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Abstract
Climate issues concerning Marine Isotope Stage 3 (MIS3) remain incompletely
resolved, necessitating analysis of sedimentary records from additional regions.
Loess is widely recognized as an excellent archive for Quaternary climate re-
search. By selecting the Linfen Basin on the southeastern margin of the Loess
Plateau as the study area and systematically investigating magnetic suscepti-
bility, total iron, total organic carbon, and grain size of loess deposits in this
region, combined with optically stimulated luminescence chronology data, this
study preliminarily discusses the characteristics of climate change in the Linfen
Basin during the MIS3 stage. Climate change in the Linfen Basin during the
MIS3 stage can be divided into three phases: 56–45 ka BP was characterized
by weakly warm and humid conditions, corresponding to MIS3c; 45–41 ka BP
exhibited a brief cold and dry period, corresponding to MIS3b; and 41–25 ka BP
displayed relatively strong warm and humid conditions, corresponding to MIS3a.
Although global climate during the MIS3 stage exhibited relatively warm and
humid conditions, climate fluctuations in the Linfen Basin during MIS3 show
certain differences from other geological records. The cause of this discrepancy
may be that under the combined influence of Northern Hemisphere ice sheets
and solar radiation received at the Earth’s surface, the distribution of heat and
moisture varied across different regions, resulting in significant environmental
differences between regions. The specific coupling mechanisms require further
research.
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Abstract

The climate characteristics of Marine Isotope Stage 3 (MIS3) remain incom-
pletely resolved, necessitating analysis of additional regional sedimentary
records. Loess is widely recognized as an excellent archive for Quaternary
climate research. This study selected the Linfen Basin on the southeastern
margin of the Loess Plateau as the research area and systematically investigated
magnetic susceptibility, total iron, total organic carbon, and grain size in loess
deposits, combined with optically stimulated luminescence (OSL) chronology
data, to reconstruct MIS3 climate change characteristics in the basin. The
results indicate that MIS3 climate change in the Linfen Basin can be divided
into three stages: (1) 56–45 ka BP, corresponding to MIS3c, characterized by
weakly warm-humid conditions; (2) 45–41 ka BP, corresponding to MIS3b,
showing a brief cold-dry interval; and (3) 41–25 ka BP, corresponding to MIS3a,
exhibiting relatively strong warm-humid conditions. While global climate
during MIS3 displayed relatively warm-humid features, the Linfen Basin record
shows some differences from other geological archives. These discrepancies
likely arise from differential heat and moisture distribution across regions
under the combined influence of Northern Hemisphere ice sheets and solar
radiation receipt at the Earth’s surface, leading to substantial environmental
heterogeneity between regions. The specific coupling mechanisms require
further investigation.

Keywords: Linfen Basin; loess deposition; MIS3 characteristics; climate
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1. Study Area Overview

The Linfen Basin is located in southern Shanxi Province, bounded by the Houma
Ridge to the north, Emei Platform to the south, Huoshan Mountain to the east,
and Luoyun Mountain to the west. The region experiences a temperate continen-
tal monsoon climate with annual precipitation of 420–550 mm and mean annual
temperatures of 9.0–12.9 °C. The sampling profile is situated near Dingcun in
the southern part of the basin (Fig. 1). In 1954, archaeologists from the In-
stitute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of
Sciences, discovered a juvenile parietal bone at this site, designated as“Dingcun
Man,”representing early Homo sapiens intermediate between Peking Man and
modern humans, similar to Ordos Man. The discovery of Dingcun Man fossils
attracted considerable academic attention and stimulated research on tectonic
movements and environmental evolution in the Linfen Basin and adjacent areas.
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The Linfen Basin also represents a sensitive transitional zone from semi-humid
to semi-arid regions in China, making its special geographical location highly
responsive to climate change.

2.1 Sample Collection

This study focuses on loess deposits in the Linfen Basin to preliminarily explore
MIS3 climate change. Through field investigation, we selected a profile near
the Dingcun paleoanthropological site. The loess-paleosol profile has a total
thickness of approximately 630 cm and is located on the third terrace of the
Fen River, consistent with the stratigraphic layers of the“Dingcun Group”(Fig.
2). The profile is described as follows: 0–60 cm, modern cultivated layer; 60–
190 cm, weakly developed paleosol layer with light brownish-yellow color, dense
texture, and local distribution of small white carbonate spots; 190–420 cm, loess
layer with light yellow color, high silt content, uniform and loose texture with
abundant pores; 420–570 cm, paleosol layer with light reddish-brown clay, good
cementation, distribution of white carbonate mycelia and white/black spots,
and relatively dense texture; 570–630 cm, loess layer with light yellow color,
high silt content, uniform texture, and obvious compaction in the lower part.

Samples were collected at 10–20 cm intervals from the profile top, yielding 40
samples. Simultaneously, OSL dating samples were collected using 4.5 cm di-
ameter stainless steel tubes at 0.6–1 m intervals, with five samples obtained.

2.2 Analytical Methods

Naturally air-dried samples were analyzed for magnetic susceptibility, grain size,
total organic carbon, and total iron content at the Laboratory of Geographi-
cal Sciences, Shanxi Normal University. Magnetic susceptibility was measured
using a Barington magnetic susceptibility meter. To ensure reliability, both
high-frequency and low-frequency magnetic susceptibility were measured three
times per sample, with average values reported. Grain size analysis employed
established pretreatment methods and was performed using a Mastersizer 2000
laser particle size analyzer with a measurement range of 0.02–2000 �m and re-
peat measurement error <3%. Total organic carbon content was determined
using the potassium dichromate-sulfuric acid oxidation titration method. Total
iron content was measured using a novAA400 atomic absorption spectrometer.

OSL dating was conducted at the Key Laboratory of Optically Stimulated Lumi-
nescence, Qinghai Institute of Geography. The experimental procedure followed
reference [17]. OSL dating primarily targets quartz and feldspar minerals, which
are abundant and easily extracted. Key considerations include: (1) mineral pu-
rity affects dating results; (2) saturation dose affects the dating range—feldspar
has a larger saturation dose than quartz, providing a wider dating range; (3)
signal intensity affects dating precision, with feldspar showing stronger signals
than quartz for young samples; (4) thermal transfer phenomena severely af-
fect young sample testing, with quartz showing stronger thermal transfer than
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feldspar, which is detrimental to young sample measurement. In this study, the
upper limit of post-IR IRSL (pIRIR) feldspar dating could meet the require-
ments for accurately obtaining ages since the last interglacial period. Therefore,
feldspar ages were selected as more precise (Table 1). These age data effec-
tively constrain the depositional timeframe of the Dingcun profile, though they
cannot determine the specific age of each depositional layer. Since OSL dating
has inherent uncertainties and simple linear interpolation yields large errors, we
used the grain-size age model proposed by Porter and An [18] to calculate the
age sequence of the Dingcun profile (Fig. 3). During model calculation, we
introduced standard loess-paleosol stratigraphic age node data from previous
studies. While curve correlation can provide some age control points, too many
control points may be forced. Therefore, we only selected four standard strati-
graphic ages: MIS2/3 boundary at 25.37 ka BP, MIS3/4 boundary at 59.69 ka
BP, MIS4/5 boundary at 74.22 ka BP, and MIS5/6 boundary at 128.80 ka BP.
Due to missing MIS1 and Holocene strata at the profile top, the uppermost part
corresponds to approximately 20 ka BP.

2.3.1 Grain Size

As a fundamental physical property of soils, grain size is a basic indicator in sedi-
ment research and holds important significance in paleoclimate studies. Chinese
loess accumulation is considered a product of the East Asian monsoon system,
with grain size coarseness related to wind strength. Previous research on loess-
paleosol sequences has identified grain size as the most sensitive proxy for East
Asian winter monsoon variations, with coarse particle fractions positively corre-
lated with winter monsoon intensity. As different regions respond differently to
monsoons, the environmental significance of grain size fractions varies by region.
Therefore, different parameters are selected for climate analysis in different ar-
eas. In this study, we chose the median grain size and >63 �m coarse particle
fraction as winter monsoon proxies.

2.3.2 Magnetic Susceptibility

Magnetic susceptibility is commonly used as an indicator of pedogenic intensity
and rainfall in Quaternary paleoclimate research. The primary mechanism for
magnetic susceptibility enhancement is the formation of superparamagnetic par-
ticles during pedogenesis, which increases the content of ferrimagnetic minerals
and can thus indicate East Asian summer monsoon intensity. However, mag-
netic susceptibility reflects comprehensive magnetic information from different
minerals and is influenced by source, particle size, type, and content, presenting
certain limitations in reflecting climate environments. Under high temperature
and precipitation conditions, magnetic susceptibility reversal can occur. The
glacial-interglacial cycle is an important feature of Quaternary climate, with
magnetic susceptibility showing different trends during glacial-interglacial tran-
sitions. The transition from interglacial to glacial periods is slow and staged,
with decreasing magnetic susceptibility, while the transition from glacial to inter-
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glacial periods is relatively rapid, with increasing magnetic susceptibility. The
Linfen Basin is located in the southeastern Loess Plateau, where even during
interglacial periods, mean annual temperature and precipitation do not exceed
the critical threshold beyond which magnetic susceptibility decreases with in-
creasing temperature and precipitation. Therefore, magnetic susceptibility can
serve as a proxy indicator for paleoclimate change in the Linfen Basin. Since
pedogenesis is controlled by multi-year precipitation and temperature, magnetic
susceptibility values are somewhat smoothed, so climate analysis should com-
bine multiple indicators.

Throughout the profile, magnetic susceptibility and frequency-dependent
magnetic susceptibility show synchronous variation trends, with the latter
showing more pronounced fluctuations. Magnetic susceptibility values range
from 45.67$×10^{-8}$ to 203.53$×10^{-8}$ m3/kg, averaging 152.89$×10^{-
8}$ m3/kg. Frequency-dependent magnetic susceptibility ranges from 0
to 11.59$×10^{-8}$ m3/kg, averaging 4.80$×10^{-8}$ m3/kg. Both show
valley-peak-valley changes, with higher peaks in the later stage.

2.3.3 Total Iron (TFe)

Total iron (TFe) includes both free iron and silicate iron. Total iron content
is related to the weathering degree of iron-bearing silicates, with content levels
reflecting pedogenic intensity and thus summer monsoon strength. Research
indicates that loess TFe content is closely linked to climate on the Loess Plateau
and has potential for quantitative conversion. In the Dingcun profile, TFe and
magnetic susceptibility values show synchronous variation with slight internal
differences, though TFe shows larger fluctuation amplitude. Throughout the
profile, TFe content ranges from 1.63% to 3.43%, averaging 2.36%, showing
valley-peak-valley changes consistent with magnetic susceptibility, with higher
peaks in the later stage.

2.3.4 Total Organic Carbon (TOC)

Total organic carbon (TOC) content in loess can reflect regional biomass and
vegetation cover under certain climate conditions, thereby revealing paleocli-
mate status. In arid and semi-arid regions, vegetation is primarily controlled
by moisture, so TOC is commonly used to indicate humidity changes and indi-
rectly reflect summer monsoon intensity. As buried organic carbon continuously
decomposes over time, its content tends to decrease, making TOC suitable for
high-resolution short-term rather than long-term climate change studies. In the
Dingcun profile, TOC ranges from 0.58% to 3.20%, averaging 1.84%, showing
valley-peak-valley changes consistent with other indicators. Considering that
the Linfen Basin is in a semi-arid region where vegetation growth is mainly con-
trolled by moisture, TOC can serve as a proxy indicator for humidity changes.
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3.1 MIS3 Climate Characteristics Recorded in the Dingcun Profile

Based on OSL dating results, the Dingcun loess deposition recorded MIS3
from approximately 56 to 25 ka BP. Fluctuations in magnetic susceptibility,
frequency-dependent magnetic susceptibility, total iron, total organic carbon,
and grain size throughout MIS3 show a “two peaks sandwiching a valley”pat-
tern—two weak paleosol layers enclosing a loess layer. The analysis follows
stratigraphic order:

56–45 ka BP (MIS3c): Magnetic susceptibility shows fluctuations but gen-
erally increases, with several small peaks. Frequency-dependent magnetic sus-
ceptibility, total iron, and total organic carbon also show mainly fluctuating
increases, with larger fluctuation amplitudes than magnetic susceptibility, in-
dicating an enhanced summer monsoon trend with unstable climate. Median
grain size shows fluctuating decreases followed by increases, while >63 �m grain
size content shows the same trend, indicating weak winter monsoon. Overall,
this stage shows slowly weakening winter monsoon and strengthening summer
monsoon, representing a weak warm-humid period.

45–41 ka BP (MIS3b): Magnetic susceptibility, frequency-dependent mag-
netic susceptibility, total iron, and total organic carbon all show peak-valley-
peak patterns, with the later peak being higher. Median grain size is coarser
than the previous stage with small internal fluctuations, and >63 �m grain size
content shows two small peaks, indicating brief winter monsoon strengthening.
However, total iron and total organic carbon are relatively low with small fluc-
tuations, while frequency-dependent magnetic susceptibility shows an obvious
valley, indicating weakened summer monsoon and pedogenesis. Magnetic sus-
ceptibility shows only slight decreases, demonstrating its limitations in reflecting
climate environment. Overall, this stage represents a brief cold-dry interval.

41–25 ka BP (MIS3a): Magnetic susceptibility shows a high peak followed by
decreasing trends, with peak magnitude second only to the last interglacial pe-
riod. Frequency-dependent magnetic susceptibility shows corresponding peaks,
slightly higher than MIS3c with small internal fluctuations. Total iron and to-
tal organic carbon also fluctuate upward then downward, showing large peaks
exceeding those of MIS3c, indicating enhanced summer monsoon, stronger pe-
dogenesis, and higher vegetation cover, representing relatively warm-humid con-
ditions. Median grain size shows low values, and >63 �m component content
shows low valley values, indicating weak winter monsoon. This stage represents
the warmest and most humid interval recorded in the Dingcun profile during
the last glacial period, consistent with climate research results from the Dali
area. However, the peaks are lower than those of the last interglacial period,
indicating the warm-humid degree was less than that of the last interglacial.

3.2 Preliminary Discussion of MIS3 Climate Characteristics

The above analysis shows that MIS3 climate in the Linfen Basin exhibited ob-
vious warm-humid (or weakly warm-humid) features, consistent with weakly
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warm-humid characteristics revealed by other geological records globally. This
demonstrates that Quaternary climate in this region was consistent with global
climate changes at the ten-thousand-year scale, controlled by Earth’s orbital
parameters. However, significant differences exist between regions. Current con-
clusions mainly include: (1) some regions were warmer and more humid than
the Linfen Basin, such as the central Loess Plateau (Luochuan, Xifeng) and
northwestern margin; (2) some regions showed similar warm-humid degrees,
such as Baoji and Duangiapo; and (3) some regions on the southeastern mar-
gin (Dali, Baimapo) showed even higher warm-humid degrees than the Linfen
Basin. These phenomena indicate that the Loess Plateau has a large environ-
mental gradient in the latitudinal direction.

The Linfen Basin is located in the southeastern Loess Plateau, and its climate
change is controlled by the East Asian monsoon system. During MIS3a, en-
hanced summer monsoon control led to relatively unstable climate. The East
Asian monsoon system is generally considered to be influenced by Northern
Hemisphere ice volume and solar radiation receipt. An et al. [57] suggested that
solar radiation controls East Asian summer monsoon intensity, while Prell and
Kutzbach [58] demonstrated that monsoon circulation intensity in monsoon re-
gions increases with solar radiation. Shackleton et al. [59] proposed that East
Asian monsoon evolution is controlled by global ice volume, which affects mon-
soon variation by regulating the position and intensity of the Siberian-Mongolian
High. Sun et al. [60] found that magnetic susceptibility of Chinese loess seems
more closely related to global ice volume changes. Research on the Weinan loess
sequence in the central Loess Plateau suggests that monsoon climate changes
are consistent with global ice volume changes indicated by marine oxygen iso-
topes, though monsoon variation amplitude and evolution trends differ signif-
icantly from global ice volume, possibly resulting from Northern Hemisphere
solar radiation changes. Ding et al. [61] found that paleosol stages since the
last interglacial correlate with precession cycles, possibly representing a climate
system response to solar radiation changes caused by precession. The Dingcun
profile environmental indicators generally show features consistent with marine
oxygen isotope records representing global ice volume, demonstrating global cli-
mate consistency controlled by Earth’s orbital parameters, while also showing
features similar to the Guliya ice core, such as higher temperatures in the later
stage of MIS3. Shi et al. [62] attributed this characteristic in the Guliya ice
core to strong influence from precession-cycle solar radiation changes—a special
phenomenon involving global mid-low latitude ranges caused by Earth’s orbital
changes—suggesting that climate changes in this region may also respond to
solar radiation caused by precession cycles.

Numerical simulations show that Pleistocene East Asian summer monsoon
changes were driven by solar radiation and should exhibit precession-cycle
signals, but the existence of Northern Hemisphere ice sheets made high-latitude
regions show glacial-interglacial cycles as the main feature. During MIS3,
precession-caused solar radiation increase in mid-low latitudes was about 20
W・m−2 [63]. This increased solar radiation, combined with the semi-preserved
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state of Northern Hemisphere ice sheets, caused the Siberian-Mongolian High
to weaken, reducing East Asian winter monsoon intensity and increasing
summer monsoon intensity, thus developing paleosols on the Loess Plateau.
The loess record from the Linfen Basin also reflects this climate change. Since
solar radiation increase was mainly in mid-low latitudes with little increase
at high latitudes [64], large temperature differences emerged between regions.
Meanwhile, the southward shift of the westerlies affected by this situation
would increase precipitation in western Tibet, and the intensity of southward
cold air flow would also be greater than present [65]. The cold high pressure
generated by ice sheets would also create large environmental gradients, which
may be why the Loess Plateau did not exhibit the“high temperature and large
precipitation event”and showed obvious environmental gradients. During this
period, Northeast China not only failed to show warm-humid conditions but
instead exhibited colder environmental features with periglacial phenomena and
cold-adapted flora and fauna [66], possibly also related to large environmental
gradients caused by surface solar radiation receipt and Northern Hemisphere
ice sheet presence.

Thus, both Northern Hemisphere ice volume and solar radiation changes affect
climate, but their relative contributions and specific mechanisms remain unclear
and difficult to separate. They likely represent combined effects. Chen et al. [67]
also suggested that while solar radiation changes and Northern Hemisphere ice
volume both show certain correlations with Loess Plateau paleoclimate, their
correspondence is not ideal, likely representing simultaneous combined effects.
The climate changes in the Dingcun profile during MIS3 were probably also in-
fluenced by these two factors, showing certain local characteristics. The “high
temperature and large precipitation event”in the Tibetan Plateau and north-
western inland areas may have been mainly caused by changes in water vapor
transport paths and increased intensity of the southwest monsoon and wester-
lies, also related to combined effects of solar radiation and Northern Hemisphere
ice volume [62,65,69-70]. Therefore, a comprehensive understanding of MIS3 cli-
mate evolution mechanisms requires more regional records and comparisons.

4. Conclusions

Based on the above analysis, the following conclusions can be drawn:

1. The climate of the Linfen Basin during MIS3 can be divided into three
stages: 56–45 ka BP (MIS3c) was a weakly warm-humid period; 45–41 ka
BP (MIS3b) was a brief cold-dry interval; and 41–25 ka BP (MIS3a) was
a relatively strong warm-humid period.

2. The overall warm-humid climate of the Linfen Basin during MIS3 is con-
sistent with other geological records showing weakly warm-humid charac-
teristics, demonstrating that regional Quaternary climate changes at the
ten-thousand-year scale are consistent with global climate changes con-
trolled by Earth’s orbital parameters.
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3. The significant differences in climate characteristics between regions dur-
ing MIS3 may not necessarily result from different driving forces but likely
arise from differential heat and moisture distribution across regions under
the combined effects of Northern Hemisphere ice sheets and solar radia-
tion, leading to large environmental differences between regions.

4. When analyzing MIS3 climate change, we should not focus solely on
whether the“high temperature and large precipitation event”is reasonable
but should fully understand and study the climate change characteristics
and history of each region. Only in this way can we better explain regional
differences and abrupt events during MIS3.
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