked to what paleoclimate period(s) 
and paleoclimate dates within these period(s) are recorded in the stable isotopic signal of soil water? More 
specifically, we asked the following questions (a) Can we use tritium to quantify the vertical water migration rate 
through the deep vadose zone? (b) Can we then convert depth to time to explore how changes in δ 18O and δ 2H of 
extracted waters correspond to climate events for our measured period? and, (c) Can δ 2H and δ 18O values of soil 
water capture paleoclimate events bracketed within the time interval of our record?

2.  Materials and Methods
2.1.  Study Area

The study was conducted in the “Changwu Tableland” located in the southern part of the Loess Plateau of 
China (Figure 1). The loess deposits of the southern Loess Plateau of China have names associated with their 
emplacement and have an average thickness of ∼100 m (Zhu et al., 2018). The “Wucheng loess” accumulated 
about 2.5 million years ago, and the “Lishi loess” began to accumulate at about 1.3 million years ago, followed 

Figure 1.  The study area and sampling site. The insert map shows the location of the Loess Plateau in China; the color bar 
indicates the elevation (m); the green lines are 200 mm/yr isohyetal lines; the green flag indicates our sampling site on the 
Loess Plateau of China.
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by the “Malan loess” at 71 thousand years ago (H. Lu et al., 1999). Before and during the Holocene periods, 
the Loess Plateau of China was dominated by grassland and forest steppe (Shang & Li, 2010). During the last 
2000 years, intensive farming accelerated the loss of grassland and natural forest (L. Wang et al., 2006). Since 
1990, farmlands were gradually transformed into forest and grassland to combat ecosystem degradation (Su & 
Fu, 2013). The study area is in a current warm temperate sub-humid zone with an aridity index (precipitation 
amount/potential evapotranspiration amount) of ∼0.65. The area has a continental monsoon climate with the 
long term (measured 1957–2020) mean annual temperature, precipitation, and potential evapotranspiration of 9.4 
°C, 585 mm, and 897 mm, respectively (Data source: http://cwa.cern.ac.cn/meta/metaData). About 53% of the 
annual precipitation takes place between July and September. The Changwu Tableland is relatively flat and local 
agriculture is rain-fed without irrigation.

2.2.  Methods

A long-term natural grassland, which was transformed into a non-irrigated wheat field in 2013, was selected as 
the drilling site for the 98 m soil core. Drilling was completed in 2015. The core was drilled a further 3 m into the 
saturated zone from 95–98 m using a high-power auger (DPP 100, BJTK Company, CHN). On a nearby wheat/
maize rotational farmland site, we drilled an additional 20 m soil core using a hollow-stem hand auger. Consid-
ering the potential high isotopic variation and heavy isotope enrichment in the shallow soil, two additional cores 
(8 and 20 m) were also drilled in 2017 using a hollow-stem hand auger re-sampled next to the original 98 and 
20 m soil core sites.

Each of the sampled soil cores were divided into 20 cm length sections. Using the obtained soil samples, soil 
bulk density, gravimetric water content, soil particle density, and chloride concentration were measured for each 
of these sections. Soil water was extracted via a cryogenic vacuum distillation system (Li-2000; LICA United 
Technology Limited, Beijing, China). The extracted soil water was analyzed by isotopic ratio infrared spectros-
copy (model IWA-45EP; Los Gatos Research, Inc., San Jose, CA, USA) and a low background liquid scintillation 
counter (Quantulus 1220, PerkinElmer, Singapore) to obtain stable isotope compositions (δ 2H and δ 18O values) 
and tritium concentrations, respectively. The details of these analytical processes are given in Supporting Infor-
mation S1 (Text S1).

The  3H-peak and chloride mass balance methods were used to estimate the age of soil water. For the  3H-peak 
method, we fitted a Gaussian distribution to the  3H-versus-depth profile; the peak of the Gaussian distribution 
was used to estimate the depth of the  3H peak. Since we know that the  3H input peak—globally and in China—is 
1963 (Si and de Jong, 2007), the calendar date of soil water deeper than  3H peak was calculated based on the 
active root zone method (Equations 1–4; Scanlon et al., 2002):

𝑞𝑞 =
𝑧𝑧𝑝𝑝 − 𝑧𝑧𝑟𝑟

𝑌𝑌𝑠𝑠 − 1963
𝜃𝜃� (1)

where q is the water flux (m year −1), 𝐴𝐴 𝐴𝐴𝑠𝑠 is sampling year, that is, 2015, 𝐴𝐴 𝜃𝜃 is the average soil volumetric water 
content below the active root zone and above the  3H peak (cm 3 cm −3), Z is the soil depth below the surface (m), 
and the subscript p and r is the  3H peak and active root zone, respectively. Based on water flux and soil volumetric 
water content, soil pore water velocity (V, m year −1) beneath the tritium peak was obtained.

𝑉𝑉 =
𝑞𝑞

𝜃𝜃
=

𝑧𝑧𝑝𝑝 − 𝑧𝑧𝑟𝑟

𝑌𝑌𝑠𝑠 − 1963

𝜃𝜃

𝜃𝜃
� (2)

where 𝐴𝐴 𝐴𝐴 represents soil volumetric water content (cm 3 cm −3). The time (T, year) for displacing the soil water 
storage to a certain depth was calculated as:

𝑇𝑇 =
Δ𝑊𝑊

𝑉𝑉
=

∫
𝑍𝑍

𝑍𝑍𝑝𝑝
𝜃𝜃𝜃𝜃𝜃𝜃

(𝑍𝑍𝑝𝑝 −𝑍𝑍𝑟𝑟)𝜃𝜃
(𝑌𝑌𝑠𝑠 − 1963)� (3)

where 𝐴𝐴 ΔW represents the soil water storage to the certain depth (m). Lastly, the calendar year (𝐴𝐴 𝐴𝐴𝑍𝑍 ) for the water 
at a certain depth was obtained:
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𝑌𝑌𝑍𝑍 (
3𝐻𝐻) = 1963 −

∫
𝑍𝑍

𝑍𝑍𝑝𝑝
𝜃𝜃𝜃𝜃𝜃𝜃

(𝑍𝑍𝑝𝑝 −𝑍𝑍𝑟𝑟)𝜃𝜃
(𝑌𝑌𝑠𝑠 − 1963)� (4)

In our study, the active root zone depth was set to 2  m (Y. Lu et  al.,  2020; Z. Wang et  al.,  2009; Y. Wang 
et al., 2015; Xiang et al., 2021), and 1 year residence time for water in the root zone was assumed.

Soil water age, based on chloride mass balance method (Stone & Edmunds, 2016; Tyler et al., 1996), was derived:

𝑌𝑌𝑧𝑧(Cl) = 𝑌𝑌𝑠𝑠 −
∫

𝑧𝑧

0
𝜃𝜃𝜃𝜃𝑠𝑠𝑑𝑑𝑑𝑑

𝐷𝐷
� (5)

where 𝐴𝐴 𝐴𝐴𝑠𝑠 is the concentration of chloride in soil pore water (mg L −1), 𝐴𝐴 𝐴𝐴 is chloride input flux and was assumed 
to be 444.9 mg m −2 yr −1 in our study (Y. Lu et al., 2020). Subsequently, the soil water age was calculated as the 
average value of  3H-peak and chloride mass balance methods derived ages.

Below the active root zone, we assumed that water moved downward by vertical piston flow and eventually 
reached the groundwater. The groundwater table at our sampling site was 95 m (Figure 2). Considering 1 m 
seasonal groundwater fluctuations (R. Wang et al., 2010) and maximum 4 m capillary rise from the water table 
based on measured grain size (Liu et al., 2014), we focused our analysis on the upper 90 m of soil water to detect 
any paleoclimate signal. The groundwater δ 2H, δ 18O, and  3H data reported here derive from Xiang et al. (2019).

3.  Results and Discussion
3.1.  Tritium and Chloride Records and the Vertical Water Migration Through the Deep Vadose Zone

Figure 2 shows the extracted soil water  3H profile. It followed a Gaussian distribution with the 1963 bomb peak 
located at 6.0 ± 0.22 m and the peak  3H concentration of 49 TU. Using the  3H-peak method (Equation 4), the 
depth from 8–90 m within the soil profile corresponded to a time scale in calendar years, from 764 to 1934 
(Figure S1 in Supporting Information S1). We then tested this time estimate using the soil water chloride signal 
using the chloride mass balance method (Equation  5). The chloride value-to-calendar-year conversion corre-
sponded well to the tritium-based method but shifted the dates slightly to the years 1108–1955 (Figure S2 in 
Supporting Information S1). We then averaged the soil water age derived from the  3H and chloride methods to 
obtain the calendar dates of the core from 936 to 1944, for the core length segment from 8 to 90 m (Figure 3).

The basic soil water infiltration perceptual model underpinning the  3H-peak and chloride mass balance method is 
one-dimensional vertical downward flow. Our data suggest that this perceptual model may be a suitable approx-
imation based on two lines of evidence: (a) the groundwater stable isotope value was very close to the mean 
8–90 m soil water stable isotope value, and (b) the tritium concentration of groundwater was very low (Figure 2) 
indicating that no recent precipitation water moves downward via preferential flow. Therefore, piston downward 
flow appears to be the primary water movement process. Further, our perception of downward displacement is 
consistent with other research on the Loess Plateau of China (Huang et al., 2017; Xiang et al., 2019).

3.2.  How Changes in δ 18O and δ 2H of Extracted Waters Correspond to Notable Climate Events?

The extracted soil water δ 2H and δ 18O showed similar vertical profiles, with higher values at depths shallower 
than 2 m and variable values between 8 and 90 m depth (Figure 2). The isotopic composition of shallow soil water 
in the depth range of 0–8 m exhibited large variations and the variation decreased with increasing soil depth. 
To avoid the uncertainty caused by these large isotopic variations at depths shallower than 8 m, we focused our 
paleoclimate analyses exclusively on soil waters from 8 to 90 m. We compared δ 2H and δ 18O of soil water with 
the 8–90 m mean isotopic value (−9.7‰ for δ 18O, and −72.5‰ for δ 2H). We used two sigma (2‰ for δ 2H and 
0.4‰ for δ 18O) analysis precision to quantify the isotopic difference through the core. Any soil water δ 18O or δ 2H 
values that differed from the mean value by less than the two sigma analytical precision was defined as “minimal 
difference.” Groundwater with −72.7‰ and −10.1‰ for δ 2H and δ 18O were similar to the 8–90 m mean isotopic 
value. But notably, a zone from 14 to 50 m was detected as a heavy isotope depletion anomaly, which plotted 
below the 8–90 m mean line (Figure 3).

The sustained below-average isotope values between 14 and 50 m mapped to the time period of 1420–1870 
(Figure 3) and is evidence of the Little Ice Age preserved in our core. Therefore, our overall core can be divided 
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into three periods: 936–1420 (around average), 1420–1870 (below average), and 1870–1944 (above average with 
an increasing trend). These periods before and after the bracketed Little Ice Age, we believe, map directly to the 
Medieval Warm Period (i.e., the period before the Little Ice Age) and the Current Warm Period, the period after 
∼1870 (Chen et al., 2006).

3.3.  Other Evidence to Support That Soil Water Between 14 and 50 m Is Little Ice Age Water

Our estimated Little Ice Age timing could be affected by how we chose the “average line” in Figure 3. To check 
the reliability of this timing (starting in 1420 and ending in 1870), we extracted independently, the time period 

Figure 2.  The vertical distribution of soil particle content, water content (a), and soil water and groundwater δ 2H (b), 
δ 18O (c),  3H (d), and Cl − (e). Green, orange, and red shaded areas represent clay, silt, and sand content, respectively. The 
blue circles, red upward-triangles, red downward-triangles, gray diamonds, green squares, and blue downward-triangles 
show soil volumetric water content, δ 2H, δ 18O,  3H, Cl −, and isotopic composition of groundwater respectively. The vertical 
green dashed lines are the 8–90 m mean δ 2H and δ 18O values. The black line shows the Gaussian distribution fitted to 
the  3H vertical profile. The blue dashed line indicates the groundwater table. The  3H-peak is located at 6.0 ± 0.22 m with 
a concentration of 49 TU. δ 2H and δ 18O show large variations for the upper 8 m and oscillate around the mean value of the 
8–90 m (−9.7‰ for δ 18O, and −72.5‰ for δ 2H) for the deeper soil.
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from text descriptions in published literature using other proxies near our sampling site. Table 1 shows the strong 
agreement with these other sources and our bracketed time for the Little Ice Age. Work with the δ 18Ο of the 
“Dunde ice core,” 1,400 km from our site, suggests that the Little Ice Age spanned the years 1360–1840 (Yao & 
Thompson, 1992). The “Dulan tree ring” index, determined 880 km from our site, suggests that the Little Ice Age 
took place there from 1450 to 1820 (Q. Zhang et al., 2003). Stalagmite δ 18O data reported for the Wanxiang Cave, 
325 km from our site (P. Zhang et al., 2008), placed the Little Ice Age dates between 1350 and 1900. Sediment 
δ 18O and δ 13C of the “Lake Ebinur,” 2,360 km from our site, bracketed the Little Ice Age dates between 1400 
and 1750 (Ma et al., 2011). Larger scale analysis placed the Little Ice Age from 1400 to 1920 in China, gener-
ally (Yang et al., 2002). Collectively, these data show a starting year that varies from 1350 to 1450 and ending 
between 1750 and 1920. Our estimated time period, from the start of 1420 to the end of 1870, is within the range 
of the regional reported times reinforcing the capability of our method for paleoclimatic reconstruction.

During the Little Ice Age, our isotope signal further captured the temperature dynamics within this period. The 
δ 2H values (which follow similar patterns to δ 18O values) and temperatures in China both decreased over time 
from 1420 to 1520, followed by an increasing trend until 1600, and then a decrease to their lowest values at 
1660. This was followed by increases until 1740, followed by a stable period between 1740 and 1870 (Figure 3). 

Figure 3.  Temporal variation in soil water δ 2H (a) and δ 18O (b). The blue lines represent the measured soil water data dated by the  3H-peak and chloride mass balance 
methods; the temperature anomaly in China is shown in the red lines based on Yang et al. (2002). The black dashed lines represent the 8–90 m mean isotopic values. 
The soil water zone in the range 8–90 m was converted to calendar years 936–1944 using the average date from  3H-peak and chloride mass balance methods. Sustained, 
below average isotope values in the 14–50 m soil zone brackets the Little Ice Age from 1420 to 1870. During the Little Ice Age, δ 2H and δ 18O show very similar 
temporal dynamics to the temperature anomaly data in China.

Table 1 
The Time Period of Little Ice Age From the Published Literature

Author Location Latitude Longitude Proxy Time period

Our study Changwu (China) 35°14′N 107°41′E Unsaturated soil zone δ 2H and δ 18O 1420–1870

Yao and Thompson (1992) Dunde (China) 38°06′N 92°24′E Ice core δ 18O 1360–1840

Zhang et al. (2003) Dulan (China) 36°20′N 98°00′E Tree ring width 1450–1820

Zhang et al. (2008) Wanxiang (China) 33°19′N 105°00′E Stalagmite δ 18O 1350–1900

Ma et al. (2011) Lake Ebinur (China) 45°01′N 82°52′E Lake sediment δ 18O, δ 13C 1400–1750

Yang et al. (2002) China Ice cores, tree rings, lake sediments, and historical documents 1400–1920
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Furthermore, soil water δ 2H and δ 18O showed significant positive correlation with reported temperature anoma-
lies in China (p < 0.01; Figure 4). Higher temperatures produced higher δ 2H and δ 18O values, and lower tempera-
tures resulted in lower δ 2H and δ 18O values in soil water during the Little Ice Age. On balance, our isotope proxy 
from soil water extractions in the deep critical zone at our site recorded both the sustained cold signal timescale 
and also the major temperature trends during the Little Ice Age.

The Little Ice Age shows regional coherence but does not occur at the same time globally (Neukom et al., 2019). 
Our study indicated that the Loess Plateau experienced cold periods between 1420 and 1870 with an average 
resolution of ∼3 yr/sample. The cold conditions could be related to the decreasing solar activity, the weaken-
ing of the East Asian summer monsoon, and/or intensifies of East Asian winter monsoon (Guo et  al.,  2022; 
Wanner et al., 2008). Our high-resolution sampling method may contribute to a robust paleoclimate reconstruc-
tion compared with other low sampling resolution methods on the Loess Plateau, such as the loess itself, which 
has a temporal resolution of ∼500 yr/sample (Kang et al., 2018; Maher, 2016).

3.4.  Uncertainties and Issues for Using Soil Water δ 2H and δ 18O to Reveal Little Ice Age Climate

Our data suggest that soil water δ 2H and δ 18O can be used to reveal the Little Ice Age on the Loess Plateau of China. 
δ 2H and δ 18O of soil water are determined by the isotopic values of precipitation, which is driven by moisture prov-
enance, air mass trajectories and mixing, and atmospheric temperatures (Dansgaard, 1964; Kirchenbaum, 1951). 
The isotopic values are also affected by soil evaporation, which is driven by temperature and relative humidity 
(Allison, 1982). When temperatures are low, soil evaporation can be suppressed, and isotopic compositions of soil 
water can capture those of precipitation. Therefore, soil water δ 2H and δ 18O values are lower during the Little Ice Age. 
Precipitation δ 2H and δ 18O values can also be lower during large rain events at some tropical and subtropical locations 
(Jasechko & Taylor, 2015). However, δ 2H and δ 18O values of soil water show no relationship with chloride concen-
tration (which has negative correlation with rain amount) during the Little Ice Age (figure not shown) suggesting that 
the lower δ 2H and δ 18O values are not produced by large rain events. Collectively, soil water δ 2H and δ 18O can be 
used as proxies for paleoclimate reconstruction. The positive correlation of δ 2H and δ 18O values of soil water with 
temperature during the Little Ice Age needs to be validated in other areas with deep soil profiles. The length of time 
captured by unsaturated zone waters is likely to be longer in areas where downward soil water flow rates are slow and 
where soils are thick (Edmunds & Tyler, 2002; Stone & Edmunds, 2016), suggesting further deep vadose zone water 
extractions should be done in arid and sub-humid areas with soil thickness exceeding 50 m to capture paleoclimate 
conditions (e.g., the Pampas in Argentina; see Li et al., 2020; Montoya et al., 2019; Teruggi, 1957; Zárate, 2003).

4.  Conclusions
A 98 m soil core that included 95 m of unsaturated zone and 3 m of saturated zone was extracted to obtain soil 
water δ 2H, δ 18O,  3H, and chloride.  3H-peak and chloride mass balance methods were able to be used to convert 

Figure 4.  The correlation of soil water δ 2H (a) and δ 18O (b) with the temperature anomaly in China (Yang et al., 2002) during the Little Ice Age. The positive 
correlation is significant (p < 0.01).
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soil depths to calendar time. By comparing the isotopic composition of soil water at 20 cm intervals through 
the core with the mean isotopic values between 8 and 90 m, a period of sustained low δ 2H and δ 18O values was 
observed between 14 and 50 m, corresponding to the years 1420–1870. This Little Ice Age period revealed by 
soil water extractions from our deep core was consistent with other local and more traditional climate proxies. In 
addition, the isotopic compositions of soil water captured the dynamic of regional reconstructed paleotempera-
ture within Little Ice Age. We offer these findings as encouragement to others to explore for other deep critical 
zones, the hitherto unexplored signals in extracted soil waters.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.
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