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17  ABSTRACT

18  The Nihewan Basin in northern China contains rich Early Pleistocene Palaeolithic sites,
19  representing one of the earliest locations of hominins outside Africa. Here, we present the first
20  long-term stable oxygen (8'®Oecq.cal) and carbon (8'*Ceq.cat) isotope record derived from ostracod
21  shells, preserved in the composite 86.2-m NH-T sediment section at the northeastern part of the
22 basin, with a timeframe between ca. 1.67 and 0.78 Ma. The study aimed at reconstructing the long-
23 term climatic changes and hydrological dynamics of the Early Pleistocene Nihewan Basin and to
24 assess their impact on hominin activities. Unexpectedly, we found a strong covariance of 8'®Ocq.cal
25  and 8"Ceqca values, clearly suggesting that the basin was mostly hydrologically closed. The
26  dominance of evaporation implies that §'®Ocq.cal shifts track the hydrological state at the section
27  location between closed settings with higher water levels (more standing waters) and open settings
28  with low water levels (more flowing waters) instead of regional changes in
29  precipitation/evaporation ratios alone. Moreover, we observed the concurrence of high §'®0cq.cal
30  and 6"Ceq.cal values and the increase in the marine-land temperature gradient (AT), indicating
31  enhanced East Asian Summer Monsoon (EASM)-driven precipitation which led to wetter climate

32 and increased biogenic productivity. Conversely, low &'80ecqca and 8'Ceqca values reflect
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33 decreased EASM-driven precipitation and drier climate and reduced biogenic productivity. The
34  new stable isotope data, combined with the synthetic archaeological record, suggest that hominin
35 activities in the Nihewan Basin mostly coincided with periods of higher §'0ecq.cai and 8"*Ceq.cal
36  values when more standing waters bodies and wetter climate prevailed in the region.

37

38  Keywords: Quaternary; Asia; Palaeoclimate; Early humans; Palaeolithic

39

40 1.INTRODUCTION

41 Studying the Early Pleistocene is critical for our understanding of the past global climate
42  wvariability and its inextricable link to hominin evolution, adaptation, and dispersal (Potts et al.
43 2020; Yang et al., 2021). From a geoarchaeological perspective, the Nihewan Basin in E Asia
44  represents an especially promising research area due to its well-constrained, continuous
45  sedimentary sequence that preserves an abundance of stone artefacts. Since the 1920s, the basin
46  has been recognized for its long paleontological succession of the Early Pleistocene megafauna,
47  known as the Nihewan Fauna (Teilhard de Chardin and Piveteau, 1930; Qiu, 2000). Later, it
48  becomes a hub of archaeological discoveries at numerous paleoanthropological sites, representing
49  the densest concentration of Early Pleistocene Palaeolithic sites outside Africa (Zhu et al., 2004;
50  Deng et al., 2008; Ao et al., 2013; Tu et al., 2022). The basin contains evidence of the oldest
51  hominin presence in northern China, dating back to ca 1.66 Ma, found at the Majuangou site in the
52 eastern part of the Nihewan Basin (Zhu et al., 2004). This timeframe is approximately the same
53 age as that of the oldest fossil Homo erectus cranium of ca. 1.63 Ma, discovered at Gongwangling,
54 north of the Qinling Mountains (Zhu et al., 2015). Based on their palacoclimate reconstructions,
55  Moghazi et al. (2024b) suggested that the climate patterns of the Nihewan Basin, driven by
56  variations in both the East Asian summer (EASM) and winter monsoon (EAWM) closely align
57  with those observed in the Chinese Loess Plateau (CLP) records in response to global
58  glacial/interglacial cyclicity throughout the Early Pleistocene. This situates the Nihewan
59  sedimentary sequence in a regional context as a climatically sensitive terrestrial archive,
60  comparable to the loess-palacosol sequences of the CLP and deep-sea sediments for reconstructing
61  Quaternary climate change. These observations collectively highlight the palacoanthropological
62  and palaeoclimatic significance of the high-resolution sediment record from the Nihewan Basin in

63 E Asia.
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64 Based on the few published 8'®Ocnamel and 8'3Cenamer records of Pleistocene mammalian
65  tooth enamel (Xu et al., 2021, 2023), the environment in the Nihewan Basin underwent a marked
66  transition from wet, closed landscapes dominated by Cs vegetation before 1.2 Ma to drier, open
67 landscapes with mixed C3/Cs vegetation between 1.2 and 1.1 Ma. Moreover, the pollen record
68  shows that the climate of the basin shifted from cold-wet forest to cold-dry grassland during 1.337-
69  1.324 Ma. This was followed by warm, wet conditions with sparse forest cover from 1.324 -1.317
70  Ma, then warm and humid climate during 1.317-1.312 Ma with forest-dominated environment,
71  and eventually a return to cold, dry grassland from 1.312-1.290 Ma (Yang et al., 2022). Whilst
72 previous efforts have been made, longer-term continuous stable isotope records directly retrieved
73  from strata in the Nihewan Basin and covering the long span of ca. 1.3 Ma of hominin activities
74  in the basin between ca.1.66-0.4 Ma (Zhu et al., 2004; Deng et al., 2008; Dennell, 2013; Pei et al.,
75  2019) are still lacking.

76 The §'®00st and §'3Cost of carbonate valves of ostracods (small aquatic crustaceans) have
77  been successfully used to reconstruct palacoclimatic conditions in continental settings (Holmes
78  and Chivas, 2002). Their §'®0 values are used to characterize the hydrology of the host waterbody,
79  regional temperature and evaporation and precipitation changes, water sources, and meltwater or
80  groundwater inflow (Schwalb, 2003). In contrast, atmospheric pCO: concentration, primary
81  productivity, modes of organic matter decay, and photosynthetic activity of aquatic plants are
82  recorded in their 8'*C values (Schwalb et al., 2013). Thus, the §'®00s and §'3Cos records from
83  sedimentary sequences in the Nihewan Basin can be a useful tracer for hydrological, temperature
84  and vegetation changes during the Early Pleistocene.

85 In this study, we present the first long-term §'*Cost and 8'®Qog records from the 86.2-m
86  composite NH-T section at the northeastern part of the basin, spanning ca. 1.67 to 0.78 Ma. This
87  isotope record is integrated with our previously published grain-size endmember (EM) dataset
88  (Moghazi et al., 2024b) to reconstruct the hydrological conditions in the Nihewan Basin during
89  the Early Pleistocene. Together with the artefactual record syntheses, we attempt to explore the
90 link between the basin's local hydrology and the Early Pleistocene hominin activities.

91

92 2. Geological setting and modern climate

93 The Nihewan Basin is a Late Cenozoic fault-controlled basin situated at the northeastern

94  margin of the CLP, within the Inner Mongolia Plateau and the N China Plain, ca. 150 km NW of
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95  Beijing at 40° N and 114° E (Fig. 1). The basin's formation is linked to the extensional tectonics
96  of the Fen-Wei Graben, due to the northward movement of the Indian subcontinent colliding with
97  the Eurasian plate during the Cenozoic era (Sun, 2005). The basin is characterized by a large
98 wvalley, ca. 80 km long and 15-20 km wide, with an average elevation of ca. 1000 m. It is surrounded
99 by the Xiong'er Mountain to the N, the Liuleng Mountains to the S, the Fenghuang Mountains to
100  the E and the Guancen Mountain to the SW. The basin encompasses the ENE-striking Datong,
101  Yangyuan, and Yuxian sub-basins.
102 The “Nihewan Beds” (Barbour, 1924) are up to 700-m thick lacustrine, fluvial, and
103 windblown deposits (Zhou et al., 1991). This sedimentary succession dates back from the Early
104  Pliocene ca. 4.2 Ma to the middle Pleistocene ca. 300 ka based on the palacomagnetic (Deng et
105  al., 2008; Bi et al., 2022) and luminescence (Han et al., 2016) dating. The Nihewan Formation
106  (Min and Chi, 2003) in the lower part of the “Nihewan Beds” represents the type section of the
107  Early Pleistocene in northern China (Young, 1950). The exposed sediment sections are primarily
108  distributed along the SW-NE trending Sanggan River (Sangkan Ho) and SE-NW trending Huliu
109  River on the Cenjiawan Platform (Barbour et al., 1927) near the northeastern margin of the
110 Nihewan Basin. The Sanggan River, the largest river in the basin, flows from west to east through
111  the Datong and Yangyuan sub-basins whilst its major tributary, the Huliu River, runs through the
112 Yuxian sub-basin.
113 The Nihewan Basin experiences EAM climate and lies between the temperate semi-humid
114  and semi-arid zones. Winters are cold and long, controlled by the cold Mongolian High, whilst
115  summers are warmer and more humid due to the Pacific High. Based on dataset from the
116  Shijiazhuang meteorological station (1985-2003), ca. 235 km S of the Nihewan Basin, the mean
117  January, July and annual air temperatures are ca. -2, 28 and 14 °C, respectively. Additionally, the
118  mean annual precipitation (MAP) is 542 mm, with the majority falling during the summer months
119  (Global Network for Isotopes in Precipitation (GNIP) database: https://nucleus.iaca.org/wiser).
120  Located on the edge of the EASM influence, the basin represents a mixed zone of C3 and C4 plants.
121  Its vegetation varies from warm-temperate deciduous broadleaved forests to semi-arid and arid
122 grasslands (Mu et al., 2015).
123
124 3. MATERIALS AND METHODS
125 3.1. Stable isotope analysis
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126 Material for this study derived from the 86.2-m thick composite NH-T section which
127  resulted from the correlation of three newly exposed individual sediment sections (T1-T3) on the
128  Dachangliang ridge (Fig. 1; Moghazi et al., 2024a). The NH-T section has been assigned an
129  astronomically-tuned age range slightly revised in this study to ca. 1.67-0.78 Ma (Moghazi et al.,
130 2024b). Stable O and C isotopes of ostracod calcite were analyzed for adult valves from a total of
131 90 samples selected throughout the NH-T section. Due to the absence of a single well-preserved
132 and sufficiently abundant ostracod taxon over the whole sedimentary sequence, isotope
133 measurements were continuously conducted on valves of mixed species assemblages (typically
134 10-15 valves per sample). These taxa include Limnocythere flexa, Leucocythere sp. (n= 43
135  samples) and Ilyocypris sp. (n= 41 samples). In the prominent white marl beds where other taxa
136  were absent, valves of Cytherissa lacustris (n=6 samples) were exclusively used (Moghazi et al.,
137 2024a). Valves with adhering sand grains and organic matter clumps were cleaned in 1% H202
138 with the aid of a fine brush under a stereomicroscope. Following the removal of H,O, with a
139  pipette, the valves were rinsed with ethanol and dried. Stable isotopes of the prepared samples
140  were then measured at the Deutsches GeoForschungszentrum Potsdam (GFZ) using a MAT 253
141  ThermoFisher Scientific isotope ratio mass spectrometer coupled with an automated Carbonate
142 Kiel IV device. During this process, the carbonate was reacted with 103% phosphoric acid (HsPOa)
143 at 70°C to release CO». The ratios of '30/'°O and *C/'*C of the valves were expressed in permille
144 (%o) relative to the VPDB standard, with a §'30 value of -2.20%o0 and a §"C value of 1.95%o
145  assigned to the NBS19 standard, ensuring comparability with published datasets. The analytical
146  precision for the §'%0 and §'3C values is <0.07%o.

147
148 3.1.1. Correction of stable isotopes for vital offsets
149 It was shown that the biogenic calcite of benthic ostracod valves does not precipitate in

150  isotopic equilibrium with the host water (von Grafenstein et al., 2000). Stable isotope values for
151  different species may have distinct systematic offsets from the values of abiotic, fine-grained bulk
152  carbonate that precipitated under the same conditions due to so-called vital effects (i.e.,
153  biological/metabolic processes; Holmes and Chivas, 2002). To calculate the isotopic composition
154  of abiotic calcite 8'®Ocq.cal and 8'3Ceq.ca Which precipitated from host water in isotopic equilibrium,
155  the measured §'®Q0os and 8'*Cos values can be reliably corrected by known species-specific vital

156  offsets (von Grafenstein et al., 1999). Accordingly, the stable isotope data for Limnocythere flexa
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157  and Leucocythere sp. were corrected based on published offsets for Limnocythere inopinata
158  because vital offsets seem to be constant for individual genera or even families. The previously
159  reported vital offsets for L. inopinata are 0.78%o for 8'%0ost and -1.18%o for 8'*Cos values (von
160  Grafenstein et al., 1999). Cytherissa lacustris shows species-specific offsets of 1.49%o for 5"
161  and -0.13%o for 8'3Cos values, and vital offsets of 0.32%o for 8'30, and 3.03%o for §'3Cos; values
162  were determined for Ilyocypris sp., as calculated from the average difference between the
163 measured 83 Cost and §'%0ost values of Eucypris mareotica and Ilyocypris sebeiensis (Mischke et
164  al., 2008). For most parts of the NH-T section, the vital offset of the dominant species was used.
165  However, in stratigraphic intervals of the NH-T section where multiple species are dominantly
166  present in roughly equal proportions, composite offsets were calculated. The calculation of these
167  composite offsets was based on the average weighing related to the number of valves for each
168  species. The combination of C. lacustris with Ilyocypris sp. resulted in an average correction of
169  0.59%o for §'800s and -1.58%o for 8'3Cos, whilst L. flexa combined with Ilyocypris sp. led to
170 adjustments of 0.23%o for 5'¥ 0o and -2.11%o for 5'3Cost values.

171

172 4. RESULTS

173 4.1. 8'8Q0st and 8'*Cost data

174 The raw §'800s values of the analyzed four ostracod species in the NH-T sediment section
175  range from -11.0 to -0.6 %o (VPDB) with an average of -3.9 %o (n = 93). The raw §'3Cos values
176  vary between -8.5 and 1.3 %o (VPDB) with an average of -2.3 %o (n = 93) (Fig. 2). The §'80, and
177 8"Cox data show a covariance with a regression coefficient () value of 0.7 (Fig. 3).

178 In the lower part of NH-T section at 0.0-15.5 m, the wetland-lake interval defined by
179 Moghazi et al. (2024a) shows average 8'Oeq.caland 8'*Ceq.ca values of -3.8 and -2.6 %o, respectively
180  (Fig. 2). In the overlying wetland interval at 15.5-30.4 m, the average 8'®Ocq.cai and 8'*Ceq.ca values
181  are -5.6 and -4.7 %o, respectively. Higher up, the wetland-alluvial plain interval at 30.4-39.3 m,
182  shows average 8'80eq.cal and 83Ceq.cal Values of -4.2 and -3.1 %o, respectively. The subsequent
183  wetland-lake interval at 39.3-55.8 m, is characterized by average §'3Oeq.ca and 8"3Ceq.cal Values of -
184 3.9 and -1.2 %o. In the wetland-alluvial plain interval at 55.8-74.0 m, the average 8'®Ocq.ca and
185  §'3Ceq.cal values are -4.8 and -4.1 %o, respectively. Eventually, the uppermost wetland-lake interval
186  at 74.0-86.2 m, contains samples with average 8'®Ocq.ca and §'*Ceq.cal values of -3.3 and -2.9 %o,

187  respectively.
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188

189 5. DISCUSSION

190  5.1. Interpretation of the 380t and 8'3Cost records

191 The high covariance between §'80,« and §'*Coq signals with » value of 0.7 in the NH-T
192  sediment section clearly suggests that the Early Pleistocene Nihewan Basin had hydrological
193 characteristics similar to those typically observed in closed basin settings (Talbot, 1990). The
194 overall range of §'80cq.cal values is from -11.3 to -1.5 %o (average -4.3 %o), whilst 8"*Ceq.cal values
195  range from -11.5 to 2.5 %o (average -3 %o). If the equation of Kim and O’Neil (1997) with the
196  determined range of 8'®Ocqca values from the NH-T section for the formed carbonate and an
197  assumed 8'%0 value of -8 %o (SMOW) for the host water (5'*0 value of modern precipitation at
198  the Shijiazhuang meteorological station) is solved for the water temperature, unrealistically low
199  values mostly below 0 °C with an average of -1.7 °C are inferred. Ostracod valves must have
200  formed at higher water temperatures. In modern lakes on the southern Tibetan Plateau, living
201  ostracods were abundant in waters of 12-13.8 °C but not in colder waters (Borner et al., 2017). In
202  addition, significantly higher air temperatures were inferred from Early Pleistocene pollen records
203  of'the Nihewan Basin. Zhang et al. (2020) reconstructed average air temperatures of < 6 °C during
204  cold periods and > 8 °C during warm periods. Therefore, temperature was apparently not the main
205  controlling parameter which resulted in the determined 8'®QOcqcai values for the NH-T section.
206  Thus, the relatively large range of the §'®QOcq.cal values (9.8 %o for the total range), the overall
207  correlation of the §'80os and §'3Cos values, and also the low ostracod diversity of the NH-T section
208  in comparison to modern freshwater lakes in the region (Zhai et al., 2011) suggest that water in
209  the Early Pleistocene Nihewan Basin was mainly controlled by the precipitation/evaporation ratio
210  or changing effective moisture similar to typical closed-basin lakes. This inference is supported by
211  sedimentological and geochemical analyses of Li et al. (2000) who suggested that the Nihewan
212 paleolake was “weak-saline” to “semi-saline”. Additionally, the stratigraphic intervals of the NH-
213 T section with the higher '®Oos values at ca. 7 and 27 m are characterized by the dominant
214 occurrence of Heterocypris salina. Heterocypris salina typically lives in small and marginally
215  saline inland and coastal waters and was documented to form large populations in saline sulfurous
216  springs (Fig. 2; Meisch, 2000). Although the water temperature apparently played a minor role,
217  higher air temperatures typically cause stronger evaporation, and thus, higher 8'®Owater values of

218  water and ostracod valves (Henderson and Holmes, 2009). Thus, we relate these §'Ocq.ca
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219  variations observed within the wetland-lake, wetland and wetland-alluvial plain intervals to the
220  different §'"® Owater values of host waters (including lake and river waters) in the study area during
221  the Early Pleistocene. Fan et al. (2014) reported that the modern 8'*Owater values of lake water in
222 the Qarhan Salt Lake, Qaidam Basin, range between -8.5 and -4.9 %o (average -6.7 %o) which are
223 significantly higher than those of the river waters (including Golmud River and Nuomuhong River)
224 flowing to Qarhan Lake, ranging from -11.8 to -8.8 %o (average -10.3 %o). Fan et al. (2014)
225  suggested that the higher 5'"®Owater values of the lake water resulted from strong evaporation
226  processes. Comparable isotopic variations have been also reported in the spring, river, and lake
227  waters of the Lake Hulun Basin, Inner Mongolia (Han et al., 2019). According to their study, the
228  average 8'8Owacer values for spring, river, and lake waters recorded during 2017 were -11.9, -10.4,
229  and -7.3 %o, respectively. Drawing on these modern regional isotopic data as an analogous
230  framework, the lowest and moderately higher average §'®QOcq.cal values observed in the wetland and
231  wetland-alluvial plain intervals probably correspond to waterbodies with minimal evaporative
232  influence, potentially mirroring the stable isotopic signatures of spring and river waters,
233 respectively. Conversely, the highest §'®Ocq.cal values observed in wetland-lake intervals may
234 reflect waterbody subjected to intense evaporation, analogous to lake waters. However, the effects
235  of aridity and evaporation on the modern saline Qarhan Lake in the hyper-arid Qaidam Basin and
236  in the higher latitude Lake Hulun Basin probably exceed those that affected the waterbodies of the
237  Early Pleistocene Nihewan Basin.

238  To conclude, the Early Pleistocene Nihewan Basin was apparently a hydrologically closed basin,
239  where prolonged water-residence time facilitated evaporative '*0 enrichment (Li and Ku, 1997;
240  Paprocka, 2007). Consequently, the §'®Ocqca variability reflects the amount of precipitation
241  relative to the evaporation (i.e., the P/E ratio) or effective moisture and air humidity changes, and
242  the more open (open wetland, alluvial plain) or closed (in-stream wetland, lake) nature of the
243  waterbody at the section location (Gasse et al., 1996). Considering the variations in depositional
244 facies reconstructed in the NH-T section in which the evaporation appears to be the dominant
245 control, lower 8'"®Ocqcal values in the flowing stream/river waters probably resulted from drier
246  conditions, whilst higher §'*Ocq.cal values in more standing lake and wetland waters resulted from
247  wetter conditions (Fig. 4).

248 In a closed basin, 8'°Cos values track the regional hydrological balance and are mainly

249  influenced by the §'3C values of dissolved inorganic carbon (DIC) in the water column (Leng and
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250  Marshall, 2004). Enhanced pCO: exchange between atmosphere and DIC under warm/humid
251  conditions reduces pCO: dissolution, increasing 6'*Cpic values (Leng and Marshall, 2004).
252 Additionally, aquatic vegetation preferentially incorporates '>C during photosynthesis, further
253 enriching DIC in *C (Liu et al., 2015). However, interpreting 8'*C, values is complex due to the
254  dominant influence of 8"*Cpic and small-scale spatial heterogeneities in the ostracod’s ambient
255  water, driven by algal and aquatic plant growth and organic matter degradation (Decrouy et al.,
256  2011). The 6"Cpic values may be also controlled by the inorganic input of carbon into the
257  waterbody. Thus, 8"*Ceq.ca data can only be indirectly used for the inference of biological activities
258 including photosynthetic productivity, and temperatures (Zanchetta et al., 2007). Higher 8"Ceq.cal
259  wvalues in the NH-T section probably indicate increased biogenic productivity, driven by higher air
260  temperatures, and/or enhanced evaporation effects in more standing lake or wetland waters,
261 indicating wetter conditions (Fig. 4). Conversely, lower values suggest reduced biogenic
262  productivity in the flowing stream/river waters, reflecting drier conditions (Fig. 4).

263 By combining these new 8'®0cq.cat and 8'3Ceq.cal records with the reconstructed EAM climate
264  changes between warm, humid interglacials, and cold, dry glacials based on the grain-size end-
265  member (EM) dataset of the same NH-T section (Fig. 4, Fig. 5; Moghazi et al., 2024b), we provide
266  adetailed picture of the hydrological changes during ca. 1.67-0.78 Ma.

267

268  5.1.1 Evolution between 1.67 to 1.30 Ma, the pre-MPT period

269 The depositional facies at the NH-T section represent six cycles of changing hydrodynamic
270  conditions from 1) wetland-lake (ca. 1.67-1.52 Ma), 2) wetland (ca. 1.52-1.38 Ma), 3) wetland-
271  alluvial plain (ca. 1.38-1.30 Ma), 4) wetland-lake (ca. 1.30-1.08 Ma), 5) wetland-alluvial plain (ca.
272 1.08-0.90 Ma), to 6) wetland-lake conditions (ca. 0.90-0.78 Ma) (Fig. 5; Moghazi et al., 2024a).
273 Wetland-lake interval (ca. 1.67-1.52 Ma)

274 In this interval, the §'®0eqcal and 83Ceqcal values are covariant with » value = 0.5. High
275  §"0cq.cal and moderately high 8'*Ceq.cal values dominate, punctuated by occasional excursions of
276  moderately low to low values relative to the overall average and standard deviation (8'®Oeq.cal -4.3
277 £ 2.15 %o, and 8" Ceq.cal -3.0 = 2.9 %o). In contrast to the highly variable §'®Ocq.cal values, 8*Ceq.cal
278  values show gradually increasing trend (Fig. 5). The dominance of high or moderately high values
279  indicates that wetter conditions with more standing waters, higher evaporation effects and

280  increased biogenic productivity prevailed. The EM data support the interpretation of the stable
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281  isotope data, indicating an intensified EASM, with apparently increased regional precipitation and
282  elevated water level. Following the cycle-by-cycle correlation between the chronology of loess-
283  paleosol record on CLP and the higher-resolution EM record of NH-T section and additional
284  orbital tuning to astronomical solution (Fig. 5; Moghazi et al., 2024b; Laskar et al., 2004), this
285  wetland-lake interval corresponds to the paleosols S23-S>1 and loess L23-Loz deposits.

286 Wetland interval (ca. 1.52-1.38 Ma)

287 The covariance of §'80eq.cal and 8*Ceq.cal strengthens in this interval with 7 value = 0.8. The
288 §'8Ocq.cal values remain highly variable, while §'*Ceq.cal values show an overall decrease trend
289  towards the top of the interval (Fig. 5). The fluctuations between low and high §'®Ocq.cal and
290  §'3Ceq.cal values indicate changes in the hydrological state, shifting back and forth between flowing
291  and standing waters in contrast to the earlier wetland-lake interval when standing waters prevailed
292  most of the time. §'¥Oeq.cal and 6'*Ceq.cal minima are lower than observed in the earlier wetland-lake
293  interval, suggesting drier conditions and more open water with reduced evaporation effects and
294 reduced biogenic productivity, especially near the top of the interval. This is consistent with EM
295  data that show mixing EAM conditions with the slight dominance of EAWM conditions. This
296  interval synchronously occurred with the L21-Lig and S20-S1s periods on CLP.

297 Wetland-alluvial plain interval (ca 1.38-1.30 Ma)

298 The 8'®0cq.cal and §'*Ceq.cal values in this interval maintain a strong covariance of  value =
299  0.8. The dominating high §'Ocq.cal and moderately high §'*Ceq.cal values, along with the gradually
300 increasing 6"*Ceq.cal trend, indicate a return to a more stagnant setting and higher water-residence
301 time probably due to intensified wetter climatic conditions accompanied by increased biogenic
302  productivity. EM data confirm the stronger influence of the EASM but indicate also locally
303  increased input of terrestrial materials (Fig. 5). Based on the dominance of the high §'80cq.cal values
304 in this interval which probably result from strong effects of evaporative enrichment, sediments
305  likely accumulated in an in-stream wetland with dense vegetation (Mischke et al., 2022) and slow
306  water flow. The reconstructed in-stream wetland was apparently more strongly affected by
307  evaporation than the open-basin wetland inferred for the sediments below in the NH-T section
308  (Moghazi et al., 2024a). The timeframe of this interval corresponds to the Si7-Sis and L17 periods
309 onCLP.

310

311  5.1.2 Evolution between ca. 1.30 to 0.78 Ma, the MPT period
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312 Wetland-lake interval (ca. 1.30-1.08 Ma)

313 The 8'80eq.cal and §'Ceq.cal Values here are not correlated (r value = 0.1). However, the
314  dominance of moderately high §'80cq.ca values in this interval indicates a high water-residence
315 time, resulting in strong evaporative effects. More standing rather than flowing waters at the NH-
316 T section location reflect dominantly wetter climate conditions. The concurrently moderately high
317  to high 8"Ceq.cal values suggest relatively increased biogenic productivity in comparison to the
318  wetland-lake interval at the section’s base. Although a strong §'%0-8'*C covariance typically
319  indicates a hydrologically-closed lake (Talbot, 1990), a low or absent covariance in such closed
320  systems may either imply a stabilized lake level or a period of elevated pCO: (Li and Ku, 1997).
321  We favor the interpretation of exceptionally higher pCO: concentrations in this interval as the
322  absent covariance is accompanied by higher §'3Cecq.cal values, especially at the top of the interval.
323  The EM data support the interpretation of the stable isotope data because they indicate a transition
324 from the dominance of EAWM conditions in the lower part to the dominance of EASM conditions
325  in the middle and upper part of this interval (Moghazi et al., 2024b). The wetland-lake interval
326  corresponds to the timeframe of Lis-Li3 and S14-S12 deposits on CLP.

327 Wetland-alluvial plain interval (ca. 1.08-0.90 Ma)

328 The 8'"®0cq.cat and §'*Ceq.cal Values of this interval are strongly positively correlated with
329  value=0.8. The fluctuations between low and moderately high §'QOcq.cal and low and high 8"*Ceg.cal
330  values suggest hydrological state changes between flowing and standing waters, probably
331  reflecting high climate variability. The 8'®Ocq.cal and §'*Ceq.caminima and maxima are less extreme
332 compared to the large stable isotope shifts observed in the wetland interval (ca. 1.52-1.38 Ma),
333 suggesting shorter water residence times and weaker evaporative effects (Fig. 5). Also, relatively
334  large oscillations of the EMs suggest fluctuating EAWM and EASM conditions. This interval
335  aligns with the Li2-Lo2 and S11-S¢ periods on CLP (Fig. 5).

336 Wetland-lake interval (ca. 0.90-0.78 Ma)

337 The 6"¥0cq.cal and 8"*Ceq.cal Values here are covariant again with r value = 0.7. Moderately
338  high to high 8" 0Oecq.cat and 8"3Ceq.cal Values predominate this interval, reflecting the dominance of
339  standing waters as a result of wetter climate with intensified monsoonal precipitation, enhanced
340  evaporation effects, and elevated biogenic productivity. The EM data agree with this interpretation
341  indicating prevailing EASM conditions for the middle and upper part of the interval. This
342 uppermost wetland-lake interval correlates to the Lo.; and Sg-S7 periods on CLP (Fig. 5).
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343

344 5.2 The NH-T stable isotope record and regional climate change

345 To assess whether the stable isotope variations recorded in the NH-T section reflect basin-
346  specific hydrological dynamics or include regional climate signal, we here compare these
347  variations with established marine and terrestrial palacoclimatic records from the South China Sea
348  (SCS)and CLP.

349  Qianetal. (2024) suggested that the change in the marine-land temperature gradients (AT) possibly
350 affected the hydroclimate in East Asia. They observed shifts in the East Asia hydroclimate from
351  overall dry to wet conditions together with increased AT. Interestingly, we also noticed that the
352 §'"®0cq.cal variations apparently track similar patterns of change in AT which might be indicative of
353  the available moisture transported to the land. This AT typically fuels the EASM circulation. AT
354  is calculated here from the difference between sea surface temperature (SST) at the Ocean Drilling
355  Program (ODP) site 1146 in the SCS and land-surface temperature (LST) at the Lingtai section of
356  CLP (Fig. 5; Clemens and Prell, 2003; Lu et al., 2022).

357  The concurrence of the §'®*0cq.csl maximum at 12 m above the section’s base with the EM-inferred
358  strengthened EASM, the S interglacial on the CLP and a prominent increase in AT at ca. 1.55
359  Ma suggests that an EASM-driven precipitation increase led to a wetter climate in the monsoon
360  region including Nihewan Basin. Moreover, Wang et al. (2004) reported a period of §'*C maxima
361  during 1.65-1.55 Ma at ODP site 1143 in the SCS, aligning with the dominance of higher §'®Oeq.cai
362  and gradually increasing 6'3Ceq.cal Values in the wetland-lake interval (ca. 1.67-1.52 Ma) (Fig. 5).
363  Similarly, Da et al. (2015) observed a brief increase in pCO2 concentrations on CLP between ca.
364 1.6and 1.5 Ma.

365  The highly variable §'®Ocq.ca and gradually decreasing §'*Ceq.ca values in the wetland interval from
366  ca. 1.52-1.38 Ma align with the decrease in AT relative to the earlier wetland-lake interval (Fig.
367  5). Thus, aregional shift to colder and drier conditions is inferred. The three main 8'®Ocq.cal maxima
368  of the interval correlate with the S20-S1s periods, and the comparison with the variations in AT
369 indicates Sis as the time of stronger EASM-driven precipitation in comparison to Szo and Sis.

370 A return to generally wetter conditions is reflected by high §'®0eq.ca1 and increasing 8'3Ceq.cal values
371  in the in-stream wetland interval (ca 1.38-1.30 Ma), coinciding with a period of high AT. The
372 §'"®0cq.csl maxima aligned with S17 and Si6 at 1.36 and 1.32 Ma match a strong and a moderate AT
373  peak, respectively, supporting the inference of higher EASM-driven precipitation (Fig. 5).
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374  The 8'"®0cqca minima and maxima in the following wetland-lake interval (ca. 1.30-1.08 Ma),
375  corresponding to Si4 and Si3, respectively, match with a similar pattern of variation in AT. This
376  suggests the gradual intensification of EASM-driven precipitation, especially towards the top of
377  the interval (Fig. 5).

378  The wetland-alluvial plain interval (ca. 1.08-0.90 Ma) aligns with a decreasing AT trend, reflecting
379  reduced moisture transport to northern latitudes. The early stage of this interval was marked by an
380  episode of increased 3'®0cq.cal and 83Ceq.cat Values. This episode coincides with a reported period
381  of 8!°C maxima during 1.04-0.97 Ma at ODP site 1143 in the SCS (Fig. 5; Wang et al., 2004).
382  Wang et al. (2004) noticed that the timing of the MPT with expansion of the ice sheets was
383  following this period of inferred high CO> levels in the global ocean. We also noticed a following
384  pronounced §'"*0cqcal minimum during the So period correlates with a lower AT (Fig. 5). This
385  feature probably resembles Weak Monsoon Intervals (WMIs) documented in speleothem records
386  and attributed to ice-sheet dynamics in the Northern Hemisphere (Ziegler et al., 2010).

387  The increasing §'80cq.cal and §Ceq.cal values of the uppermost wetland-lake interval (ca. 0.9-0.78
388 Ma) correspond to a rising AT, pointing to enhanced EASM-driven precipitation (Fig. 5).
380  Moreover, a 8'®0cq.cal maximum during the Sg period corresponds with high AT. This inference is
390  supported by a reported increase in pCO2 on CLP (Yamamoto et al., 2022).

391

392 5.3 Relationship between Early Pleistocene hydrological changes and hominin occupation
393 Archaeological excavations in the Nihewan Basin have uncovered hominin-produced stone
394  tools dating back from ca.1.66-0.4 Ma (Dennell, 2013). Throughout this timeframe, the basin
395  sustained mixed grassland and woodland habitats (Ao et al. 2013a). However, the archaeological
396  record is not continuous, showing significant gaps between 1.5-1.4 Ma, 1.3-1.2 Ma, 1.0-0.9 Ma,
397  and 0.8-0.4 Ma (Yang et al., 2019). Sun et al. (2018) suggested that these hiatuses were probably
398  due to the inhospitable climatic conditions in northern latitudes, in contrast to the more continuous
399  record found in southern China.

400 The characteristics of the waterbodies in the northeastern part of the basin apparently
401  changed from hydrologically closed systems during wetter conditions and accompanied by
402  increased productivity in the wetland-lake interval ca. 1.67-1.52 Ma, shifting to mixed
403  hydrological conditions when the climate became steadily drier in the wetland interval ca. 1.52-

404  1.38 Ma. Then, a return to a hydrologically-closed system with wetter conditions and enhanced
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405  productivity occurred in an in-stream wetland (ca. 1.38-1.30 Ma). At the oldest well-dated site,
406  Majuangou (1.66-1.32 Ma), the pollen assemblage shows two different phases: one with
407  forest/woodland dominance and the other with open grassland dominance (Potts and Faith, 2015).
408  This trend towards increasing aridity is further supported by findings from the Xiantai site (1.36
409  Ma), where pollen are dominated by Arfemisia and Chenopodiaceae, indicating a grassland
410  environment and that the climate gradually became drier (Deng et al., 2006). In contrast, a brief
411  warm and wet interval is evidenced at the Banshan site (1.324-1.318 Ma), characterized by a
412  predominating Pinus forest during the period of human activity (Yang et al., 2022). This implies
413  that the shifts in our stable isotope data are corroborated by pollen data from these early sites in
414  the basin.

415  The inferred habitats range from the open grasslands at Feiliang (1.2 Ma; Pei et al., 2017) to the
416  more humid forest-grassland mosaic at Donggutuo (1.10 Ma; Pei et al., 2009). This inference
417  aligns with our findings which indicate progressively wetter conditions and increased productivity
418  during the wetland-lake interval ca. 1.30-1.08 Ma. In contrast, the stable isotope results of Xu et
419  al. (2023) suggest an opposite pattern, shifting from a wet and closed pure C3 vegetation prior to
420 1.2 Ma, to drier and more open C3/Cs mixed vegetation during 1.2-1.1 Ma.

421  Our stable isotope data reveal a high climate variability, alternating between wetter and drier
422 climate conditions during the wetland-alluvial plain interval ca. 1.08-0.90 Ma. Between 1.1 and
423 1.0 Ma, the density of stone artifacts increased, and lithic technology became more advanced (Fig.
424  5; Yang et al., 2021). We therefore associate the increased toolmaking skills and technological
425  innovations of hominins with the wetter climatic phases in the transition from the end of the
426  wetland-lake interval ca. 1.30 to 1.08 Ma and the early stage of the wetland-alluvial plain interval
427  ca. 1.08-0.9 Ma (Fig. 5). The archacological gap between 1.0 and 0.90 Ma coincides with a
428  pronounced drying trend inferred from our stable isotope data (Fig. 5; Yang et al., 2021).
429  Following this gap, the stable isotope evidence indicates that wetter conditions with higher
430  biogenic productivity prevailed during ca. 0.9-0.78 Ma. Corresponding to this wetter period,
431  artefacts are reported from the Nihewan Basin again (Yang et al., 2021).

432 Our findings are broadly consistent with Dennell's (2013) suggestion that hominins likely occupied
433 the basin during the warmer, favorable periods and avoided it under significantly colder ones (Fig.
434 4, Fig. 5).

435
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436 6. CONCLUSIONS

437 e This study presents the first long-term stable isotope record of the Early Pleistocene
438 Nihewan Basin.

439 e The strong covariance of §'®0cq.ca and §'*Ceq.cal values implies that the Early Pleistocene
440 Nihewan Basin was mostly hydrologically closed.

441 e The §'®0cq.cat and 8'*Ceq.cal data show that water bodies in the basin were strongly affected
442 by evaporation.

443 e Thus, the §'®0¢q.cal variability reflects the local hydrological state at the section location
444 between closed (more standing waters, in-stream wetland, lake) and open (more flowing
445 waters, open wetland, alluvial plain) settings instead of regional P/E ratios alone.

446 e The concurrence of high §'¥0cq.cal and §'*Ceq.cal values and the increase in AT is indicative
447 of an increase in the proportion of EASM-driven precipitation which led to wetter climate
448 and increased biogenic productivity, whereas low values reflect decreased EASM-driven
449 precipitation and drier climate and reduced biogenic productivity.

450 e In comparison with the synthetic Early Pleistocene artefact record from the basin, inferred
451 hominin occupation mostly coincided with periods of higher §'30cq.cat and §'*Ceqcal values.
452 Thus, hominins were more present during wetter climate periods when more standing
453 waters bodies had formed in the Nihewan Basin.
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Mostly standing waters

734 Figure 4 Schematic model showing the hydrological state shifts between standing and

flowing waters in the Early Pleistocene Nihewan Basin
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