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Abstract: Situated in the semi-arid regions of North China, the Nihewan Basin documents the 
fluvio-lacustrine sequence and Pleistocene archaeological sites, offering an excellent oppor-
tunity to investigate human adaptation to environmental change in East Asia, especially in 
North China. However, paleoenvironmental datasets from Middle Pleistocene archaeological 
sites are not fully understood. Focusing on the evidence from the 0.63–0.49 Ma-old site of 
Jijiazhuang (Nihewan Basin, North China), this paper presents the results of various envi-
ronmental indicators from the site context. Moreover, it explores the links between hominin 
behavioral adaptations and ecological variability during the extra-long interglacial period in 
North China. Sedimentological features of the excavated section indicate that the site was 
formed in the margin of the Nihewan paleolake. Based on well-constructed pollen, sediment 
grain size, color reflectance, and major geochemical element analyses, five stages of envi-
ronmental changes were identified during site formation. This study indicates that hominins 
occupied the site at the early part of Stage 2, when the Nihewan paleolake had a relatively 
low water level and the climate was temperate, with strong weathering intensity dominated by 
wooded grassland landscapes. In conclusion, the results suggest that the extra-long duration 
of interglacial or mild stadial climate events (MISs 15–13) in the Northern Hemisphere may 
have provided favorable conditions for increased technological innovations and adaptive 
strategies among Middle Pleistocene hominins in the Nihewan Basin even in North China. 
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1  Introduction 

The Middle Pleistocene witnessed significant paleoenvironmental fluctuations that influ-
enced human evolution and behavioral adaptations (Potts, 1996, 1998; Abbate and Sagri, 
2012; Sandweiss and Kelley, 2012; Grove, 2014, 2017; Ao et al., 2017, 2020; Potts et al., 
2018; Zan et al., 2024). China has proven to be an indispensable region for understanding 
the long evolutionary period of Homo erectus and its behavioral adaptations to climatic 
fluctuations in eastern Eurasia (Bae, 2010; Wu et al., 2014, 2019; Xing et al., 2016, 2018; 
Athreya and Wu, 2017; Liu et al., 2017, 2019, 2022; Yang et al., 2021; Bae et al., 2023). 
One important issue that still needed to be established is whether climatic variation provided 
favorable conditions for the increased morphological variability of human evolution and 
triggered human adaptive innovations during the Middle Pleistocene (Ao et al., 2017, 2020; 
Sun et al., 2017, 2018; Bae et al., 2018; Liu et al., 2022; Qin and Sun, 2023). Therefore, 
identifying and characterizing specific ecological niches at the local level is critical to our 
understanding of human adaptive behaviors corresponding to climate fluctuations and envi-
ronmental changes in the region.  

An important area in these discussions is the Nihewan Basin of North China, which is lo-
cated in the transitional zone between the North China Plain and the Inner Mongolian Plat-
eau and comprises three sub-basins: Datong, Yangyuan, and Yuxian (Wei, 2006; Figures 1a 
and 1b). The Nihewan Basin contains well-preserved fluvio-lacustrine deposits and the 
densest concentration of Pleistocene Paleolithic sites outside Africa, which provide valuable 
data for exploring the effects of environmental variability on human evolution and behav-
ioral adaptations. Current evidence indicates that recurrent hominin occupation of the Ni-
hewan Basin occurred from 1.66 to 0.4 Ma (Zhu et al., 2004; Deng et al., 2008), overlapping 
largely by more than one million years. In the past few decades, environmental reconstruc-
tions of how climatic fluctuations affected human behavior were derived from the Early 
Pleistocene archaeological context. This indicates that environmental fluctuations and diver-
sified landscapes may have driven flexibility in various aspects of early human technologi-
cal behaviors, allowing hominins to face the environmental challenges of northern latitudes 
during the Middle Pleistocene Climate Transition (Pei et al., 2009; Xu et al., 2021, 2023). 
Current evidence shows that the Middle Pleistocene may have witnessed technological in-
novations in the Nihewan archaeological sequence (Yang et al., 2020), but the driving 
mechanisms for such behavioral adaptation have not yet been ascertained.  

The Yuxian sub-basin, located in the southeastern part of the Nihewan Basin (senso lato; 
Figure 1b), preserves hundreds of meters of Early-Middle Pleistocene fluvio-lacustrine de-
posits. In the past decade, more than 20 archaeological sites have been found in the 
sub-basin, offering a unique opportunity to investigate Middle Pleistocene human adaptation 
in the Nihewan Basin. The Jijiazhuang Paleolithic site (JJZ) (40°01′25″N, 114°51′15″E, el-
evation 916 m) is one of the representative sites from the Yuxian sub-basin (Pei et al., 2018; 
Figure 1c). Cosmogenic 26Al/10Be burial dating indicates that early humans occupied the site 
during the early part of the Middle Pleistocene. The lithic assemblage shows advanced fea-
tures of relatively long-distance resource procurement and standardized, extensive, and re-
fined shaping strategies (Ye et al., 2024). In this study, we present the results of the paleoen-
vironmental reconstruction using well-constructed pollen, sediment grain size, and major 
element analysis in the context of the JJZ site. By combining our results with behavioral 
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strategies from JJZ site, we attempt to reconstruct paleo-landscapes and environmental var-
iability, and try to contextualize the dynamics observed in the adaptive strategies adopted by 
early humans in the site even the Nihewan Basin during the Middle Pleistocene. 
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2010; Guo et al., 2016; Deng et al., 2019). Consequently, fluvio-lacustrine sediments have 
accumulated widely in the Yuxian sub-basin (Tang and Ji, 1983; Chen, 1988; Yuan et al., 
2009, 2011; Deng et al., 2019). Currently, thick and continuous exposures of these flu-
vio-lacustrine sequences are found mainly along the SW–NE trending Huliu River and the 
SE–NW trending Ding’an River on the northeast margin of the Yuxian sub-basin (Figure 1b). 
Notably, the Middle Pleistocene typical fluvio-lacustrine deposits (up to 30 m in thickness) 
were exposed in the JJZ Platform (Pei, 2017; Pei et al., 2018; Ma et al., 2021) to the north-
eastern margin of the Yuxian sub-basin, covering an area of some 10 km2 with a local eleva-
tion of >50 m (Figures 1b and 1c). 

2.2  Stratigraphy and chronology 

The JJZ section is located in the central part of the JJZ Platform, where several Middle and 
Late Pleistocene Paleolithic sites have been discovered (Fig. 1c). The fluvio-lacustrine de-
posits were 20 m thick and consisted mainly of greyish-yellow and grayish-green silty clays, 
silts, and sands. The stratigraphic sequence was eroded and cut by modern streams from the 
northern mountainous area, which resulted in small valleys interspersed within the sequence 
as a modern landscape (Figure 1d). Archaeological excavation indicates that the ar-
chaeo-stratigraphic sequence can be classified into the Lower Unit (LU, 15 m-thick), Middle 
Unit (MU, 8 m) and Upper Unit (UU, 0.5 m), which are capped by loess sediments. In the 
key trench of JJZ, the stratigraphic section can be classified into 9 layers across the LU 
(layer 9 of 1.2 m), MU (layers 8–4 of 6 m), and UU (layers 2–3 of 0.8 m), overlain by loess 
deposits (layers 1–2 of 2m). The archaeological occurrences of the JJZ site are placed in lake 
shore sands, silts and clays from the upper part of layer 9 of the LU (Pei et al., 2018; Ye et 
al., 2023; Figures 1d and 1e).  

The long fluvio-lacustrine sequences in the Nihewan Basin are devoid of suitable material 
for radiometric dating; therefore, magnetostratigraphy was used to estimate the age of the 
Early Pleistocene Paleolithic sites in the Nihewan Basin (e.g., Zhu et al., 2004, 2007; Pei et 
al., 2019). Although this was a major breakthrough, archaeological records of the Middle 
Pleistocene lacustrine deposits remain scarce. As a new dating technique that enabled the 
establishment of a precise age for archaeological deposits from the Middle Pleistocene, the 
cosmogenic 26Al/10Be burial dating method was performed to estimate the burial ages of the 
JJZ site. The result indicates that early humans occupied the site between 0.49 ± 0.10 and 
0.63 ± 0.11 Ma (Pei et al., 2018; Du et al., 2023; Ye et al., 2024; Figure 1e), corresponding 
to the extra-long interglacial period of MISs 15–13. 

2.3  Archaeology 

The JJZ site was discovered in 2003 and 2016. Excavation during the 2016 and 2018 field 
seasons covered a total area of 146 m2. Archaeological remains were unearthed from the 
archaeological layers in each trench. The JJZ lithic assemblage consists of 255 artifacts, 
which were classified into cores (n = 22, 8.6%), retouched tools (n = 26, 10.2%), detached 
pieces (n = 205, 80.4%), and pounded artifacts (n = 2, 0.78%) (Figures 2a–2c). The JJZ 
knappers intentionally procured raw materials from relatively long distances and displayed 
significant changes in retouching strategies, reminiscent of Middle Paleolithic technologies. 
When compared with the Early Pleistocene assemblages, the behavioral patterns of JJZ con-
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tradict the traditional view of the long stasis of Mode 1 in the Nihewan Basin, even in North 
China (Pei et al., 2018; Du et al., 2023; Ye et al., 2024).  

 

 
 

Figure 2  Selected lithic artifacts and animal bones from JJZ site. (a) Flakes: 1. Bipolar flake; 2, 4. Freehand 
percussion flakes; 3. Core-edge flake; 5–7. Flake with use wear; 8. Elongate flake. (b) Cores: 1–2. Multifacial 
cores; 3. Unifacial core. (c) Retouched tools: 1. Scraper; 2. Denticulate. 3. Bore; 4. Point. (d) animal bones: 1–2. 
A cervical vertebrate with carnivore tooth marks and percussion marks; 3–4. An occipital condyle with carnivore 
tooth marks overlying cutmarks.  
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In addition, the JJZ archaeological layers preserved 464 mammalian fossils, including 
Equus, Rhinocerotidea, Cervus, Gazella and Bovidae, with Equus dominating the fauna as-
semblage (Du et al., 2023). Preliminary studies have shown that animal bones from the JJZ 
site are largely preserved in their primary context, and early humans seemed to have primary 
access to animal carcasses. The construction of the body part profiles of the main animal 
species form JJZ indicated no apparent trend in the selective transport of animal parts at the 
site. The presence of cut marks demonstrates a variety of human subsistence activities such 
as skinning, dismembering, and defleshing, once undertaken by hominins at the site (Figure 
2d). Percussion traces registered on animal bones testify to the marrow extraction strategies 
of JJZ inhabitants. However, the limited number of animal bones and stone artifacts implies 
that hominin presence at this site was probably short-lived in nature. Carnivores might have 
secondarily ravaged the animal parts left behind, thus imposing tooth marks over human 
butchery marks (Du et al., 2023). 

3  Sampling and methods 

All samples used for the integrated pollen record, together with grain size, color, and major 
element analysis, were provided for the fluvio-lacustrine section at the JJZ site. A total of 85 
samples were collected from the western wall of JJZ-B section excavated in 2018. Samples 
were taken at 10 cm intervals through the fluvio-lacustrine section. 

The pollen samples were processed using heavy liquid separation (Moore and Webb, 1978; 
Li and Du, 1999) and acetolysis (Erdtman, 1960). Lycopodium tablets were added to the 
samples to estimate pollen concentrations (Peck, 1974). Pollen morphological keys have 
been used to identify pollen taxa (e.g., Xi and Ning, 1994; Wang et al., 1997). Pollen per-
centages were calculated from the sum of total terrestrial pollen grains identified in each 
pollen spectrum.  

Grain size analysis was performed using a Malvern 2000 Laser (Malvern Instruments). 
The instrument is calibrated from 0.02 μm to 2000 μm, with a grain size resolution of 0.01 Φ, 
and its repeated measurement error is less than 2%. All samples were pretreated with 10–20 
ml of 30% H2O2 and 10ml of 10% HCl solution for 48 h to remove organic matter and cal-
careous cement, respectively (Lu and An, 1998). They were then dispersed by ultrasonic 
oscillation using 10 ml of 10% (NaPO3)6 solution for 10 min before measurement. 

Sediment color measurements were performed using a portable KONICA Minolta 
CM-700d Spectrophotometer. This instrument uses a CIE D65/10 Illuminant/Observer mode 
and three pulsed xenon lamps as light sources (color temperature: 6500 K). Owing to the 
heterogeneity of the soil samples, we selected the greatest measuring port available in the 
spectrophotometer (with 10° of the observation field of view and an 8 mm diameter circular 
area) and then used the specular component included (SCI)/ specular component excluded 
(SCE) mode to avoid glistening. The output data were plotted as spectral reflectance curves, 
using readings taken in 10 nm increments over the 400–700 nm wave length range, and the 
CIE L*a*b* color data were recorded. Three repeated measurements for L*a*b* values for a 
single sample were reproducible within a ±1% error after calibration with the manufactur-
er-recommended black and white stand tiles. 

Determination of the major geochemical elements was carried out by X-ray fluorescence 
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spectrometry (XRF) using a AB041, Axios-mAX Panalytical spectrometer. Fusion glasses 
were prepared by mixing 0.7 g of powder sample with 7 g of dilithium tetraborate (Li2B4O7) 
and four drops of 1.5% LiBr. This was followed by heating to 1100°C in a furnace and then 
cooling to form a glass disc for XRF analysis. The analytical precision was generally < 3%, 
except for MnO and P2O5 (up to 10%). Weight-loss on ignition (LOI) was obtained by 
weighing before and after 2 h of heating at 1000°C.  

4  Results 

4.1  Pollen records 

A total of 33 pollen types were identified in the 85 pollen samples: 10 tree taxa, 4 shrub taxa, 
15 herb taxa, and 4 fern spore types. A total of 4730 pollen grains (excluding algae) were 
counted, with an average of 51 pollen grains per sample. The most common tree taxa were 
Pinus, Picea, Cupressaceae, Betula, Juglans, Quercus, and Ulmus; the most common shrub 
taxa were Ephedra; and the most common herb taxa were Artemisia, Liliaceae, Chenopodi-
aceae, Gramineae, Compositae, Taraxacum, Ranunculaceae, Fagopyrum, Calystegia, Typha, 
Plantago and Humulus. The Pteridophyte spores were mainly Selaginella, S. sinensis, 
Monolete, and Adiantum. The most common plant assemblage appeared to be Pinus + Cu-
pressus + Chenopodiaceae + Artemisia + Liliaceae, suggesting a warm, humid temperate 
forest-grass environment. Applying a CONISS cluster analysis to the pollen percentage data 
indicated that the JJZ-B section could be divided into five pollen assemblage zones, as de-
scribed below (Figure 3):  

 

 
 

Figure 3  Pollen percentage diagram of the section at the JJZ site. The legend of JJZ section can be seen in Fig-
ure 1, the position of artifact legends in the lithology indicates the artifact layer.  
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Pollen Zone I (9.0–7.8 m): Equivalent to the LU of the section. The average pollen con-
centration was 316 grains/g, which is the highest concentration observed in the section. Tree 
pollen was predominant (average of 99.0%, range of 96.1%–100.0%), followed by herb 
pollen (1.0%, 0–3.9%), whereas shrub pollens were less common, and no fern pollen was 
identified. Pinus was the main tree pollen type (98.4%, 89.6%–97.5%), followed by Picea 
(4.0%, 0–9.7%); Cupressaceae (0.1%, 0–0.9%) and Juglans (0.1%, 0–0.8%) were less 
common. The herb taxa of Gramineae (0.1%, 0–0.5%), Chenopodiaceae (0.1%, 0–0.8%), 
Artemisia (0.1%, 0–1.3%), Ranunculaceae (0.2%, 0–1.6%) and Liliaceae (0.5%, 0–1.6%) 
were identified. This zone displays a cold and humid forest environment as indicated by the 
high proportions of Pinus and Picea species.  

Pollen Zone II (7.8–5.0 m): Equivalent to the lower part of MU of the section. The aver-
age pollen concentration was only 1.3 grains/g, which was significantly low. Tree pollen was 
predominant (78.1%, 0–100%), followed by herb pollen (21.3%, 0–100%), whereas shrub 
pollen (0.4%, 0–12.5%) and fern pollen (0.2%, 0–4.5%) were less common. Pinus was the 
main tree pollen type (66.9%, 0–100%), followed by Picea (3.3%, 0–31.6%) and Cupres-
saceae (6.4%, 0–36.8%); Juglans (1.0%, 0–12.5%) and Eucommia (0.4%, 0–12.5%) were 
less common. Only Ephedra (0.4%, 0–12.5%) was identified as shrub pollen. Herb pollen 
was dominated by Liliaceae (11.7%, 0–100%), followed by Artemisia (3.6%, 0–20%) and 
Ranunculaceae (2.6%, 0–158%). A few monolete spores (0.2%, 0–4.5%) were identified as 
fern pollen. This zone reflected a cool and humid sparse forest grassland environment, as 
indicated by the high proportions of Pinus, Picea, Artemisia and Liliaceae species.  

Pollen Zone III (5.0–1.8 m): Equivalent to the upper part of MU of the section. The aver-
age pollen concentration was only 0.8 grains/g, which is the lowest concentration in the en-
tire section. Tree pollen was predominant (88.9%, 33.3%–100%), followed by herb pollen 
(10.1%, 0–50.0%). Fern pollen (1.0%, 0–33.3%) was less common, and no shrub pollen was 
identified. Pinus was the main tree pollen type (81.4%, 33.3%–100%), followed by Cupres-
saceae (4.7%, 0–34.0%), and Juglans (0.1%, 0–4.3%) was less common. Herb pollen was 
dominated by Artemisia (5.9%, 0–50.0%), followed by Liliaceae (2.1%, 0–25.0%) and 
Chenopodiaceae (1.4%, 0–33.3%). Sellaginella (1.0%, 0–33.3%) was identified as fern pol-
len. This zone had a cool and relatively dry sparse forest grassland environment, as indicated 
by the high proportions of Pinus, Artemisia, Chenopodiaceae in the landscape.  

Pollen Zone IV (1.8–1.0 m): Equivalent to the UU of the section. The average pollen 
concentration was only 1.4 grains/g. Tree pollen was predominant (72.6%, 61.3%–81.0%), 
followed by herb pollen (25.4%, 19.0%–35.5%). Fern pollen (1.0%, 0–33.3%) was less 
common, and no shrub pollen was identified. Tree pollen was dominated by Pinus (37.2%, 
12.5%–65.2%) and Cupressaceae (30.2%, 13.0%–45.8%), followed by Quercus (2.2%, 
0–10.0%) and Juglans (1.6%, 0–9.5%). Herb pollen was dominated by Artemisia (12.0%, 
0–22.6%) and Chenopodiaceae (10.01%, 0–25.0%), whereas Taraxacum (0.7%, 0–4.3%), 
Ranunculaceae (0.7%, 0–4.3%), and Fagopyrum (0.7%, 0–4.3%) were less common. Only 
monolete spores (3.2%, 0–6.7%) were identified as fern pollen. This zone reflected a tem-
perate and relatively dry sparse forest grassland environment as indicated by the high pro-
portions of Pinus, Cupressaceae, Artemisia and Chenopodiaceae in the landscape. 

Pollen Zone V (1.0–0 m): Equivalent to the Loess Unit of the section. The average pollen 
concentration was 23.5 grains/g. Tree pollen was predominant (82.9%, 56.9%–93.8%), fol-
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lowed by herb pollen (3.5%, 0–13.8%), and shrub pollen (0.1%, 0–0.4%) was less common. 
Pinus was the main tree pollen type (73.6%, 46.6%–86.9%), followed by Cupressaceae 
(4.2%, 0.8%–8.6%), Picea (3.8%, 1.7%–8.3%) and Quercus (0.4%, 0–1.0%). Herb pollen 
was dominated by Artemisia (5.3%, 1.5%–10.3%), Chenopodiaceae (2.9%, 0–3.8%) and 
Gramineae (2.0%, 0–4.0%), followed by Liliaceae (1.0%, 0–3.4%). Monolete spores (1.6%, 
0–6.9%), Sellaginella Sinensis (1.5%, 0–5.2%), and Adiantum (0.3%, 0–1.7%) were identi-
fied as fern pollen. This zone had a cool and relatively humid sparse forest grassland envi-
ronment, as indicated by the high proportions of Pinus, Picea, Cupressaceae, Artemisia, and 
Chenopodiaceae in the landscape.  

4.2  Grain-size results 

The lithology within the studied interval of the JJZ section was mainly gray, brown-yellow, 
and brown-gray silt and sand, containing mollusk fossils with horizontal, ripple and cross 
beddings. The grain size results demonstrated that silt (4–63 μm) was the dominant textural 
component (average of 75.20%), followed by fine sand (63–125 μm; 16.85%), and coarse 
sand (7.43%). The average median grain size was 48.27 μm and thus the sediments were 
relatively fine-grained. The sorting of the sediments was relatively poor with the sorting co-
efficient (σ) ranging from 1.09 to 2.20, with a mean value of 1.45. Skewness (SK1) ranged 
from –0.28 to 0.45, with a mean value of 0.17, showing characteristics of positive skewness. 
It is generally accepted that silty sediments are common in flood plains or lake margins, 
where they are deposited at lower flow speeds (Hassan, 1978). This indicates that the sedi-
mentary matrix is primarily formed by fine-grained sediments, mainly silt, in the shallow 
lake margins. The grain size results were used to divide the studied interval into four stages 
(Figure 4).  

Stage 1 (9.0–7.8 m): Equivalent to the LU of the section. The average median grain size 
(Md) was 55.06 μm (range of 46.02–67.84 μm). The average silt content was 65.53% 
(56.17%–73.31%), the lowest among the four zones, whereas the average fine sand content 
was 26.97% (23.45%–30.65%), which was the highest. The average coarse sand content was 
7.28% (3.12%–13.60%), and the average clay content was 0.22% (0.12%–0.38%). In this 
stage, the water velocity was low, the lake level was relatively high and stable, and the 
lakeshore margin extended to land.  

Stage 2 (7.8–1.8 m): Equivalent to the MU of the section. The average Md is 49.11 μm 
(12.55–126.50 μm). The average silt content was 76.92% (13.23%–98.68%), and the aver-
age fine sand content was 14.52% (0–34.12%). The average coarse sand content was 7.93% 
(0–67.41%), the highest among the four stages; and the average clay content was 0.63% 
(0.03%–1.68%). In this stage, the water velocity was relatively high and the lakeshore re-
treated from the lake. The dramatic curve fluctuated slightly, indicating that the water agen-
cy varied to some extent. 

Stage 3 (1.8–1.0 m): Equivalent to the UU of the section. The average Md is 41.50 μm 
(31.03–58.64 μm), the finest within the studied interval. The average silt content was 
79.16% (61.95%–89.64%), which was the highest component among the lake shore se-
quence. The average fine sand content was 18.89% (9.91%–29.03%); the average coarse 
sand content was 1.72% (0.01%–8.80%); and the average clay content was 0.23% 
(0.04%–0.43%). In this stage, the water velocity reduced and the lakeshore line extended to 
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land. 
Stage 4 (1.0–0.0 m): Equivalent to the Loess Unit of the section. The average Md was 

27.02 μm (18.53–31.72 μm). The average silt content was 93.67% (90.44%–98.57%), and 
the average fine sand content was 5.13% (0.88%–9.37%). Sediments at this stage indicated 
the cessation of lake deposition. 

 

 
 

Figure 4  Variation curve of grain size, color records, Fe2O3, and molar ratios of Fe2O3/FeO, MgO/CaO, 
SiO2/Al2O3, SiO2/(Al2O3+Fe2O3), Na2O/Al2O3 and LOI from the section at JJZ site. The legend of the JJZ section 
can be seen in Figure 1, the position of artifact legends in the lithology indicates the artifact layer.  

4.3  Color and major geochemical elements results 

The color records from lacustrine sediments suggested functional relationships between the 
soil formation process and climatic factors (Guo et al., 1998). L* (brightness) is positively 
correlated with carbonate content, and a higher L* value corresponds to a higher carbonate 
content and a cold climate, and vice versa (Li et al., 2018). a* value (red-green color) is 
correlated with the Mg content in the sediments. Higher a* values correspond to higher 
MgO content and higher MgO/CaO ratios in sediments, which reflect warmer and humid 
climates (Wu and Li, 2004). The b* value is positively correlated with Fe3+ content. A higher 
b* value represents sediments formed under oxidizing conditions. The b* value can indi-
rectly reflect lake water depth change and efficient moisture change; higher b* values reflect 
low levels of the lake and a relatively warm and dry climate (Wu and Li, 2004; Li et al., 
2018). The contrast of the color records in a sediment sample from the JJZ archaeostrati-
graphic sequence is presented in the Table 1. 

The major geochemical components of a sediment sample are usually presented as oxide 
percentages (Table 2). The combination of some oxides can provide robust information on 
weathering processes and environmental changes (Zhao et al., 2004; Yang et al., 2016; Han 
et al., 2019). We used the change in the proportion of Fe2O3 and the ratios of Fe2O3/FeO and 
MgO/CaO as environmental indicators. Fe2O3 is formed in an oxidizing environment with 
relatively turbulent water, which can absorb more oxygen, whereas FeO is formed in a  
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Table 1  Contrast of color records of sedimentary samples from different units of the JJZ archaeostratigraphic 
sequence 

Stratigraphic unit 
Range Mean 

L* (Lightness) a* (Redness) b* (Yellowness) L* a* b* 

Loess 58.16–59.33 6.02–6.31 18.46–18.79 58.93 6.15 18.60 

Upper 59.07–69.93 –0.49–2.28 9.82–17.48 64.83 0.71 13.21 

Middle 58.37–66.73 2.11–5.69 16.07–22.36 62.15 4.02 18.59 

Lower 69.03–71.68 –0.04–0.58 10.03–12.76 70.60 0.24 11.83 

All data 58.16–71.68 –0.49–6.31 9.82–2.36 63.54 3.28 17.05 

All data excluded loess 58.37–71.68 –0.49–5.69 9.82–22.36 63.77 3.13 16.97 
 

Table 2  Mean concentrations (wt.%) of major geochemical elements of sedimentary samples from different 
units of the JJZ archaeostratigraphic sequence 

Stratigraphic unit SiO2 Al2O3 Fe2O3 FeO MgO CaO K2O N2O TiO2 P2O5 LOI 

Loess 55.64 11.29 2.86 1.37 2.41 9.99 2.11 1.76 0.60 0.11 11.66 

Upper 56.41 12.25 3.29 1.18 3.45 6.99 2.42 1.64 0.61 0.12 11.51 

Middle 62.71 12.62 2.93 1.26 2.25 5.04 2.69 2.12 0.63 0.14 7.46 

Lower 45.15 10.51 3.06 1.18 4.40 13.61 2.18 1.31 0.52 0.15 17.76 

All data 59.10 12.20 2.98 1.24 2.70 6.77 2.56 1.94 0.61 0.14 9.62 

All data excluded loess 59.27 12.25 2.98 1.24 2.71 6.61 2.56 1.95 0.61 0.14 9.51 

 
deoxidized environment with relatively calm water (Schwertmann, 1973, 1985; Li et al., 
2016). A high ratio of Fe2O3/FeO reflects a warmer and drier climate. MgO is formed in 
high-temperature oxidizing environments, and a higher MgO/CaO ratio reflects warmer cli-
matic conditions. SiO2 is a stable chemical element that can be used as an indicator of 
weathering intensity. Higher SiO2/Al2O3 and SiO2/(Al2O3+Fe2O3) ratios reflect relatively 
strong weathering intensity and warmer climatic conditions (Sheldon and Tabor, 2009; Hao 
et al., 2010). Na is one of the most mobile elements, the Na2O/Al2O3 ratio can also be used 
as one indicator of weathering intensity (Gu et al., 1999; Ding et al., 2001). Lower 
Na2O/Al2O3 reflect lower maturity of clastic material in source regions and lower 
post-depositional weathering intensity which indicate cold climate condition (Yang et al., 
2006). The LOI obtained by weighing samples before and after 2 h of heating at 1000°C in 
this study was positive correlated with carbonate content. A higher LOI value reflects cold 
climatic conditions (Dean, 1974; Liu et al., 2006). 

Combined with the major geochemical elements and color records from different units of 
the JJZ sequence, four evolutionary stages (Figure 4) can be classified as follows: 

Stage 1: Corresponds to the LU. The L* content ranged from 61.03 to 71.68, with an av-
erage of 70.60. The average content of LOI was 17.76%, which was the highest among the 
four stages, reflecting a relatively high content of carbonate and a cold climate. The a* con-
tent ranged from –0.04 to 0.58 with an average of 0.24, which was the lowest among the 
four stages. The average content of MgO was 4.40%, which was the highest among the four 
stages, but the MgO/CaO spanned 0.39%–0.48%, with an average of 0.45, which was the 
lowest among the four stages, indicating relatively low temperature. The b* content spanned 
10.03–12.76, with an average of 11.83, which was also the lowest among the four stages. 
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The Fe2O3/FeO ratio was between 0.92–1.44, with an average of 1.18, indicating a relatively 
low value, which reflected the relatively higher water level of the lake and weaker oxidizing 
conditions. The average SiO2/Al2O3, SiO2/(Al2O3+Fe2O3) and Na2O ratios were 7.29, 6.07 
and 0.21, respectively, which were the lowest in the sequence, indicating a relatively low 
intensity of weathering and relatively cold climatic condition. The LU of the sediments was 
dominated by silty clay and weak weathering processes, indicating a relatively weak deoxi-
dizing environment resulting from cold and moist climatic conditions.  

Stage 2: Corresponds to the MU. The L* content ranged from 58.37 to 66.73, with an av-
erage of 62.15, which was lower than that of Stage 1. The average content of LOI had the 
lowest value of 7.46% in the whole sequence, reflecting a change to warmer climate condi-
tions. The a* content ranged from 2.11 to 5.69, with an average of 4.02, which was the 
highest in the lacustrine sequence. The average content of MgO was 2.25%, which was the 
lowest among the four stages. However, the MgO/CaO ratio was between 0.39–0.83, with an 
average of 0.63, which was higher than that of Stage 1, indicating an increase in temperature. 
The b* content was between 16.07–22.36, with an average of 18.59, which was the highest 
in the lacustrine sequence. The Fe2O3/FeO ratio spanned 0.6–1.80, with an average of 1.07, a 
relatively low value indicating a decrease in the level of the lake, leading to stronger oxidiz-
ing conditions. The average SiO2/Al2O3, SiO2/(Al2O3+Fe2O3), and Na2O/ Al2O3 ratios were 
8.45, 7.29 and 0.28, respectively, which were the highest in the sequence, indicating rela-
tively strong intensity of weathering and warmer climatic condition. The MU of the sedi-
ment unit was dominated by sand and strong weathering processes, indicating a relatively 
strong oxidizing environment resulting from warmer and dry climatic conditions.  

Stage 3: Corresponds to the UU. The L* content was between 59.07–69.93, with an aver-
age of 64.83, and the average content of LOI was 11.51%, higher than that of Stage 2 and 
indicating a temperature decrease. The a* content spanned from –0.49 to 2.28, with an av-
erage of 0.71, which was lower than that of Stage 2. The average content of MgO was 3.45%, 
which was lower than that of stage 2, and the MgO/CaO ratio was between 0.38–1.21, with 
an average of 0.76, which was the highest among the four stages, indicating an increase in 
the temperature. The b* content was between 9.82–17.48, with an average of 13.21, which 
was lower than that of Stage 2. The Fe2O3/FeO ratio spanned 0.84–1.80, with an average of 
1.27, which was the highest among the four stages, indicating that the lake water level rose 
and the temperature decreased. The average SiO2/Al2O3, SiO2/(Al2O3+Fe2O3), and Na2O 
ratios were 7.85, 6.64, and 0.22, respectively, which were lower than that of Stage 2, indi-
cating a decrease in the weathering intensity and temperature decreased. The UU sediment 
unit was dominated by silt and weak weathering processes, indicating a weaker oxidizing 
environment resulting from the relatively warm and moist climatic conditions.  

Stage 4: Corresponds to the Loess Unit. The L* content was between 58.16–59.33, with 
an average of 58.93, which was the lowest among four stages. The a* content spanned 
6.02–6.31, with an average of 6.15, which was the highest among the four stages. The aver-
age content of MgO was 2.41%, which was lower than that of Stage 3, and the MgO/CaO 
ratio was between 0.32–0.35, with an average of 0.34, which was the lowest among the four 
stages, indicating a decrease in temperature. The b* content spanned from 18.46 to –18.79, 
with an average of 18.60, which was the highest among the four stages. The Fe2O3/FeO ratio 
was between 0.82–1.01, with an average of 0.94, which was the lowest among the four 
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stages. The average SiO2/Al2O3, SiO2/(Al2O3+Fe2O3), and Na2O/Al2O3 ratios were 8.36, 
7.11, and 0.26, respectively, which were higher than those of Stage 3, indicating a relatively 
strong intensity of weathering and the temperature increased. The Loess Unit of the sedi-
ments was dominated of silt and strong weathering processes, indicating a relatively strong 
oxidizing environment resulting from warmer and drier climatic conditions.  

5  Discussion and conclusions 

Recent study indicates that Middle Pleistocene Climate Transition (1.25–0.7 Ma) witnessed 
increased climate amplitude and aridity fluctuations and led to the widespread formation of 
more open habitats and desert-loess landscapes in Palearctic Eurasia (Yang et al., 2006; Zan 
et al., 2024), pushing hominins to range more widely and find solutions to increasingly 
challenging environments. Subsequently, the Mid-Pleistocene climatic and ecological transi-
tions, and the formation of desert and loess landscapes and river networks, emerge as critical 
events during the dispersal of early humans in middle to high latitude in East Asia (Wang et 
al., 2024; Zan et al., 2024). It is generally accepted that the extra-long moist and warm in-
terglacials (MISs 15–13, 621–478 ka) created a “window of opportunity” for hominin evo-
lution and behavioral adaptations within Mid-Pleistocene (Hao et al., 2015; Dennell et al., 
2020), in which a denser and/or a re-colonization of the Nihewan Basin may have taken 
place, as shown by the recent investigation at JJZ archaeological site (Pei et al., 2018; Du et 
al., 2023; Ye et al., 2023; 2024).  

Given that the long-term high-resolution paleoclimate records directly retrieved from the 
Middle Pleistocene Nihewan sedimentary sequence are scarce, recent studies of pollen and 
isotope records from a wider region provide data for exploring early human adaptability in 
the Early to Middle Pleistocene Nihewan Basin. During the interval of 0.8–0.3 Ma, the pol-
len assemblages of the Nihewan Haojiatai A (NHA) drill core were dominated by herba-
ceous pollen (> 60%), indicating that the vegetation in the study area was mainly forest 
steppe (Da et al., 2023). Furthermore, a systematic pollen analysis of fossil and surface 
samples indicated that the interval of 0.742–0.478 Ma was a pronounced warm and wet pe-
riod in the Nihewan Basin. This corresponded well with MIS 13 and might have been related 
to the unusually strong summer monsoon caused by the climatic asymmetry in the Northern 
Hemisphere (Da et al., 2023). This might have resulted in the formation of an interglacial 
lakeshore landscape of the Middle Pleistocene Nihewan Basin, which offers a variety of 
aquatic and terrestrial plants and animals, and produces concentrated areas of high biodiver-
sity in a challenging landscape.  

In this study, proxy climatic indicators, including pollen, sediment grain size, color re-
flectance, and major geochemical element analysis, were used to identify five zones of en-
vironmental variability during JJZ site formation (Figure 5). In the Zone I (LU), the climate 
was cold and humid with a forest grassland environment, and the water level was relatively 
high. No archaeological remains were discovered, indicating that hominins did not occupy 
the site. In Zone II (lower part of MU), the lake water level decreased and the climate be-
came temperate and dry with sparse forest grassland lakeshore habitat. A total of 255 lithic 
artifacts and 464 fossil fragments were unearthed, indicating that most hominin activities 
occurred during this episode. In Zone III (upper part of MU), the climate became relatively 

 



1614  Journal of Geographical Sciences 

 

cool and dry, with a lightly wooded grassland habitat. No archaeological remains were dis-
covered, indicating that hominins did not occupy this site. In Zone IV (UU), the water level 
of the lake increased and the climate became warmer and moist, with a sparse forest grass-
land. No evidence indicated the presence of hominins, although they may have been pre-
sented at other sites in the Nihewan Basin (Wang and Sun, 2023). In Zone V (Loess Unit), 
when the Nihewan paleolake dried up, the climate changed to a cool and relatively drier 
sparse forest grassland environment.  

 

 
 

Figure 5  Synthesis of ecological and landscape history of the JJZ site in the Nihewan Basin. (a) Hypothetical 
setting of JJZ archaeological landscape. (b) Pollen results of the JJZ archaeostratigraphic sequence (different 
colors represent different vegetation types as shown in Figure 3). (c) Lithology of JJZ archaeostratigraphic se-
quence (different colors represent different units as shown in Figure 1). (d) δ18O record from ODP Site 1143, 
South China Sea (Tian et al., 2002). 

Current evidence shows that, during the occupational event of hominins in the JJZ, the 
lakeshore setting may have played a role in the affordances available to hominins to adjust 
their adapted strategies. For raw material procurement, the JJZ hominins transported exoti-
cally diverse stone raw materials over 8–10 km, which contrasts with the strategy of Early 
Pleistocene hominins collecting cherts near those sites (Pei and Hou, 2002; Pei et al., 2017). 
This long-distance transportation strategy adopted by the JJZ hominins confirms wider re-
source procurement, indicating a novel approach to landscape exploitation than start in the 
Early Pleistocene. In addition, the JJZ lithic technologies displayed innovative technological 
strategies, such as the desired end products being predominantly small to medium-sized 
flakes (≤ 4 cm average length), and the production of a variety of elaborate tool types (e.g. 
denticulates, borers, and pointed tools; Ye et al., 2024) (Figures 2a–2c). Such refined tool 
may be used for acquiring and consuming animal tissues (Conard and Prindiville 2000; 
Roebroeks, 2006; Stiner, 2013), as demonstrated by the current research on JJZ animal fos-
sils (Du et al., 2023). The presence of cut marks indicates a variety of human activities, such 
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as skinning, dismembering, and defleshing; whereas percussion traces on the bone surface 
suggest marrow extraction strategies (Du et al., 2023) (Figure 2d). It is reasonable to hy-
pothesize that the JJZ lake shore landscape was an optimal environment for human subsist-
ence activities, such as procurement, butchering, and marrow extraction of large-sized her-
bivores that were attracted to this area for water and variety of aquatic and terrestrial plants. 
Therefore, the consumption of animal resources may have significantly enhanced early hu-
man’s adaptability to environmental changes, leading to the geographic range expansion in 
the diverse ecological settings of North China and persistence in the Nihewan Basin during 
the extra-long duration of interglacial or mild stadial climate events (MISs 15–13) within 
Middle Pleistocene.  
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