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Abstract The Eocene was the initial stage of the Cenozoic global climatic transition from greenhouse to
icehouse conditions. Our understanding of the Eocene climate is based mainly on marine records, and
comparison of marine and terrestrial climate records of the Eocene has revealed inconsistencies. Thus, there
is a need for more continuous, high‐resolution Eocene sedimentary records from land. Xining Basin in the
northeastern Tibetan Plateau contains a sequence of well‐exposed and complete Eocene strata. Extending
previous research, we have conducted a new high‐resolution lithostratigraphic and magnetostratigraphic
study of the Xijigou section in Xining Basin. The results indicate that the Xijigou section spans the interval
from ~34.2 to 53 Ma, representing an average sediment accumulation rate of ~1.4 cm/kyr. The basal ages
of the Mahalagou and Honggou Formations are ~39.9 and ~52.4 Ma, respectively. A comparison of all
available Eocene sedimentary records from Xining Basin indicates that the strata deposited during ~53–35
Ma developed conformably and are well correlated over space. We conclude that sediment deposition was
not affected by large‐scale tectonic activity at the time and rather was controlled by the global climate.
After ~35 Ma, the sediment accumulation rate increased to ~4 cm/kyr, which may reﬂect the far‐ﬁeld
inﬂuence of the India‐Eurasia collision on Xining Basin.

1. Introduction
During the Eocene, the global climate experienced a transition from greenhouse to icehouse conditions
(Bohaty & Zachos, 2003; Zachos et al., 2001), as interpreted mainly from the long sedimentary records
provided by ocean drilling (Edgar et al., 2010; Florindo & Roberts, 2005; Ogg & Bardot, 2001; Suganuma
& Ogg, 2006) and outcrops of marine sediments (Agnini et al., 2006; Dallanave et al., 2009, 2016; Hollis
et al., 2012; Jovane et al., 2007; Lowrie et al., 1982). However, there is an increasing availability of terrestrial
sedimentary archives of the Eocene. These sites are located on the northeastern margin of the Tibetan
Plateau (Bosboom et al., 2011; Chi et al., 2013; Dai et al., 2005; Horton et al., 2004; Long et al., 2011; Miao
et al., 2008; Sun et al., 2005; Yue et al., 2001), in central China (Bowen et al., 2005; Ting et al., 2003; Zhu
et al., 2010), northeastern China (Chen et al., 2017), southwestern China (Li et al., 2017; Su et al., 2019),
North and South America (Hyland et al., 2013; Hyland et al., 2017; Hyland & Sheldon, 2013; Koch et al.,
1995; Krause et al., 2010), and Europe (Egger et al., 2005). Research on these Eocene sections has focused
mainly on chronology and speciﬁc climatic events, whereas few studies have drawn stratigraphic
comparisons between different sections (Fang et al., 2019; Smith et al., 2008). Moreover, several studies have
shown that climatic records of the early and late Eocene from marine and terrestrial contexts are
inconsistent (Hyland et al., 2017; Xiao et al., 2010; Zhang & Guo, 2014).
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Therefore, in order to obtain a better understanding of the climate of the Eocene, it is necessary to obtain
continuous, high‐resolution and well‐dated records from terrestrial archives, to provide an improved basis
for comparison with the marine records. Xining Basin, located on the northeastern margin of the Tibetan
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Figure 1. Geological map of Xining Basin and location of sections containing Eocene strata. Sections mentioned in this paper are indicated, including East Xining,
Xiejia, Shuiwan, Tashan, Dasigou, Tiefo, Caijia, Guanjiashan, and Xijigou.

Plateau, contains a continuous sedimentary record spanning the Cenozoic and has been intensively
investigated in the past; hence, it is well suited for this purpose. Previous studies of the lithology and
magnetostratigraphy of Xining Basin have focused mainly on the midlate Eocene (Abels et al., 2011;
Bosboom et al., 2014; Dupont‐Nivet et al., 2007; Xiao et al., 2010), while much less research has been
conducted on sections spanning the entire Eocene. In previous magnetostratigraphic studies, few
paleomagnetic results were retrieved from the massive muddy gypsum layers contained within the Eocene
stratigraphy due to their very weak magnetism, and reliable paleomagnetic results mainly come from
mudstones. In addition, because of the large sampling intervals used in the earlier studies, together with
other issues, there are substantial discrepancies in the ages of the Eocene sedimentary formations in
Xining Basin (Dai et al., 2006; Fang et al., 2019; Horton et al., 2004; Meijer et al., 2019; Wang et al., 2016).
The lack of integrated studies of the chronology of the entire Eocene stratigraphy of Xining Basin and of the
ages of the constituent sedimentary formations hinders our ability to compare Eocene terrestrial and marine
records. Especially, previous paleomagnetic studies of Xining Basin have omitted the magnetically weak
muddy gypsum deposits and have tended to use a relatively coarse sampling interval (often >1 m). Here
we present the results of a detailed lithostratigraphic and magnetostratigraphic study of the Xijigou section
in Xining Basin, which spans most of the Eocene. In addition, we integrate our ﬁndings with those from other
Eocene sections, with the aim of providing an improved basis for future comparisons of the Eocene climate
record from terrestrial and marine contexts.

2. Geological Setting and Materials
2.1. Geological Framework
Xining Basin is located at the northeastern margin of the Tibetan Plateau (Figure 1). The basement consists
of Proterozoic metamorphic rocks and Ordovician granodiorite (Qinghai Bureau of Geology and Mineral
Resources (QBGMR), 1985, 1991; Zhang et al., 2009), overlain by Jurassic, Cretaceous and Cenozoic
YANG ET AL.
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sediments. The Laji Shan Fault to the south and the Middle Qilian Fault to the north of Xining Basin were
reactivated in the late Cenozoic (Dupont‐Nivet, Dai, et al., 2008; Zhang et al., 2009), together with a preexisting NW‐SE‐oriented fault in the basement, forming the Xiaoxia basement‐cored anticline (Zhang et al.,
2011; Zhang & Cunningham, 2013). At the same time, the basement and the overlying sediments were
uplifted, tilted, and partially exposed; in addition, the Huangshui River drained the region, forming ﬂuvial
terraces that were overlain by eolian deposits (Lu et al., 2004).
2.2. Eocene Strata
During the Cenozoic, Xining Basin has accumulated more than 800 m of ﬂuvial‐lacustrine sediments, which
from bottom to top consist of the Qijiachuan, Honggou, Mahalagou, Xiejia, Chetougou, and Xianshuihe
Formations (Dai et al., 2006; Liu, 1992; QBGMR, 1985, 1991). The Eocene strata comprise the Qijiachuan,
Honggou and Mahalagou Formations. The Qijiachuan Formation consists of variegated mudstones with thin
muddy gypsum and marl, overlain by the Honggou Formation consisting of brownish‐red mudstones intercalated with medium‐thin gypsum layers and a few ﬁne‐grained sandstones. In turn, this is overlain by the
Mahalagou Formation consisting of muddy gypsum layers and brownish‐red mudstones/silty mudstones,
representing cyclic deposition, with greenish‐white muddy siltstones.
Previous paleomagnetic research located the boundary between the Honggou and Mahalagou Formations at
the top of the 10‐ to 20‐m‐thick muddy gypsum layer, with an age of 41.5 Ma (Dai et al., 2006). In addition,
the boundary between the Qijiachuan and Honggou Formations was deﬁned as corresponding to the
appearance of variegated mudstones with gypsum layers and marl, with the age of ~50 Ma (Dai et al.,
2006). Extrapolation of the sediment accumulation rate (SAR) of 1.8 cm/kyr to the base of the Qijiachuan
Formation yields an age estimate of ~52.5–55 Ma for the base of the Cenozoic sediments (Dai et al., 2006).
However, based on earlier magnetostratigraphic and biostratigraphic results of a Xining Basin sedimentary
sequence (Horton et al., 2004), the age of the boundary between the Honggou and Mahalagou Formations
can be estimated to be <40 Ma, the boundary between the Qijiachuan and Honggou Formations, ~60 Ma,
and the base of the Qijiachuan Formation sediments, ~74 Ma. Recently, Fang et al. (2019) magnetostratigraphically investigated the Shuiwan, Guanjiashan, and East Xining sections and produced ages of ~51.7 Ma for
the boundary between the Qijiachuan and Honggou Formations, ~43.2 Ma for the boundary between the
Honggou and Mahalagou Formations, and ~54 Ma for the base of the Cenozoic sediments in Xining Basin.
2.3. The Xijigou Section and Sampling
The Xijigou section is located ~4‐km southeast of the Tashan section (Figure 1; Sayem et al., 2018). It is 278‐m
thick and comprises, from bottom to top, the Qijiachuan Formation (269–278 m in depth), the Honggou
Formation (156–269 m in depth), and the Mahalagou Formation (0–156 m in depth; Figures 2a and 2b).
In the Xijigou section, the upper Qijiachuan Formation (9‐m thick) consists of greenish‐white or variegated
silty mudstones and marl with a few thin gypsum layers (Figure 2h). The Honggou Formation (113‐m thick)
consists of brownish‐red mudstones with the lesser occurrence of thin silty sandstone layers in the lower part
and thick brownish‐red or light brownish‐red mudstones and silty mudstones with thin muddy gypsum
layers intercalated in the upper part (Figure 2g).
The Mahalagou Formation (156‐m thick) is also composed of two parts. The lower part (79–156 m in depth)
consists of thick muddy gypsum and thin brownish‐red or greenish‐white muddy siltstones (Figure 2e), and
the upper part (0–79 m in depth) consists of light brownish‐red or greenish‐white muddy gypsum layers and
brownish‐red silty mudstones, with greenish‐white silty mudstones (Figure 2d). On top of the basal layer of
the Mahalagou Formation (142–156 m in depth), there is a very thick muddy gypsum layer, which contains
intercalations of 5‐ to 10‐cm‐thick bluish‐green, brownish‐red, and yellowish‐green silty mudstones. In this
study, we deﬁne the bottom of the gypsum layer as the boundary between the Mahalagou and Honggou
Formations (Figure 2f).
In general, the lithological characteristics of the Xijigou section are similar to previous descriptions (Dai
et al., 2006; QBGMR, 1985, 1991). In addition, no fault was observed in the section. However, in an
unsampled outcrop near the section, we found a thrust fault, the two sides of which comprise gypsiferous
mudstones with marl and purplish‐red medium to coarse sandstones, respectively. These two lithologic
units, which are highly distinct, were considered to be the Qijiachuan Formation and the Hekou Group,
respectively (Figure 2i).
YANG ET AL.
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Figure 2. Lithology (a), lithologic formations (b), magnetic susceptibility proﬁle (c), and ﬁeld photographs (d–i) of the Xijigou section.
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Before sampling the uppermost 0.5–1 m of the sediments was removed. A total of 1,135‐oriented block samples were collected with a magnetic compass at 10–40 cm stratigraphic intervals. Cubic specimens with
dimensions of 20 mm × 20 mm × 20 mm were obtained from those block samples in the laboratory. In addition, bulk samples were collected at ~20‐cm intervals (at a 2.5‐cm interval for some levels), producing a total
of 1,527 samples for magnetic susceptibility measurements.

3. Methods
3.1. Rock Magnetic Measurements
Magnetic susceptibilities (χ) of bulk samples were measured with a Bartington Instruments MS2 meter and
MS2B sensor at a frequency of 470 Hz. Two or three measurements were made for each sample and the
results were averaged.
High‐temperature magnetic susceptibilities (χ‐T curves) were measured using an AGICO MFK1‐FA
equipped with CS‐4 temperature control system (Agico Ltd., Brno) from room temperature to 700 °C in
an argon atmosphere. The sample holder and thermocouple contributions to magnetic susceptibility
were subtracted.
Hysteresis loops, isothermal remanent magnetization (IRM) acquisition and back‐ﬁeld demagnetization
curves were measured with a Princeton Measurements Corporation MicroMag 3900 vibrating sample magnetometer up to a maximum ﬁeld of 1.5 T. Saturation magnetization (Ms), saturation remanence (Mrs), and
coercivity (Bc) were determined after correction for the paramagnetic contribution identiﬁed from the slope
at high ﬁelds. Samples were then demagnetized in alternating ﬁelds (AFs) up to 150 mT, and an IRM was
imparted from 0 to 1.5 T also using the MicroMag 3900 vibrating sample magnetometer. Subsequently,
the 1.5 T IRM (hereafter termed saturated isothermal remanent magnetization, SIRM) was demagnetized
in a stepwise backﬁeld to obtain the coercivity of remanence (Bcr).
3.2. Demagnetization of the Natural Remanent Magnetization
Paleomagnetic specimens were stored in a magnetically shielded room (<300 nT) for least 7 days to
minimize the inﬂuence of any magnetization acquired in the modern geomagnetic ﬁeld. Mudstone specimens with high remanent magnetizations were thermally demagnetized from room temperature (~20 °C)
to 685 °C at intervals of 10–50 °C using a Magnetic Measurements Thermal Demagnetizer (MMTD‐80).
The remanences were then measured using a 2‐G Enterprises Model 760‐R cryogenic magnetometer. For
the weakly magnetized muddy gypsum and marl specimens, AF demagnetization was conducted at peak
ﬁelds of up to 60–80 mT at an interval of 5 mT, and remanences were then measured using a 2‐G
Enterprises RAPID Model cryogenic magnetometer.
The characteristic remanent magnetizations (ChRMs) of the specimens were determined using principal
components analysis (Kirschvink, 1980), implemented with the Paleomagnetism Data Analysis PMGSC
software (v4.2) developed by Randolph J. Enkin (Enkin, 2004), using data from at least four continuous
demagnetization steps. Data with maximum angular deviation values of <15° were regarded as being valid.

4. Results
4.1. Rock Magnetic Properties
4.1.1. Magnetic Susceptibility (χ)
χ effectively enables stratigraphic correlations on a large spatial scale (Guo et al., 2002; Peck et al., 1994; Peck
et al., 1997; Zhu et al., 2001). In the Xijigou section, we obtained 1527 χ values at intervals of 2.5–20 cm
(Figures 2 and 3). The major trends are consistent with lithologic changes; however, numerous high‐
frequency ﬂuctuations are also evident throughout the section, reﬂecting the abundant weakly magnetic
muddy gypsum and greenish‐white silty mudstones. The χ proﬁle of the Xijigou section exhibits a gradual
decrease from the base to the top. The average χ value of the Qijiachuan Formation is 11.7 × 10−8 m3/kg.
This formation contains a relatively short interval with an average χ of 6.8 × 10−8 m3/kg, with peaks up to
32.8 × 10−8 m3/kg, and with a maximum of 75.4 × 10−8 m3/kg. The average χ of the Honggou Formation
is 22.1 × 10−8 m3/kg, with a range of (0.1–59.3) × 10−8 m3/kg. Approaching the Mahalagou Formation, χ
decreases gradually, with an average in the lower part of 12.3 × 10−8 m3/kg, with a maximum of
31.3 × 10−8 m3/kg; in the middle‐upper part χ is 10.2 × 10−8 m3/kg. Comparison of the χ record of the
YANG ET AL.
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Figure 3. Comparison of magnetic susceptibility (χ) proﬁles from the Tashan (a; Xiao et al., 2010), Xijigou (b; this study),
and Xiejia (c; Fang et al., 2015) sections.

Xijigou section with those of the Tashan and Xiejia sections (Fang et al., 2015; Xiao et al., 2010) reveals a
good consistency, which indicates the spatial consistency and continuity of the Eocene strata of Xining
Basin (Figure 3).
4.1.2. χ‐T curves
χ‐T curves can provide information about magnetic mineral composition (Deng et al., 2001). The lithologies
of the samples used for χ–T measurements are brownish‐red mudstones (21 m), greenish‐white and
greenish‐yellow mudstones (93.5 m), brownish‐red mudstones with gypsum crystals (205 m), and
greenish‐white gypsiferous silty mudstones (239 m). The results are illustrated in Figures 4a–4d. Two types
of χ‐T curves are evident. One type has two clear drops in susceptibility at ~580 and ~680 °C on the heating
curves (Figures 4a and 4b), indicating the presence of magnetite and hematite. The other type has a major
decrease at ~580 °C on the heating curves (Figures 4c and 4d), indicative of the dominant contribution of
magnetite to the susceptibility. In all samples the magnetic susceptibility of the cooling curves is higher than
that of the heating curves, and the cooling curves show a sharp increase in susceptibility when cooled below
YANG ET AL.
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Figure 4. Rock magnetic results for representative samples from the Xijigou section. (a–d) χ–T curves; (e–h) hysteresis loops after correction for the paramagnetic
contribution; (i–l) IRM acquisition and demagnetization curves; and (m–p) coercivity distributions of the corresponding IRM acquisition curves. Ms, Mrs, Bc, and
Bcr are the saturation magnetization, saturation remanence, coercivity, and coercivity of remanence, respectively. IRM = isothermal remanent magnetization;
SIRM = saturated isothermal remanent magnetization.
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580 °C, which indicates the neoformation of strongly magnetic minerals during heating (Zhang et al., 2012;
Zhang et al., 2014), especially in the sample from 93.5‐m depth (Figure 4d). These χ‐T curves provide evidence that magnetite and hematite are the dominant magnetic minerals in the Xining Basin deposits.
4.1.3. Hysteresis Properties, IRM Acquisition, and Backﬁeld Demagnetization
Το determine the magnetic mineralogy, selected samples were also used for measurements of hysteresis loops
(Figures 4e–4h), IRM acquisition and backﬁeld demagnetization (Figures 4i–4l), and analyses of coercivity
distributions (Figures 4m–4p). The lithologies consist of light brownish‐red mudstones (43 m), greenish‐
white mudstones (167.8 m), brownish‐red mudstones (199.7 m), and dark brownish‐red gypsiferous
mudstones (232.3 m). The Ms values vary substantially, reﬂecting the observed range of magnetic mineral
assemblages, and hence the different lithologic characteristics.
The samples from 43 to 232.3 m exhibit distinct “wasp‐waisted” hysteresis loops (Figures 4e and 4f), and the
magnetizations were not saturated in magnetic ﬁelds up to 1.5 T. The samples have higher Bcr values exceeding 100–200 mT and lower values of IRM0.1T/SIRM, IRM0.3T/SIRM, and S‐ratio (Figures 4i and 4j), and therefore, the magnetic mineralogy is dominated by high‐coercivity antiferromagnetic minerals.
Other samples (e.g., from 167.8 to 199.7 m) have narrower hysteresis loops (Figures 4g and 4h) and the magnetizations are almost saturated above 0.5–1.0 T. The samples have lower Bcr values ranging from 40 to 50 mT
and higher values of IRM0.1T/SIRM, IRM0.3T/SIRM, and S‐ratio (Figures 4k and 4l). These characteristics are
consistent with the presence of a dominant low‐coercivity component and a weak high‐coercivity component
(Figures 4o and 4p).
Unmixing methods (Egli, 2003) were used to analyze the magnetic mineral composition. Derivatives of the
IRM acquisition curves are plotted to illustrate the coercivity distributions. All the four selected samples show
a two‐humped distribution (Figures 4m–4p). The ﬁrst component has coercivities at 27–80 mT, while coercivities of the second component vary from 126 to 500 mT. The ﬁrst component of lower coercivity is assigned to
magnetite, and the second component of higher coercivity represents hematite.
Considering the χ‐T curves, the hysteresis loops, the IRM acquisition characteristics and the coercivity
distributions, we conclude that the magnetic minerals of the sediments of the Xijigou section are
mixtures of hematite and magnetite. For the brownish‐red mudstones and silty mudstones, the magnetic
carrier minerals are dominated by hematite. For the greenish‐white mudstones and silty mudstones, the
magnetic carrier minerals are mainly low‐coercivity magnetite, with some amounts of high‐coercivity
hematite. The magnetic properties of the muddy gypsum and gypsiferous mudstones are similar to those
of the other lithologies, and their magnetic properties are determined by their mudstone content. The
principal issue for the natural remanent magnetization demagnetization of these samples is their weak
magnetic properties, reﬂecting the low concentration of detrital magnetic minerals.
4.2. Paleomagnetic Results
Two types of demagnetization were conducted on the total of 1,135 paleomagnetic specimens. Thermal
demagnetization was conducted on mudstones and silty mudstones (678 specimens; Figures 5a–5f) and AF
demagnetization on muddy gypsum and gypsiferous mudstones with marl (457 specimens; Figures 5g–5i).
Demagnetization results for representative specimens, as shown in orthogonal diagrams (Figure 5;
Zijderveld, 1967), indicate that both magnetite and hematite dominate the remanence. In most of the thermal
and AF demagnetizations, two or more distinct components were present. The low‐temperature (<300 °C)
and low‐ﬁeld (<20 mT) components were indistinguishable from the modern geomagnetic ﬁeld and are
regarded as a secondary viscous remanent magnetization. For the two sets of specimens, the high‐
temperature (>300 °C) and 20–80 mT demagnetization components, respectively, were used to isolate the
ChRMs. For the two sets of lithologies, the numbers of specimens with reliable ChRM data, with maximum
angular deviation<15°, are 471 and 137, respectively. The ChRM vector directions yielded virtual geomagnetic pole latitudes that were used to deﬁne the magnetostratigraphic polarity succession for the
Xijigou section.
The number of reliable ChRM data obtained in this study (608 specimens, 53.5%) is much higher than in a
previous study (~170 specimens) of a similar stratigraphic interval of the Xiejia section (Dai et al., 2006),
which is located about 1‐km northeast of the Xijigou section (Figure 1). In addition, in the present study
the sampling resolution near geomagnetic polarity boundaries is substantially increased. Virtual
YANG ET AL.
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Figure 5. Orthogonal projections of stepwise thermal (a–f) and alternating ﬁeld (g–i) demagnetization data. The open (solid) circles represent projections on the
vertical (horizontal) planes. The numbers refer to temperatures in °C or alternating ﬁelds in mT. NRM = natural remanent magnetization.

geomagnetic pole latitudes calculated from the 608 reliable ChRM directions were used to deﬁne the
magnetostratigraphic polarity succession for the Xijigou section, yielding 10 normal polarity zones (N1–
N10) and 10 reverse polarity zones (R1–R10; Figure 6).

5. Discussion
5.1. Correlation of the Magnetostratigraphy of the Xijigou Section With the Geomagnetic Polarity
Timescale (GPTS)
Xiao et al. (2010) established a robust timescale for the interval of 460–560 m in the Tashan section, in which
normal polarity zones of the depth intervals of ~462–481, ~546–552, and ~558–561 m were correlated with
YANG ET AL.
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Figure 6. Magnetostratigraphy and lithology of the Xijigou section and correlation to the GPTS (Ogg, 2012). Note that in (b–d), the pink circles and red diamonds
represent thermally demagnetized specimens with characteristic remanent magnetizations carried mainly by magnetite and hematite, respectively; and the blue
crosses represent alternating ﬁeld‐demagnetized specimens with characteristic remanent magnetizations carried mainly by magnetite. GPTS = geomagnetic
polarity timescale; VGP = virtual geomagnetic pole.
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chrons C13n, C15n, and C16n.1n, respectively. We used the lithology, χ (Figure 3), and magnetostratigraphy
of the upper strata of the Xijigou section to establish correlations with the nearby Tashan section. The results
show that the interval of ~0–44 m of the Xijigou section (Figure 6a) corresponds to gypsum layers G9–G23 in
the ~512‐ to 561‐m interval of the Tashan section. Similar correlations were established for the Xijigou and
Xiejia sections, which conﬁrms the consistency of the stratigraphic record of the Eocene sediments of Xining
Basin. As a consequence, magnetozones R1 and N1 of the Xijigou section corresponds to chrons C13r and
C15n, respectively (Figure 6), which provides a basis for further correlations of the magnetostratigraphy
of the Xijigou section with the GPTS of Ogg (2012).
Given the robust chronological constraints by anchoring magnetozones R1 and N1 to the GPTS, the Xijigou
sedimentary sequence spans from chron C24n.1n to chron C13r (Figure 6). However, there are two possible
correlations of magnetozones N1–N6 and R2–R7 to the GPTS. Magnetozones N1–N3 and R2–R3 can be correlated to chrons C17n through C15n (correlation I; see Figures 6e and 6f) or those from C18n to C15n (correlation II; see Figures 6f and 6g). Magnetozones R4–R7 and N4–N6 can be correlated to chrons C20r
through C17r (correlation I; see Figures 6e and 6f) or those from C20r to C18r (correlation II; see
Figures 6f and 6g). Both correlations suggest that magnetozones N7–N10 and R8–R10 can be correlated to
chrons C24n.1n through C21n.
We prefer correlation I because the correlation represents the best match of the recognized polarity intervals
with the GPTS. In addition, correlation II has obvious weakness, for example, chron C19n is missing, and
placement of magnetozone N6 with ChRMs dominantly carried by detrital hematite in chron C20r is unreasonable. Nevertheless, the lack of short reverse polarity intervals within the sedimentary interval of magnetozone N3, which complicates the correlation of the Xijigou polarity sequence with the GPTS, may be
attributable to the low success rate in gypsum layers and gypsiferous mudstones.
According correlation I, the age of the top of the Xijigou section is estimated to be ~34.2 Ma based on the
lithologic correlation of gypsum layer G9 of the Tashan section (Xiao et al., 2010). In addition, based on
the extrapolation of the SAR of magnetozone N10, the basal age of the Xijigou section is ~53 Ma.
After establishing the foregoing geochronological framework, based mainly on magnetostratigraphy, we
estimated the age of each formation by linear interpolation. The interval of 0–156 m of the Xijigou section
belongs to the middle‐lower Mahalagou Formation, the basal age of which (at 156 m) is ~39.9 Ma. Within
this interval, the interval of deposition of the very thick muddy gypsum layer (142–156 m) is ~0.7 Myr,
and this layer is an important regional stratigraphic marker layer with an age range of ~39.9–39.2 Ma.
The age of the Honggou Formation (156–269 m) is ~39.9–52.4 Ma. Thus, our high‐resolution paleomagnetic
analysis of the muddy gypsum layer provides new age ranges for the Eocene stratigraphic formations of
Xining Basin, especially for the early‐middle Eocene.
5.2. Stratigraphic Correlation in Xining Basin
In order to obtain a comprehensive understanding of the Eocene strata in Xining Basin and their formation
age, we conducted a synthesis of all the available magnetostratigraphic and lithostratigraphic results for
this interval (Figure 7). A total of 18 relevant sections are located near Xining City. Among them, research
on 10 sections focused on the Mahalagou Formation, which is characterized by the remarkable development of interbedded gypsum and mudstone cycles (Abels et al., 2011; Bosboom et al., 2014; Dupont‐
Nivet et al., 2007; Dupont‐Nivet, Hoorn, et al., 2008; Xiao et al., 2010). The stratigraphy of the
Mahalagou Formation consists of cycles of thick muddy gypsum and brownish‐red mudstones, while that
of the Honggou Formation consists of brownish‐red mudstones intercalated with layers of muddy gypsum.
For this reason, we prefer to assign the very thick gypsum layer from 142 to 156 m to the Mahalagou
Formation, which represents the initiation of accumulation of the thick gypsum layer. Brownish‐red sandy
siltstones and ﬁne‐grained sandstones occasionally occur in the Honggou Formation, but they are largely
absent from the Mahalagou Formation, which is also the case for the Xiejia section (Dai et al., 2006).
The boundary between the Honggou Formation and the Qijiachuan Formation is marked by the initial
appearance of muddy gypsum and variegated mudstones, whose age is estimated as ~51.8 Ma (Fang
et al., 2019). In the Xijigou section, we deﬁned this boundary as corresponding to the ﬁrst occurrence of
variegated mudstones and marl with muddy gypsum, at the depth of 269 m (Figure 2), with a magnetostratigraphic age of ~52.4 Ma.
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Figure 7. Magnetostratigraphic and lithostratigraphic correlation of Eocene sections in Xining Basin. (a and t) Reference GPTS (Ogg, 2012) and (b) Xijigou section
of this study. GPTS = geomagnetic polarity timescale.

Reference to the sections in Figure 7 shows that the frequency of occurrence of gypsum layers increased in
the early‐mid Eocene, with the 10‐ to 20‐m‐thick gypsum layer as an especially prominent stratigraphic
marker layer. Thus, it is evident that environmental conditions favored the deposition of gypsum in the
midlate Eocene. In the latest Eocene, the frequency of the gypsum layers decreased sharply and the layers
became thinner, which was also reported in previous research (Dupont‐Nivet et al., 2007; Dupont‐Nivet,
Hoorn, et al., 2008; Xiao et al., 2010). The thick gypsum layer is well developed around Xining Basin, with
its thickness at the Xiejia section (Dai et al., 2006) being similar to that in the Xijigou section. Similar gypsum layers occur in the Dasigou section and Tiefo section, at thicknesses of 10 and 30 m, respectively
(Bosboom et al., 2014).
These observations indicate that the prominent thick gypsum layer in the southern Xining Basin is thicker
than in the north, so that the depocenter at that time may have been close to the southern part of the basin; a
previous study reached a similar conclusion (Bosboom et al., 2014). The midlate Eocene Mahalagou
Formation contains numerous muddy gypsum and mudstone cycles that can be observed in all sections.
The number of cycles can exceed 60, and considering all the sections, the number may exceed 100.
Although the gypsum layers from different sections cannot be correlated reliably, according to the lithological changes and magnetostratigraphic ages, we conclude that midlate Eocene strata of the Mahalagou
Formation are stratigraphically consistent around the basin. Together with the stratigraphic consistency
of the early‐middle Eocene strata, this leads us to conclude that the stratigraphy of the entire Eocene interval
of Xining Basin is highly consistent across the entire basin.
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Figure 8. Comparison of sediment accumulation rates for Eocene sections across Xining Basin.

5.3. Process of the Inﬁlling of Xining Basin
After conﬁrming the spatial consistency and continuity of Eocene sedimentation in Xining Basin, an integrated study of changes in the SARs can help determine tectonic and climatic inﬂuences on the depositional
system. The magnetostratigraphies of all of the published Eocene sections from Xining Basin, using the
GPTS of (Ogg, 2012), were used to produce times series of SARs (Figure 8). The SAR is mainly relatively uniform at 1–2 cm/kyr, except during ~35–33 Ma when the SAR increased to ~4–5 cm/kyr, which lasted until
~31 Ma, according to previous research (Dai et al., 2006; Xiao et al., 2012).
Combining previous results with those of the present study, we conclude that lacustrine sedimentation
commenced in Xining Basin no later than 53 Ma, represented by the Qijiachuan Formation, and continued
up to the development of the middle Mahalagou Formation at ~35 Ma. During this time, the SAR was relatively uniform, which suggests that Xining Basin was largely uninﬂuenced by large‐scale tectonic activity
and that sedimentation was principally controlled by global climate change. A similar conclusion was
reached in studies of sediment geochemistry and clay mineral assemblages (Hu et al., 2019; Sayem
et al., 2018). Thus, during the early Cenozoic, Xining Basin was not impacted by large‐scale tectonic activity resulting from the far‐ﬁeld effect of the India‐Eurasia collision, and until ~35 Ma global climatic conditions were the dominant inﬂuence.
Deformation in the northeastern Tibetan Plateau was initiated at ~45–50 Ma in the West Qinling range
(Clark et al., 2010; Duvall et al., 2011). Because of its distant location relative to Xining Basin, the basin
was little inﬂuenced by this activity and sediment deposition proceeded uniformly, at a rate of ~1.4
cm/kyr. However, after ~35 Ma, the far‐ﬁeld effect of the India‐Eurasia collision on the northeastern
Tibetan Plateau was no longer focused on the West Qinling range but instead shifted to the East Kunlun
range (Clark et al., 2010). This activity likely resulted in the initial uplift of the Laji Shan, which increased
the sediment supply from the proximal Laji Shan to Xining Basin during 35–31 Ma, hence the major increase
in the SAR to ~4 cm/kyr (Dai et al., 2006; Xiao et al., 2012). Subsequently, the level of tectonic activity of the
Laji Shan may have decreased, causing the SAR in Xining Basin to decrease to ~2 cm/kyr (Dai et al., 2006;
Xiao et al., 2012). Later, at ~25–22 Ma, the accelerated growth and exhumation of the Laji Shan (Lease et al.,
2007; Lease et al., 2011; Lease et al., 2012), induced substantial changes in the SAR and lithologic characteristics of Xining Basin (Xiao et al., 2012).

6. Conclusions
We have conducted a detailed investigation of the lithology and magnetostratigraphy of the sediments of
the Eocene Xijigou section in Xining Basin. Our aims were to facilitate subsequent high‐resolution paleoclimatic and paleoenvironmental studies of the sediments of Xining Basin and to provide a more robust
basis for a global land‐sea comparison of Eocene paleoclimatic records. Our main ﬁndings are as follows:
The age of the Xijigou section ranges from ~53 to 34.2 Ma, and the ages of the bases of the Mahalagou and
Honggou Formations are ~39.9 and ~52.4 Ma, respectively. The Qijiachuan Formation developed no later
than ~53 Ma.
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By comparing all related results systematically, we conclude that during 53–35 Ma, Xining Basin was a stable
sedimentary environment with an average SAR of ~1.4 cm/kyr. The basin was largely uninﬂuenced by large‐
scale tectonic activity resulting from the far‐ﬁeld effect of the India‐Eurasia collision, and its environment
was likely controlled primarily by global climate. After 35 Ma, the SAR increased to ~4 cm/kyr, which suggests that Xining Basin was receiving a substantially increased supply of clastic sediment resulting from the
initial uplift of the Laji Shan. This episode represents the ﬁrst response of the sedimentary system of Xining
Basin to the India‐Eurasia collision.
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