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ABSTRACT

The Qaidam Basin is an internally drained 
basin located in the northeastern Tibetan Pla-
teau. Presently, over 50% of the basin fl oor 
exposes thick (>1 km) sections of  Pliocene–
Quaternary strata that are deformed by 
folding and faulting. We investigated this 
nearly continuous Pliocene–Quaternary 
sedimentary record for the effects of global 
climate change and deformation on basin 
sedimentation. New detailed stratigraphic, 
magnetostratigraphic, and stable isotope 
(δ18O, δ13C) data from the Pliocene Shizigou 
and Pleistocene Qigequan Formations along 
the southwestern fl ank of an intrabasin fold 
within the north-central Qaidam Basin are 
presented here. Strata reveal climatically 
controlled, meter-scale parasequences within 
shallow-lacustrine, marginal-lacustrine, and 
deltaic lithofacies. Paleocurrents shift from 
eastward at the base to southwestward for 
the majority of the section, but they abruptly 
shift toward the south-southeast in the upper 
400 m. Twenty-two magnetozones constrain 
deposition between 5.2 Ma and ca. 0.8 Ma 
and reveal that sedimentation rates were 
fairly constant (474 ± 34 m/m.y.) from 5.2 to 
3.0 Ma, after which time rates abruptly de-
creased to 154 ± 40 mm/yr before increasing 
again to ~750 m/m.y. since 1.2 Ma. The δ18O 
values shift from relatively constant values 
(avg. −6.8‰, range −9.6‰ to −4.5‰ relative 
to Vienna Peedee belemnite [VPDB]) to less 
negative values (avg. -1.2‰, range -1.2‰ to 
-2.7‰ VPDB) between 3.1 and 2.6 Ma and 
to extremely variable values (avg. –2.9‰, 
range −8.3‰ to 4.0‰) after ca. 2.6 Ma. The 

post–2.6 Ma extreme variability in stable iso-
topes refl ects the same timeframe of enhanced 
climatic cyclicity associated with Northern 
Hemisphere glaciation. The δ13C values re-
main relatively constant (average −4.0‰, 
range −5.7‰ to -1.0‰) until ca. 0.9 Ma, when 
the values increase to -0.3‰ (range -1.0‰ 
to 1.5‰) VPDB. The appearance of growth 
strata at 3.0 Ma, shallow-water, evaporite 
deposition after 2.6 Ma, and the observa-
tion of paleoyardangs (buried, wind-sculpted 
landforms) within lake-marginal strata at 
2.4 Ma imply that emergence of the adjacent 
anticline was followed by the shallowing and 
partitioning of the lake basin and subaerial 
exposure and erosion of marginal lake sedi-
ments. These data refl ect a signifi cant change 
to a more arid climate in the Qaidam Basin 
between ca. 3.1 Ma and 2.6 Ma, overlapping 
with the onset of signifi cant Northern Hemi-
sphere glaciations and basin-fl oor deforma-
tion. Lake-level cycles were on ~230,000 yr 
frequency from 2.6 Ma to 1.2 Ma, before 
increasing to ~12,000 yr frequency, suggest-
ing increased aridity and broad, subaerial 
exposure of lake sediments after the Pliocene-
Quaternary transition. Deformation of intra-
basin sediments by at least 3.0 Ma caused 
uplift of the basin fl oor, which provided an 
environment rich in friable material for wind 
defl ation of the Qaidam Basin, a likely source 
for sediments on the Chinese Loess Plateau 
and nutrients for the Pacifi c Ocean carried 
by westerly winds. By 2.6 Ma, deformation of 
the Qaidam Basin created closed depressions 
that facilitated evaporite sedimentation that 
continues today. Coeval intrabasin deforma-
tion, combined with increasing aridity after 

3.1 Ma, thus controlled both deposition and 
erosion within the region.

INTRODUCTION

The tectonic evolution of the ~5000-m-high 
Tibetan Plateau during the Cenozoic Era oc-
curred simultaneously with distinct, global cli-
matic shifts. Both tectonic uplift and climate 
change can infl uence sedimentation patterns, 
and thus any causal interpretation of stratigra-
phy must account for both tectonic and climatic 
infl uences. Strata preserved within the Qaidam 
and other nearby basins in the northeastern 
Tibetan Plateau record tectonic and climatic 
changes since at least Paleocene time (Pares et 
al., 2003; Fang et al., 2003, 2007; Horton et al., 
2004; Zhou et al., 2006; Yin et al., 2008; Crad-
dock et al., 2011; Zhuang et al., 2011b; Lease et 
al., 2012; H.-P. Zhang et al., 2012). Differentiat-
ing the tectonic versus climatic controls on sedi-
mentation at any of these localities, however, 
is complicated by the competing infl uences of 
both tectonics and climate on sedimentation. For 
example, both accelerated tectonic growth and 
a climate change to a cooler and more oscilla-
tory climate may result in increased erosion and 
sedimentation rates adjacent to and within a ba-
sin, respectively. Moreover, accelerated uplift of 
the Tibetan Plateau has been interpreted to con-
tribute to global cooling and/or enhanced aridi-
fi cation in central Asia, making stratigraphic 
interpretation of climate and tectonics poten-
tially redundant (e.g., Manabe and Holloway, 
1975; Manabe and Broccoli, 1990; Raymo and 
Ruddiman, 1992). The facies changes observed 
in the basins within and adjacent to the Tibetan 
Plateau nevertheless provide an  invaluable data 
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set to interpret climate, tectonics, and poten-
tially the interactions between the two.

There is unequivocal evidence for climate 
cooling and aridifi cation in central Asia in 
the late Pliocene and early Quaternary (3.6–
2.6 Ma) based on red-clay and loess-paleosol 
strata of the Chinese Loess Plateau located near 
the northeastern margin of the Tibet-Qinghai 
Plateau (Fig. 1). Loess deposition, related to 
the change to a cooler climate, initiated as early 
as ca. 22 Ma (Guo et al., 2002), and loess sedi-
mentation rates increased at 3.6 Ma and 2.6 Ma 
(Burbank and Li, 1985; Sun et al., 1998; Ding 
et al., 1999; Guo et al., 2001; Porter, 2001; Hao 
and Guo, 2004). These data are consistent with 
the observed increase in dust fl ux into the north-
western Pacifi c at 3.6 Ma (Rea et al., 1998) and 
with global records of marine δ18O values for the 
same time period (i.e., Raymo and Ruddiman, 

1992; Lisiecki and Raymo, 2005). The change 
to a cooler (i.e., glacial or stadial) climate likely 
caused increased erosion, which resulted in the 
observed increase in sedimentation rates and 
grain size within many depocenters in central 
Asia (Métivier et al., 1999; Zhang et al., 2001). 
Alternatively, sedimentation rate and grain-size 
increases could also be caused by rapid uplift 
along the northern margin of the Tibet-Qinghai 
Plateau in the absence of precipitation changes 
(Sun and Liu, 2000; Zheng et al., 2000; Pares 
et al., 2003; Fang et al., 2007; Liu et al., 2010; 
Suarez et al., 2011). Orographic blocking by the 
Tibetan Plateau is widely regarded as the ma-
jor forcing mechanism for the observed global 
climate change between 3.6 and 2.6 Ma (Rud-
diman and Kutzbach, 1989; Raymo and Ruddi-
man, 1992; Hsu and Liu, 2003; Li et al., 2011; 
Kapp et al., 2011), although direct links between 

tectonic uplift and climate change remain de-
bated (Molnar, 2005). Thus, understanding the 
transitional time period between the Pliocene 
warm period and the onset of Northern Hemi-
sphere glacial cycles at ca. 2.8 Ma is critical to 
evaluating the forces and feedbacks between 
tectonics and climate in the development of the 
Tibetan Plateau region.

In an effort to separate the climatic and 
tectonic controls on sedimentation within the 
northeastern Tibetan Plateau region, this study 
focuses on Pliocene–Quaternary fl uviolacus-
trine strata within the north-central Qaidam Ba-
sin. Recent uplift and erosion of the basin fl oor 
have exposed a continuous, three- dimensional 
section of sedimentary strata that reveals fa-
cies changes related to climate changes and 
tectonic events since the Pliocene. These strata 
provide a complete record of facies changes 
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Figure 1. Shaded-relief digital elevation model of the Qaidam Basin. Present-day depozones within the Qaidam Basin are shown 
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and depositional environments that are related 
to intra- and extrabasin rock uplift as well as 
the regional climate change between 3.6 and 
2.6 Ma. Magnetostratigraphy provides high-
resolution geochronology for these strata to 
correlate stratigraphic changes with well-
known global climate events at 3.6 and 2.6 Ma, 
and to interpret the timing of facies boundar-
ies and parasequences, growth-strata ages, and 
isotopic (C and O) variability. Parasequences 
are compared to the well-known loess- paleosol 
sequences observed on the Chinese Loess 
Plateau. Paleosols, buried, wind-eroded land-
scapes, gypsum hardpans, and anomalous 
wind-controlled lacustrine deposits are used to 
develop a detailed cyclostratigraphy to test hy-
potheses about the relationships among aridifi -
cation, wind-erosion, and tectonic deformation 
within the Qaidam Basin (Kapp et al., 2011). 
Integration of facies analysis, magnetostratig-
raphy, structural interpretation, and geochemi-
cal properties of the lacustrine strata provides 
new, unequivocal insight on the infl uence of 
climate change between 3.6 and 2.6 Ma on sed-
imentation, and also on structural deformation 
at specifi c time intervals within the Qaidam 
Basin since the Pliocene.

GEOLOGIC SETTING

The Qaidam Basin fl oor covers ~80,000 km2 
and is located in the northeastern Tibetan Pla-
teau (Fig. 1). The internally drained basin sits at 
~2700 m in elevation and is fl anked by >5000 m 
peaks of the Kunlun Shan to the south, the Qil-
ian Shan to the northeast, and the Altyn Shan to 
the northwest. Average precipitation is less than 
50 mm/yr. Active deposition occurs in saline 
lakes, playas, and on basin-marginal alluvial 
fans (Chen and Bowler, 1986; Mischke et al., 
2009), although, at present, over half of the ba-
sin fl oor is actively eroding, as evidenced by the 
exposed bedrock and yardang fi elds that cover 
the northwestern part of the basin (Fig. 1; Hali-
mov and Fezer, 1989; Goudie, 2007; Rubin and 
Hesp, 2009; Kapp et al., 2011). Since at least 
the Eocene, however, most of the Qaidam Basin 
has continuously accumulated sediments, and 
late Paleozoic and Mesozoic sediments were 
locally deposited prior to the Cenozoic (e.g., 
Wang and Coward, 1990; Xia et al., 2001; Ri-
eser et al., 2005; Zhuang et al., 2011b). Ceno-
zoic strata are locally >5000 m thick and span 
from the early Eocene to present (Table S1 in 
GSA Data Repository1). Hyperarid conditions 
combined with internal drainage within the ba-
sin have resulted in evaporite and playa deposi-

tion throughout the Quaternary and today (e.g., 
Zhang et al., 2012b).

The Cenozoic tectonic history of the Qaidam 
Basin is complicated and controversial (Song 
and Wang, 1993; Chen et al., 1999; Zhou et al., 
2006; Yin et al., 2008; Zhuang et al., 2011b). In 
general, uplift of the basin margins during the 
Cenozoic produced a regional intermontane 
synclinorium that accumulated mainly fl uvial 
and lacustrine sediment (Zhou et al., 2006; Yin 
et al., 2008; Craddock et al., 2011; Zhuang et 
al., 2011b). A regional unconformity below 
 Paleocene–Eocene strata implies that Cenozoic 
deposition initiated at 65–49 Ma due to uplift 
along the northern side of the basin (Yin et al., 
2008; Zhuang et al., 2011b). Uplift of the Qil-
ian Shan and Kunlun ranges occurred during 
the Paleocene and late Oligocene, respectively 
(Yin et al., 2008). The Qaidam Basin was closed 
to external drainage in the early Miocene due 
to displacement along the Altyn Tagh fault and 
growth of the Altyn Shan, which separates it 
from the Tarim Basin (Zhuang et al., 2011b). 
Throughout the Cenozoic, the basin depocenters 
have shifted southeastward due to partitioning 
and uplift of the western basin, as deformation 
propagated toward the southeast (Fig. 1; Chen 
and Bowler, 1986; Yin et al., 2008). Most re-
cently, uplift of the basin fl oor due to intrabasin 
deformation during the Quaternary has exposed 
late Neogene bedrock in the northern and west-
ern part of the Qaidam Basin.

METHODS

This study measured, described, and sampled 
an ~1750-m-thick stratigraphic section along the 
southwestern fl ank of an intrabasin, northeast-
vergent anticline ~45 km south of Lenghu town 
(Fig. 1). Two overlapping sections (NE and MT) 
spanned a horizontal distance of ~13 km along 
the northeast-southwest–trending transect. The 
Northeast (NE) section is named after its loca-
tion in the “northeast” part of our fi eld area, and 
the MaoTai (MT) section is located ~5 km west 
along strike of the upper NE section (Figs. 2 and 
3). Both sections were measured with a Jacob 
staff and Abney level. Based on bedding mea-
surements, we estimate that ~300 m of younger 
Quaternary strata may overlie this section, until 
the top of the section where deposition is occur-
ring today.

Samples were collected from 100 sites (sedi-
mentary layers) spaced throughout the lower 
1672 m of the NE section (Table S2 [see foot-
note 1]), and average sample spacing was 17 m 
throughout the section. This spacing was cho-

sen to provide on average three sample sites 
per paleomagnetic reversal since the start of 
the Pliocene, based on previous estimates of 
sedimentation rates (200–900 m/m.y.; Liu et 
al., 1998; Fang et al., 2008; Zhang et al., 2012a) 
and the average duration of a polarity chron 
(0.25 m.y.) since the start of the Pliocene (calcu-
lated from Lourens et al., 2004). Samples were 
collected as block samples (~5 cm3) extracted 
from siltstone and fi ne-sandstone beds with a 
hammer and chisel, and oriented with a Brun-
ton compass in the fi eld. Samples were cut into 
1 × 1 × 0.5 cm chips for paleomagnetic analy-
sis, with the fi eld orientations maintained in the 
laboratory. The remaining sample was shipped 
to the University of Rochester for oxygen and 
carbon isotope analysis.

Paleomagnetic samples were analyzed for 
both alternating fi eld (AF) and thermal de-
magnetization in the paleomagnetic laboratory 
at Occidental College. One sample per site or 
stratigraphic level was initially measured for 
natural remanent magnetization (NRM), then 
subjected to AF demagnetization in four steps 
up to 20 mT to remove low-coercivity magneti-
zations, and subsequently treated with stepwise 
thermal demagnetization using 6–12 demag-
netization steps between 200 °C and 680 °C, 
typically in 50 °C steps up to 500 °C and 30 °C 
steps from 500 °C to 680 °C. At each site, a sec-
ond and third specimen from the block sample 
was demagnetized if the fi rst yielded unstable 
or overprinted directions or if a magnetostrati-
graphic interval of normal or reverse polarity 
was defi ned by only one specimen. Character-
istic magnetic remanence (ChRM) directions 
were determined by line-fi t analysis (Kirsch-
vink, 1980) using the paleomagnetic software 
of Jones (2002). Details on the paleomagnetic 
sample processing can be found in the GSA 
Data Repository (see footnote 1).

Oxygen and carbon stable isotopes were 
measured from carbonate within paleosols, la-
custrine strata, and sandstone cement. In total, 
57 samples were analyzed from the paleomag-
netic sites that had suffi cient sample material for 
both paleomagnetic and isotope analyses. The 
isotopic results for carbon and oxygen reported 
here are in the standard delta (δ) notation with 
respect to the Vienna Peedee belemnite standard 
(VPDB). Isotopic ratios were determined at the 
University of Rochester with a Thermo DeltaPlus 
XL continuous fl ow–isotope ratio mass spec-
trometer (CF-IRMS) using a GasBench II pe-
ripheral device and standard analytical methods 
(e.g., Hough et al., 2011). Precision for individ-
ual analyses was ±0.1‰ for δ18O and ±0.06‰ 

1GSA Data Repository item 2013102, description of methods for sampling and processing the paleomagnetic samples and Tables S1–S4, is available at http://www
.geosociety.org/pubs/ft2013.htm or by request to editing@geosociety.org.
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for δ13C (1σ), whereas sample reproducibility 
was typically ±0.3‰ for δ18O and ±0.17‰ δ13C 
(1σ) when n ≥ 4. In order to mitigate the effects 
of erroneous δ18O and δ13C values from postde-
positionally altered carbonate (e.g., Morrill and 
Koch, 2002), we examined each sample in the 
fi eld and under a stereoscopic microscope to 
identify signs of alteration. In the fi eld, samples 
with signs of surface weathering, or visible 
gypsum and calcite veins were avoided. Calcite 
veins identifi ed at the microscopic scale were 
microsampled using a 20 µm drill bit to compare 
with unaltered micrite in the same sample to de-
termine the nature of diagenesis. In addition, 
thin sections of randomly selected samples and 
10 samples with outlying δ18O and δ13C values 
were evaluated to more accurately determine the 
mineral phases and nature of diagenetic alterna-
tion. Lacking evidence of signifi cant postdepo-
sitional alteration, no samples were excluded 
from our data set (see GSA Data Repository 
[footnote 1]).

SEDIMENTOLOGY

Late Cenozoic strata within the Qaidam Ba-
sin consist of the Upper Youshashan, Shizigou, 
and Qigequan Formations (Table S1 [see foot-
note 1]). Microfossils, isotope stratigraphy, and 
magnetostratigraphy have been used to differ-
entiate between these formations (e.g., Fang et 
al., 2008; Chang et al., 2008; Pang et al., 2004; 
Wang et al., 2007; Rieser et al., 2005, 2009). 
To date, there are few studies of lithofacies or 
lateral correlation of these strata, making fi eld 
identifi cation and/or interpretation of sedimen-
tary environments problematic (Wang et al., 
2007). This new work presents detailed descrip-
tions of lithofacies and their associations. Strata 
are divided into three map units based on lithofa-
cies associations and depositional environment 
(i.e., fl uvial, lacustrine, playa, deltaic; Table 1). 
This rigorous analysis permits interpretation 
of parasequences and changes in depositional 
environments over time. Although the focus of 
this paper is on the chronology of lithofacies 
variation within one described stratigraphic sec-
tion, the observed lithofacies are incorporated 
into the regional formation nomenclature in the 
discussion section and provide insight into the 
controls on basinwide facies changes.

Unit 1: Fluvial/Overbank/Mud Flat 
(0 m–495 m, 760 m–925 m)

Observations
The lower 495 m, and a 165 m interval from 

760 to 925 m of the NE section consist of in-
terbedded shale (M1, M2, M3), sandstone (S1 
and S2), and conglomerate (G1). Light-brown 
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(5YR 5/6) calcareous mudstone dominates the 
lowest 100 m and is interbedded at ~3 m in-
tervals with 10–40-cm-thick, laminated, con-
tinuous fi ne-grained sandstone sheets (S1). At 
~180 m in the section, calcareous pale yellow-
brown shale (M3) appears in the section in 
sheets that pinch and swell. S1 contains char-
coal fragments and weathers with distinctive 
vertical pipes and gypsum nodules. Discon-
tinuous, 0.5–3.0-m-thick, cross-bedded sand-
stone lenses (S2) appear at ~10–20 m spacing 
(Fig. 4A). Large, (>1.5 m amplitude) epsilon 
(<15° dipping) cross-beds are common within 
these sand lenses. Gravel beds, 0.5–2.0 m thick 
(G1), occur at ~150, 200, 250, 260, 300, and 
400 m and contain trough (<40 cm amplitude) 
cross-beds (Fig. 4B). Conglomerate and sand-
stone lenses pinch out laterally toward the north-
west (Fig. 3). Unit 1 is differentiated from the 
overlying unit 2 by the occurrence of yellow-
green, laminated shale beds. Unit 1 transitions 
into unit 2 at 495 m based on the appearance 
of the fi rst in situ gypsum mat (Y3), but it reap-
pears in the section from 760 m to 925 m.

Interpretations
The lithofacies observed between 0 and 495 m 

and 760–925 m are interpreted as ephemeral 
stream and fl oodplain deposits (e.g., Hardie et 
al., 1978). Laminate and massive mudstone and 
shale represent the fl oodplain deposits, and dis-
continuous sandstone and conglomerate lenses 
represent stream channels meandering through 
the mud-fl at–playa setting (McCarthy et al., 
1997; Bridge, 2003). This interpretation is sup-
ported by 1.5-m-tall epsilon cross-beds within 
the large sand lenses (Fig. 4A). Continuous, 
laminated sand sheets may represent crevasse-
splay deposits or reworked eolian sediments 
blown onto the low-gradient fl oodplain from 
nearby abandoned channels (Glennie, 1970; 
Hardie et al., 1978). Trough cross-bedding 
within the discontinuous conglomerate sheets 
is interpreted to represent channel bars within 
the fl uvial system.

Unit 2: Marginal Lacustrine (495 m–760 m, 
925 m–1145 m)

Observations
The stratigraphy between 495 and 1145 m, 

not including the interval from 760 to 925 m, 
is characterized by shale with interbedded sand-
stone, conglomerate, and gypsum beds (Fig. 5). 
The base of this map unit is defi ned by the fi rst 
appearance of a 1–2-m-thick, pale greenish- 
yellow shale bed (M4). Greenish yellow shale 
beds are continuous, tabular, and interbedded 
with light brown and yellowish gray siltstone, 
sandstone (M3 and M5), and occasionally 

<1-m-thick sandstone (S2) or conglomerate 
(G1) beds (Fig. 4C).

Unit 2 is easily distinguished from unit 1 by 
the periodic presence of M4 shale beds that ap-
pear within the strata. The base of the fi rst M4 
bed is marked by a 2-cm-thick gypsum bed 
(Y3) composed of <1 cm gypsum crystals. A 
thin (1–5 cm) shale bed contains ostracods im-
mediately above the gypsum. Between 495 and 
760 m, 11 M4 beds occur periodically at an av-
erage spacing of 24 m, although M4 frequency 
increases from ~50 m from 495 to 600 m to 
approximately every 15 m from 650 to 760 m 
(Figs. 5A and 5B). M4 beds are absent from 760 
to 920 m, but they increase in occurrence from 
920 to 1145 m. M4 beds are typically associated 
with gypsum mats (Y2) at their base or gypsifer-
ous shale at the top of each 1–2 m bed, and they 
are usually overlain by 0.5-m-thick sandstone 
(S2) and underlain by M3 beds (pale-yellow 
brown calcareous siltstone) interbedded with 
20–50 cm trough cross-bedded sandstone beds 
(Fig. 4C). The top of unit 2 is defi ned at 1145 m 
by the abrupt shift from M4 siltstone strata to 
M5 shale strata.

Interpretations
The appearance of tabular, pale greenish-

yellow beds (M4) marks the beginning of la-
custrine deposition in the measured section and 
may represent times of increased humidity and 
lake expansion in the basin. The appearance of 
ooids at the base of the fi rst M4 beds at 495 m 
suggests a lacustrine shoreline and supports the 
interpretation of lake expansion and shoreline 
transgression. The increasing gypsum content 
within these beds is the result of lake-shallowing 
over time, causing an increase in gypsum pre-
cipitation and incorporation of well-stratifi ed 
gypsum/shale layers within the strata (Fig. 4D). 
M4 layers are typically overlain by fl uviodeltaic 
sediments, which represent a change to fl uvial 
deposition after desiccation of the lake. Fluvial 
sandstone (S2) and conglomerate (G1) lenses 
have scoured bases into the underlying M4 or 
gypsum crust (Y3), and these lenses pinch out 
into shale and mudstone toward the northeast, 
consistent with marginal lacustrine or deltaic de-
position within a low-relief basin fl oor (Zaleha, 
1997). Overlying the lacustrine strata, there 
are interbedded shale and sandstone (S2/M3), 
interpreted as fl uvial channel and fl oodplain 
deposits (Fig. 4C). The abrupt transition from 
M3 to M4 within each parasequence implies a 
rapid increase in lake level and fl ooding of the 
fl oodplain with lacustrine deposits. Overall, we 
see two trends of increasing lacustrine sedi-
mentation, from 495 to 750 m and from 920 to 
1145 m, interrupted by a period of fl uviodeltaic 
sedimentation from 750 to 920 m. Delta progra-

dation can be seen in the distinctive conglomer-
ate beds that pinch out laterally to the northwest 
within the middle of unit 2 (Fig. 3).

Unit 2–3 Transition Zone (1145–1235  m)

Between 1145 and 1235 m, lithofacies tran-
sition from unit 2, dominated by M3 and M4 
strata, to unit 3, dominated by the more gypsif-
erous M5 and M6 strata. Grain size decreases 
through this section, from siltstone at the base 
to shale dominated at the top. Strata above and 
below this transition zone are self-similar, and 
thus this narrow zone is broken out into its own 
section. The transition in lithofacies from unit 
2 to 3 will be discussed in a climatic context in 
the discussion.

Unit 3: Evaporite Lacustrine Facies 
(1235–1750 m)

Observations
Unit 3 constitutes the uppermost part of the 

Northeast (NE) section as well as the entire Mao-
Tai (MT) section, and it consists of 0.5–2.0-m-
thick beds of lithofacies M5 and M6 with rare 
sandstone (S2) beds (Table 1; Fig. 5). The unit 
is defi ned by the fi rst appearance of gypsum-
rich M6 lithofacies at 1235 m, and gypsiferous 
shale (Y2) and gypsum mats (Y3) increase in 
occurrence up section (Fig. 5). Gypsum beds in-
crease in frequency from every 30 m from 1240 
to 1440 m, to 8–12 m frequency above 1440 m 
(Fig. 5). In addition to gypsum layers, the sec-
tion is marked by local disconformities capped 
by thin lenses of sandstone, and these disconfor-
mities increase in frequency toward the top of 
the section. Outcrops typically are covered in a 
10–30-cm-thick gypsum crust, likely derived by 
dissolution and re-precipitation of salt and gyp-
sum at the outcrop surface. Lithofacies M6 con-
tains ripples, dewatering structures (Fig. 4F), 
and often grades into gypsiferous shale (Y2) 
with well-developed, euhedral gypsum crystals 
(<3 cm diameter) at the top of each bed (Fig. 
4D, inset). Occasional conglomerate and sand-
stone lenses, ~0.5 m thick and >100 m wide, cap 
many of the gypsum layers within the section.

Interpretations
Unit 3 represents lacustrine shale and evapo-

rite deposition in a shallow, internally drained 
lake basin, similar to the sedimentation occur-
ring today within the lake depocenters (Phillips 
et al., 1993). Gypsum concentration increases 
in both bed density and within individual beds. 
Euhedral gypsum crystals up to 3 cm in length 
probably formed in situ within the shale within a 
few centimeters of the sediment-water interface. 
The repeated sequences of shale with  increasing 
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quantity of gypsum crystals, capped by gypsum 
beds and overlain by sandstone or conglomer-
ate, are interpreted as the periodic transfor-
mation from marginal lake sedimentation to 
subaerial, playa deposition covered in fl uvial 
deposits (Schubel and Lowenstein, 1997). The 
increasing gypsum concentration of the Y2 beds 
is due to lake shallowing, which concentrated 
the evaporitic minerals in the lake water and 
facilitated precipitation and growth of gypsum. 
The increasing frequency of gypsum layers or 
local disconformities, interpreted as subaerial 
paleosols, implies periodic lake-level changes 
and/or desiccation (Schrieber and El Tabakh, 
2000). Shale and siltstone deposition in this la-
custrine setting was probably controlled by eo-
lian contribution from the lake margins, and will 
be discussed later herein. The decrease in fl uvial 
sandstone in our section, however, may refl ect 
lateral facies changes, as sampling was focused 
west of the shoreline and toward the basin de-
pocenter, where fl uvial processes were absent.

Figure 4. Photographs of the NE section 
strata. (A) Lower part of the NE section, 
showing S2 discontinuous sandstone with 
1.5 m epsilon cross-strata indicating point-
bar migration from right to left across the 
M1 fl oodplain shale deposits. S1 tabular 
sandstone sheets are interpreted as re-
worked eolian strata or crevasse-splay beds. 
(B) Side view of trough cross-beds within 
the G1 conglomerate. (C) Parasequences 
within unit 2 that show the M3 mud-fl at 
shale, M4 lacustrine shale, and S2 irregu-
lar fl uvial sandstone. Vertical fi eld of view 
is ~20 m. (D) M6 gypsiferous shale within 
unit 3 near the top of the section. The up-
per part of the photo grades into a Y2 gyp-
sum layer. Gypsum layers are defi ned as 
any strata with >25% gypsum. (E) Five-
meter-high outcrop showing the distinctive 
paleosol and eolian pan surfaces formed in 
the M5/M6 lacustrine and mud-fl at strata. 
(F) Intensely deformed M6 strata. Struc-
tures are interpreted as polygonal deforma-
tion from growth of effl orescent salt crust. 
(G) Pebble within M6 strata at 225 m in the 
MT section within map unit 3. Hard, pitted, 
subrounded shale fragments are interpreted 
to have blown into the shallow lake during 
wind storms, resulting in the diamict tex-
ture. Thin, coarse sandy layers are present 
above and below the gravel clast. (H) Meter-
scale shale pipes that intrude into overlying 
fi ne sandstone layers during soft sediment 
deformation, probably the result of loading 
or liquefaction.

Paleocurrents

Paleocurrents were measured throughout 
the section and are grouped stratigraphically 
based on lithofacies associations (Table S3 
[see footnote 1]). Trough cross-beds were ob-
served in the S2 and G1 lithofacies, and fl ow 
directions were determined by either trend-
plunge observations from the fi eld-determined 
trough axis, or by measuring both fl anks of the 
trough and determining the intersection line 
of these planes. Epsilon cross-beds (Fig. 4A) 
were interpreted based on the large-amplitude 
(>1 m), shallow-dip (<15°) cross-beds within 
fl uviodeltaic channel facies (S2), and they rep-
resent point-bar progradation of meandering 
channel systems, and thus the bidirectional 
paleocurrent is approximately the strike of 
these cross-beds. When possible, the strike/
dip of channel margins provided bidirectional 
paleocurrents, and the upper part of the section 
contained abundant ripple marks that provided 
low-energy current indicators.

Paleocurrent data showed variable paleocur-
rent patterns. The lowest part of unit 1 (0–175 m) 
showed primarily unidirectional paleocurrents 
toward the east. In contrast, the upper part of 
unit 1 contained a strong southwest paleofl ow, 
consistent with prograding deltaic sedimenta-
tion toward the southwest. Unit 2 also showed 
strong paleocurrents toward the southwest. Pa-
leocurrent shifted to a more southward direction 
in unit 3, based on bidirectional (epsilon cross-
beds and ripples) current indicators.

Unique Sedimentary Structures Associated 
with Playa Sediments

The NE section contains widespread and 
distinctive planar beds that are distinguished by 
convoluted and deformed sedimentary struc-
tures (Fig. 4F) or a distinctive dark red-orange 
color (Fig. 4E). They are underlain by mottled, 
red-green calcareous/gypsiferous shale and 
siltstone that contain root-trace fossils and car-
bonate nodules and are in some places over-
lain by 20-cm-thick eolian sandstone lenses 
with trough cross-bedding or 1–2-m-thick fi ne 
sandstone with ripple laminations. Where not 
overlain by fl uvial or eolian deposits, these 
beds are overlain by 10 cm gypsum hardpan 
surfaces, 10-cm-thick ooid beds, or simply 
thick (>1 m) beds of mudstone and shale. 
These surfaces are interpreted as subaerial 
surfaces (paleosols or effl orescent salt crusts) 
or lake-level lowstands. As fl ood or lake wa-
ters receded, calcareous paleosols or gypsum/
halite hardpan surfaces formed on the exposed 
surface. Halite-rich muds were distorted due 
to dissolution processes and growth of effl o-

rescent salt crusts above the sandy sediment 
(Smoot and Castens-Seidell, 1994), or possibly 
due to shaking and liquefaction during earth-
quakes (Pratt, 1994). Subsequent deposition 
on these surfaces caused further deformation. 
Windblown sand was deposited where surface 
topography created pans (Fig. 4F; Hardie et al., 
1978). Overall, these strata are interpreted to 
represent subaerial and defl ationary conditions 
along the lake margin.

Postdepositional, meter-scale soft-sediment 
deformation is also observed in the MT section 
strata (Fig. 4H). Gypsiferous shale is deformed 
below fi ne, brown sandstone due to loading of 
the saturated shale and potentially earthquake 
shaking, which resulted in the observed, meter-
scale ball and pillow structures (Pratt, 1994).

At 225 m within the MT section (correlated 
to ~1730 m the NE section in Fig. 5), a 2-m-
thick fi ne-sandstone bed with 1–2 cm, angular, 
lithic fragments occurs above a Y3 gypsum 
layer (Fig. 4G). Centimeter-scale rock frag-
ments are associated with subcentimeter-thick, 
discontinuous, coarse sandstone interbeds 
(Fig. 4G). Large, pitted lithic fragments are 
not typically observed in lacustrine sediments, 
and they are a hydrodynamic paradox. One 
explanation suggests that these coarser clasts 
are the result of high winds that carried both 
lithic gravel and loess from the shoreline, as 
a projectile, into the adjacent lake. This inter-
pretation could explain the thin, well-bedded, 
laminated nature of the strata, as episodic de-
position of larger grain sizes that were blown 
into the lake and reworked along the bottom 
due to wave action. Alternative explanations 
for these fragments include ice-rafting or 
wood rafting of the larger clasts, regurgitation 
by stone-swallowing animals, or deposition 
by mass-fl ow deposits (Doublet and Garcia, 
2004). These latter explanations, however, do 
not explain the laminated, well-sorted nature of 
the gravel layers, and thus wind deposition of 
projectiles is the preferred explanation.

Paleoyardangs

Approximately 45 km southeast and along 
strike of the NE section, we observed oval-
shaped angular unconformities within the lower 
part of the unit 3 strata. These structures com-
prised oval-shaped buttress unconformities en-
closing a map-view area of ~100 m × 50 m (Fig. 
6). The strata below the unconformity consist of 
red and gray lacustrine siltstone and fi ne sand-
stone that dip 19° toward the southeast. Above 
the buttress unconformity, lacustrine siltstone 
dips only 6° southeast. Vertical relief within the 
unconformity is a minimum of 6 m, based on 
similar strata that sit above the unconformity 
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exposure. Similar oval unconformities were 
observed within 1 km of the structure shown in 
Figure 6.

The strata bounded below the buttress uncon-
formities are interpreted as  paleoyardangs—
wind-sculpted bedrock landforms that are 
preserved within the stratigraphic record 
(Tewes and Loope, 1992; Jones and Blakey, 
1993). No evidence of fl uvial erosion or chan-
nel formation was found that might otherwise 
have produced the unconformities. Yardangs 
are widespread throughout the Qaidam Basin 
(Halimov and Fezer, 1989; Goudie, 2007; Ru-
bin and Hesp, 2009), they typically occur in 
fi elds, and it follows that they should be pre-
served (in multiple) in the stratigraphic record. 
Paleoyardangs formed when bedrock, in this 
case, cemented lacustrine strata, was exposed 
due to folding above active structures. Exposed 
strata were eroded into yardangs due to defl a-
tion and abrasion from long-term unidirectional 
winds. Subsequent rise in lake level caused 
burial of the yardangs (Fig. 6D). The greater 

dip of the strata below the unconformity sup-
ports our hypothesis that strata were deformed 
and exposed prior to deposition of the overlying 
strata. Re-exhumation of the buried yardang re-
sulted in the appearance of oval unconformities 
within the strata. The paleoyardangs described 
here are elongated in a N-S direction, implying 
northerly wind patterns during yardang forma-
tion, in contrast to the present northwesterly 
winds in the Qaidam Basin. The presence of 
paleoyardangs within the stratigraphic record 
implies that windy, dry conditions were present 
prior to deposition of the overlying strata, and 
they provide a unique paleoclimate indicator 
for the Qaidam Basin.

Growth Strata

An angular unconformity and abrupt de-
crease in dip are observed at 1170 m (Fig. 7) 
and are interpreted as growth strata that defi ne 
the boundary between pre- and syntectonic 
strata along the back limb of the anticline. 
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Figure 6. (A) Google Earth image of active yardang fi eld in the northern Qaidam Basin. 
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younger lacustrine strata and described in the text, and may represent a paleoyardang fi eld. 
Strike and dip of bedding are shown in degrees. (B, C) Photograph and geologic interpreta-
tion of paleoyardang X, view to north. (D) Schematic model of yardang formation.

Growth strata are defi ned as strata deposited 
adjacent to or above a growing structure, and 
they can be defi ned on the basis of fanning 
dips or rapid changes in thickness across a fold 
hinge (i.e., Riba, 1976; Suppe et al., 1997). 
The geometry of growth strata in the NE sec-
tion shows rapidly decreasing dips, from 20° to 
less than 5° over a short (~100 m) stratigraphic 
thickness. A lateral change in bed thickness was 
not observed, but the short-wavelength rotation 
(Suppe et al., 1997) of dips suggests that the 
strata formed due to hinge rotation, possibly 
above a listric thrust fault at depth (Fig. 7). 
The observations that strata dip homoclinally 
(20° ± 5° SW) from 0 to 1170 m within the 
NE section, and then rapidly transition to shal-
low dips, coinciding with the observed angular 
unconformity, provide strong evidence for the 
base of syntectonic strata at 1170 m (Fig. 7). 
The location is unlikely to represent that of a 
simple fold hinge, because the angular un-
conformity would not be present in that case. 
Growth of the fold, combined with onlap on 
the fold fl ank, is interpreted to have produced 
the fanning dips from 20° to 5° over <100 m in 
stratigraphic thickness. The age of the contact at 
1170 m thus represents a minimum age for the 
initiation of fold growth, because it is possible 
that older growth strata could have been eroded 
at a structurally higher level in the section.

ANALYTICAL RESULTS

Paleomagnetic Directions

Progressive demagnetization successfully re-
solved multiple components of magnetization. 
For most specimens, equal-area projection and 
orthogonal vector plots reveal two clear com-
ponents: a high-temperature component and 
a low-temperature component (Figs. 8C–8E). 
The low-temperature component typically had 
a non-tilt-corrected orientation similar to the 
present-day magnetic fi eld direction and was 
removed by AF demagnetization at 10 mT and 
thermal demagnetization of 200 °C. On most 
orthogonal vector plots, the high-temperature 
component decayed linearly to the origin and 
was completely removed by heating to 580 °C 
or 680 °C, indicating magnetite or hematite 
as the carrier of the magnetic remanence. The 
intensity of NRM for these specimens ranged 
from 10-2 to 10−4 A/m.

Of the 143 samples processed, 107 yielded 
clearly defi ned high-temperature components 
that we interpret as the characteristic magnetic 
remanence (ChRM) directions (Table S2 [see 
footnote 1]; Figs. 8A–8B). Samples without a 
clear ChRM direction may have resulted from 
postdepositional resetting, such as late-stage 
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fl uid fl ow, exposure to elevated temperatures, 
lightning strikes on the outcrop, or other un-
known postdepositional processes that de-
stroyed the primary remanence of the sample 
(e.g., Butler, 1992).

The average, tilt-corrected direction from nor-
mal polarity samples is D = 355.0° and I = 42.3° 
and from reverse polarity samples is D = 177.7° 
and I = –42.2°. These values are consistent with 
nearby studies of Pliocene–Quaternary strata 
from the Eboliang anticline (Fig. 1; Dupont-
Nivet et al., 2002) that observed mean paleo-
magnetic directions of D = 8.0° and I = 43.0°, 
and from the Chahansilatu playa drill site with 
directions of I = 52° (N) and I = –41° (R) (Fig. 
1; Zhang et al., 2012a). Inclination values from 
all these studies are lower than that expected 
(58.1°) for the Pliocene magnetic fi eld inter-
preted for Eurasia at that time (Besse and Cour-
tillot, 2002). This inclination shallowing, also 
common in other sedimentary rocks from the 
Qaidam and Tarim Basins, has been attributed 
to depositional processes, sediment compac-
tion, or rock-magnetic effects during deposition 
(Dupont-Nivet et al., 2002; Tan et al., 2003). Re-
gardless of the cause, the shallow inclination has 
no effect on our polarity interpretations.

The reversal test (McFadden and McElhinny, 
1990) was used to assess whether the mean pa-
leomagnetic directions are free of a common 
secondary component and so can be taken as 

accurate measures of the ancient geomagnetic 
fi eld. The mean tilt-corrected normal and re-
verse directions are almost exactly antipodal 
(176.5° apart) and so “pass” the reversals test. 
Because of the high dispersion, however, the 
test is classifi ed as type “C,” meaning that only 
a relatively prominent unremoved secondary 
component would be detectable via the test. The 
reversals test is positive (and class “C”) whether 
multiple samples from the same horizon are 
averaged or each sample is treated as indepen-
dent data. The dispersions of the paleomagnetic 
directions in geographic and stratigraphic (i.e., 
tilt-corrected) coordinates are not signifi cantly 
different, and so a standard paleomagnetic fold 
test on the age of the remanence is inconclusive. 
We observe, however, that the effect of the tilt 
correction is to move the mean N and R inclina-
tions closer (by ~10°) to the expected ancient 
fi eld direction. This evidence, plus the positive 
reversals test, suggests that we have isolated a 
primary remanence well enough to produce a 
robust magnetostratigraphy.

Magnetostratigraphy

Magnetozones were defi ned by at least 
two samples or sites with consistent polarity. 
Stratigraphic horizons that contained only one 
sample with a specifi c polarity, which could not 
be replicated, are illustrated in Figure 9 as gray 
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zones, but they are not discussed in the results 
or used in the magnetostratigraphic correlation. 
Many previous magnetostratigraphic studies 
employed a methodology that ranks sites based 
on two or more samples per site (e.g., Johnson 
et al., 1982; Kempf et al., 1998; Schlunegger et 
al., 1997; Ojha et al., 2000; Chen et al., 2002). 
Given that studies of correlative, nearby Qa-
idam Basin strata found magnetizations to be 
relatively straightforward in terms of polarity 
(N or R) determination (Fig. 1; Dupont-Nivet et 
al., 2002; Fang et al., 2008; Zhang et al., 2012a), 
we chose to trade off using multiple samples 
per horizon for higher stratigraphic resolution 
(more horizons). This strategy likely sampled 
each magnetozone at least twice (three on aver-
age), and all single-site reversals were checked 
for consistency with samples from both the 
same stratigraphic level and the adjacent sites 
stratigraphically above and below. In addition, 
all samples were run through the magnetometer 
right-side-up and upside-down for each thermal 
demagnetization step to determine whether or 
not the sample gives consistent readings, and 
the high accuracy of the computer-controlled 
magnetometer and consistency of the sample 
changer at the Occidental College paleomag-
netic laboratory reduce much of the laboratory 
uncertainty in measurements that plagued early 
studies. For these reasons, we did not consider 
it necessary to run multiple samples from each 
site unless the site was at a reversal boundary or 
defi ned its own magnetozone.

In our study, 74 of 100 paleomagnetic sites 
produced ChRM directions to construct our 
magnetostratigraphy. These samples defi ne 
22 magnetozones (11 normal and 11 reverse) 
across 1672 m of stratigraphic section (Table 
S2 [see footnote 1]), and they have an average 
sample spacing of ~22 m. The preferred cor-
relation of the NE section magnetostratigra-
phy with the geomagnetic polarity time scale 
(GPTS) of Lourens et al. (2004) spans ~4.4 m.y. 
between ca. 5.2 and 0.8 Ma (Fig. 9). This cor-
relation implies that the short (~10,000 yr) 
Reunion chron from 2.14 to 2.15 Ma on the 
GPTS was missed in our section, and that zone 
R2 (represented by a single site) is not cor-
related to a chron on the GPTS (Fig. 9). This 
correlation is also consistent with the general 
stratigraphy of the Qaidam Basin, which sug-
gests a lithofacies change to evaporite strata at 
precisely 2.6 Ma (Wang et al., 2007), similar 
to our observed fi rst appearance of evaporite-
rich lithofacies M6 in unit 3 (Fig. 9), as well as 
magnetostratigraphy from the nearby Yahu an-
ticline (Fig. 2), which shows a major lithofacies 
change to saline, evaporite deposits at 2.6 Ma 
(Fang et al., 2008). Moreover, the NE section 
grades upward to within 400 m of active playa 
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deposition near the core of the syncline south-
west of the NE section (Fig. 2), suggesting the 
upper part of the section should be within the 
Quaternary, considering sedimentation rates 
between 0.2 and 0.8 mm/yr (Liu et al., 1998; 
Fang et al., 2008; Zhang et al., 2012a).

For completeness, we include an alternative 
correlation of the NE section from ca. 2.5 Ma 

to 8.0 Ma (Fig. 9). This correlation requires that 
three magnetozones (one normal, two reverse) 
were missed in our sampling at 4.8 (N), 7.1 (R), 
and 7.4 (R) Ma, respectively. Furthermore, 
this correlation places the lithofacies transition 
from unit 2 (fl uctuating lacustrine) to unit 3 
(evaporite-dominated) ca. 4.0–4.4 Ma, incon-
sistent with the well-documented change to 

evaporite-dominated facies at 2.6 Ma. Finally, 
this correlation implies that the entire section 
was deposited prior to the Quaternary, incon-
sistent with previously determined ages for the 
strata investigated (Fang et al., 2008; Chang et 
al., 2008; Pang et al., 2004; Wang et al., 2007). 
Therefore, we reject this correlation based on 
poor fi t and previous work.
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Age of Strata

Magnetostratigraphic correlation of the NE 
section with the GPTS places absolute ages 
on the map units. The base of unit 1 is ca. 
5.2 Ma, based on our approximated correlation 
of the base of N1 with the GPTS reversal at 
5.23 Ma. This correlation can only be deemed 
approximate because of the uncertain reversal 
(gray magnetozone) at the base of N1 (Fig. 9). 
This reversal is uncertain because two samples 
from the lowest site produced clear remanence 
directions but without a clear normal or reverse 
polarity (declination ~280°). Thus, we cannot be 
sure that there is a reversal to pin to the GPTS 
at this location, although placing a reversal there 
would provide consistent sedimentation rates. 
The contact between units 1 and 2 occurred at 
ca. 4.4 Ma, within the R4 magnetozone. Unit 1 
reappears from 3.6 to 3.3 Ma in the section, as 
the deltaic facies prograded northwestward and 
interfi ngered with unit 2. The change from unit 
2 (humid-lacustrine) to unit 3 (evaporite/playa 
lacustrine) occurred between 3.0 and 2.6 Ma, 
and the fi rst appearance of M6, which defi nes 
unit 3, occurred at 2.6 Ma (the reversal between 
R8 and N8). The top of the section is ca. 0.8 
Ma. The top cannot be younger than 0.78 Ma, 
because the highest samples show a reverse po-
larity, and chronozones younger than 0.78 lie 
within the normal Brunhes chronozone. Overall, 
the strata analyzed span 4.4 m.y. (5.2–0.8 Ma) 
with signifi cant stratigraphic changes occurring 
at 4.4 Ma and 2.6 Ma.

Sediment Accumulation Rates

Sediment accumulation rates were calculated 
by plotting the depth of each magnetostrati-
graphic reversal against its correlated age and 
fi tting a least-squares regression to consistent 
(linear) sections of data. For completeness, both 
paleomagnetic correlations are plotted in Figure 
9, although for the reasons defi ned already (i.e., 
the alternative correlation places all strata older 
than Quaternary and the base of unit 3 is pinned 
at ca. 2.6 Ma), we conclude that our preferred 
correlation is correct (Fig. 9). Errors are two stan-
dard deviations from the mean. The accumula-
tion rates are not corrected for postdepositional 
compaction, because the samples were never 
deeply buried, and hyperarid conditions suggest 
that early cementation is likely such that standard 
porosity-versus-depth curves would be inappli-
cable. Furthermore, our data imply that sedimen-
tation rates are generally higher for deeper strata, 
in contrast to that expected due to compaction. 
Nevertheless, rates presented here are minima, 
although we consider compaction effects to be 
insignifi cant for interpretation of the section.

Units 1 and 2 (0–1145 m) display remark-
ably consistent sedimentation rates of 474 ± 
34 m/m.y. (Fig. 10) and are similar to sedimenta-
tion rates from the Pliocene determined at other 
locations within the Qaidam Basin (Liu et al., 
1998; Fang et al., 2008; Zhang et al., 2012a). 
After 3.0 Ma, rates decrease abruptly to 154 ± 
40 m/m.y. This decrease is coincident with the 
appearance of growth strata and marks the initia-
tion of the lithofacies 2–3 transition. Sedimenta-
tion rates remain relatively low until ca. 1.2 Ma in 
unit 3 (evaporite lithofacies), when rates increase 
to 730 ± 325 m/m.y. The large error associated 
with this rate is the result of the short duration 
and low number of reversals for this section. 
Nevertheless, the data defi ne an abrupt increase 
in rates after 1.2 Ma, very similar to the results 
from the Chahansilatu playa drill core located 
80 km west of our measured section (Zhang et 
al., 2012a), where sediment accumulation rates 
nearly doubled from 261 m/m.y. to 438 m/m.y. 
after 1.0 Ma. The alternative correlation shows 
remarkably consistent sedimentation rates. No 
clear change, however, is associated with litho-
facies boundaries, as might be expected when 
changing from a fl uvial to lacustrine setting. 
Moreover, the alternative correlation does not 

overlap with the ages from the Chahansilatu 
playa, despite expected stratigraphic correlation 
between the tops of both sections.

Oxygen and Carbon Isotopes

Calcareous micrite and calcareous cement 
samples were collected from units 1–3 (Fig. 
11). Samples from 0 to 1145 m (units 1–2) 
yielded average δ18O values of −6.8‰ (n = 
33, σ = 1.5‰) and δ13C values of −4.7‰ (n = 
33, σ = 1.1‰). At ~1100 m, ~140 m below the 
unit 2–3 transition, isotopic values of both δ18O 
and δ13C shift toward more positive values and 
show greater variability. This stratigraphic level 
equates to 3.1 Ma based on our paleomagnetic 
correlation. These changes in isotope values are 
consistent with the depositional facies changes 
that include wind defl ation features (i.e., paleo-
yardangs), lacustrine wet-dry sequences, and 
abundant gypsum layers. Samples from unit 3 
yielded average δ18O values of -2.5‰ (n = 24, 
σ = 3.9‰) and δ13C values of -1.5‰ (n = 24, 
σ = 1.9‰).

The variability and general trend toward more 
positive δ18O and δ13C values are interpreted to 
record changes in the isotopic composition of 
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the meteoric/soil water from which the carbon-
ate precipitated. This interpretation is based on 
the observations that (1) samples show little 
sign of diagenetic alteration from interaction 
with fl uids, (2) the increase in variability is near 
the top of the section, and (3) extreme values 
do not correlate with any particular lithofacies. 
We interpret more positive δ18O values near the 
top of the section to represent periods with high 

evaporation and greater aridity. This interpreta-
tion is also consistent with the carbon isotopic 
record. Plants preferentially uptake 12C during 
photosynthesis in lakes, resulting in an increase 
in the δ13C values in the surrounding dissolved 
inorganic carbon (DIC) pool, as well as in car-
bonate that precipitates from productive waters 
(McKenzie, 1985; Drummond et al., 1995). 
Positive δ13C values like those recorded near 

the top of the section in unit 3 are consistent 
with values observed in highly productive brine 
lakes (e.g., Katz and Kolodny, 1977; Stiller et 
al., 1985). Another possible mechanism for in-
creased δ13C values in lacustrine carbonates is 
bacterial methanogenesis during early diagen-
esis of lake deposits (Talbot and Kelts, 1990). 
We do not view this as a viable mechanism to 
explain the trend toward more positive values 
because the trend to more positive values is 
gradual, deposits lack the high organic content 
that would promote bacterial methanogenesis, 
diagenetic features typically associated with 
bacterial methanogenesis, such as spar-fi lled 
pore spaces, are not observed, and extreme val-
ues (>4‰) associated with methanogenesis are 
not observed (e.g., Garzione et al., 2004). These 
data, coupled with our sedimentological and 
paleomagnetic investigation, provide an excel-
lent means for reconstructing the paleoclimate 
conditions for Pliocene–Quaternary time in the 
Qaidam Basin.

DISCUSSION

Stratigraphic Nomenclature 
and Geochronology

The Pliocene–Quaternary basin fi ll of the Qa-
idam Basin provides a rich record of changes in 
environmental conditions related to deformation 
and regional/global climate changes. Although 
many previous studies have focused on the geo-
chemical, magnetic, and paleontological details 
at individual locations (e.g., Liu et al., 1998; 
Fang et al., 2007, 2008; Chang et al., 2008; 
Zhang et al., 2012a, 2012b), very few studies 
have attempted to integrate data sets to provide a 
regional perspective (Wang et al., 2007; Zhuang 
et al., 2011a, 2011b). The result has been an 
inconsistent chronostratigraphy for the basin, 
particularly for the Pliocene–Quaternary strata 
(Table S1 [see footnote 1]). For example, the 
youngest strata in the basin comprise the Quater-
nary evaporite-lacustrine Qigequan Formation, 
interpreted to have formed in response to aridi-
fi cation of the region (e.g., Wang et al., 2007). 
The proposed age for the base of this formation, 
however, has varied between 2.6 and 1.8 Ma 
because this contact has been pinned to the 
Pliocene-Quaternary boundary, which itself has 
varied based on lack of general consensus (e.g., 
Pillans and Naish, 2004). Similar discrepancies 
are reported for the Pliocene Shizigou Forma-
tion, the basal age of which has been assigned a 
minimum of 5.3 Ma to a maximum 8.2 Ma, with 
very little discussion of potential time-transgres-
sive behavior or facies variability (Table S1 [see 
footnote 1]; Y. Wang et al., 2012; X. Wang et 
al., 2007; Song and Wang, 1993). Overall, age 
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discrepancies for these young strata have pre-
cluded inferences about tectonic and climatic 
infl uences on lithofacies changes within the Qa-
idam Basin.

This study provides one of the fi rst three-
dimensional lithofacies evaluations of 
 Pliocene–Quaternary Qaidam Basin strata. Our 
stratigraphic units can be placed within the re-
gional nomenclature, and they provide new, 
more-precise ages for the formation boundar-
ies. We place units 1 and 2 (0–1145 m) within 
the Pliocene Shizigou Formation, based on 
age (5.4–2.6 Ma) and lithofacies (marginal la-
custrine and lacustrine deposits; e.g., Chang et 
al., 2008). We note, however, that the Shizigou 
Formation in our section includes two distinct 
lithostratigraphic units (1 and 2) that display an 
interfi ngering relationship (Fig. 3), and the up-
per 100 meters of unit 2 is transitional into the 
evaporate-rich unit 3. The transitional zone spans 
0.4 m.y., and is included within the Shizigou 
Formation for this discussion. Thus, fi eld iden-
tifi cation of this formation may be complicated 
by multiple lithofacies. The overall Pliocene age 
of the Shizigou Formation, however, is consis-
tent with all previous descriptions of these strata 
(see Table S1 for references [footnote 1]).

The age of the lower contact of the Shizigou 
Formation remains undetermined in our study, 
because we did not recognize a clear forma-
tion boundary below the Shizigou strata. The 
lowest part of the NE section (unit 1) correlates 
stratigraphically with the Shang Youshashan 
Formation (14.9–5.3 Ma) within the Eboliang 
Anticline (Fig. 2; Chang et al., 2008; Wang et 
al., 2007). If unit 1 is part of the Upper Yousha-
shan Formation, then it must be time transgres-
sive, and get younger toward our section to the 
northeast, where it is as young as 3.3 Ma. This 
interpretation, however, is inconsistent with all 
published ages for the Shizigou Formation that 
claim the formation is at least 5.2 Ma (Table S1 
[see footnote 1]) and with recently published 
maps that place the entire study area within 
the Pliocene–Quaternary (fi g. 2 in Wang et al., 
2012). For simplicity, we prefer to assign unit 
1 to the Shizigou Formation based on age re-
lationships, but we recognize that lateral facies 
changes and time-transgressive strata could 
result in alternative scenarios, and may imply 
that the Shang Youshashan Formation is much 
younger (ca. 3.5 Ma) than previously deter-
mined (>5.2 Ma).

The upper part of the NE section is unequivo-
cally strata of the Qigequan Formation (Chang 
et al., 2008; Song and Wang, 1993). As noted 
above, the contact between the Shizigou and 
Qigequan Formations is transitional and spans 
~100 m between 1145 m and 1235 m. At 
1235 m (ca. 2.6 Ma), the fi rst appearance of 

gypsiferous shale within the strata provides un-
equivocal evidence for the evaporite-rich Qua-
ternary Qigequan strata at this location, and it 
is the basis for our formation boundary. This 
change from lacustrine to evaporite strata is 
widespread throughout the Qaidam Basin (Song 
and Wang, 1993; Rieser et al., 2005; Zhu et al., 
2006; Fang et al., 2007; Wang et al., 2012) and 
implies that the lithofacies change was not a lo-
cal event but rather a basinwide event due to an 
overall increase in aridity between 3.1 Ma and 
2.6 Ma in the region.

Controls on Sedimentation in 
the Qaidam Basin

One of the overarching focuses of this study 
is to differentiate the climatic versus tectonic 
effects on sedimentation within the Qaidam 
Basin. To this end, new detailed stratigraphic 
and sedimentologic analyses combined with 
magnetostratigraphic age control and structural 
observations provide evidence for the tempo-
ral relationships between distinct climatic and 
tectonic events. Despite the fact that this study 
focused on only one location within the basin, 
our data provide a new interpretation of the Qa-
idam Basin paleogeography over the last 5 m.y. 
(Fig. 12) and provide invaluable insight into the 
potential linkages among climate change, basin 
deformation, and sedimentation.

Extrabasin Deformation as a Control on 
Qaidam Basin Deposition (5.2–3.1 Ma)

Although sedimentation within the Qa-
idam Basin was continuous for much of the 
Cenozoic, our section begins near the core of 
a  northwest-southeast–trending anticline at 
5.2 Ma. From at least 5.2 Ma to 4.4 Ma, sedi-
mentary facies were dominated by mud-fl at and 
overbank mudstone and shale, with meandering 
fl uvial channels that show paleofl ow toward the 
northeast (Fig. 12A). The fl uvial system through 
this part of the basin likely originated within fans 
to the south fl anking the Kunlun Shan and fed 
a lacustrine depocenter northeast of our study 
locality in the northern Qaidam Basin adjacent 
to the Qilian Shan (fi g. 13F in Yin et al., 2008). 
After 4.4 Ma, lacustrine sedimentation shifted 
to the southwest of the study section, and pa-
leofl ow reversed direction and entered the lacus-
trine setting from the northeast (Fig. 13B). This 
shift in depocenters is clearly observed in iso-
pach maps of the Upper Youshashan (late Mio-
cene) and Shizigou (Pliocene) Formations (fi g. 
4 in Zhu et al., 2006; fi gs. 13F and 13G in Yin 
et al., 2008), and in the paleocurrent directions 
observed in this study (Fig. 5). We speculate 
that subtle uplift on currently inactive roof du-
plex structures (fi g. 13 in Yin et al., 2008) in the 

northern Qaidam Basin just south of the Qilian 
Shan around 4.4 Ma may have shifted the dep-
ocenter southward, causing a reversal in paleo-
current and a shift in provenance from the south 
to the north (Fig. 12B). Floodplain lithofacies 
M1 disappears from the strata at 4.5 Ma and is 
coincident with the fi rst appearance of gypsum, 
suggesting a subtle change to a closed, lacus-
trine depositional system during the depocenter 
reorganization after 4.4 Ma. Overall, lithofacies 
changes at ca. 4.4 Ma are not linked to changes 
in δ18O within global or local records, and the 
most likely cause of these changes is attrib-
uted to deformation and rock uplift along the 
northeastern margin of the Qaidam Basin. This 
tectonic deformation, however, did not lead to 
activation of the intrabasin folds in our study 
region (Fig. 2).

Isotope Stratigraphy as Evidence for Climate 
Change at 3.1 Ma

Authigenic carbonate in lacustrine and pedo-
genic environments provides a reliable means 
of understanding the δ18O of the meteoric water 
from which carbonate precipitated. The δ13C 
values track the dissolved inorganic carbon 
(DIC) composition of lake water (e.g., McKen-
zie, 1985) and the plant-respired CO

2
 composi-

tion of soils (Cerling et al., 1993). Between 5.2 
and 3.1 Ma, both δ18O (average: −6.8‰, range: 
−4‰ to -10‰) and δ13C (average: −4.6‰, 
range: −8‰ to -2‰) remain relatively consis-
tent (Figs. 11 and 13). During this time, atmo-
spheric CO

2
 concentrations were 30% higher 

than modern postindustrial values, and mean 
surface temperatures were ~3 °C warmer (Van 
der Burgh, 1993; Raymo et al., 1996; Ravelo 
et al., 2004; Pagani et al., 2010). At 3.1 Ma, 
although δ13C values remain the same, δ18O 
values shift to more positive values (average: 
-2.5‰) and become more variable (range: 
−8‰ to 4‰). Our lacustrine carbonate δ18O 
values are consistent with marine records that 
shift toward more positive and variable values 
at approximately the same time, and with an 
increase in dust fl ux into the Pacifi c, implying 
drier and dustier conditions after 3.6 Ma (Fig. 
13). This shift in lacustrine carbonate values is 
most simply explained by increased evaporation 
due to more arid conditions (e.g., Talbot, 1994). 
This interpretation is consistent with multiple 
proxy data sets suggesting that the late Plio-
cene “climate crash” had begun by ca. 3.0 Ma, 
resulting in a cooler and more arid climate 
in central Asia (e.g., Thunell and Belyea, 
1982; Dwyer et al., 1995; Ravelo et al., 2004; 
H.-P. Zhang et al., 2012). Global climate change 
toward cooler, drier conditions may have pro-
duced the arid conditions observed (Zheng et 
al., 2010; H.-P. Zhang et al., 2012).
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The dramatic δ18O shift at 3.1 Ma, which was 
likely caused by a change to more arid condi-
tions and increased evaporation near that time, 
is consistent with observed facies changes at the 
study location. At 3.0 Ma (1145 m), less than 
100,000 yr after the δ18O shift, lithofacies change 
from calcareous, well-cemented, continuous 
shale beds (M3) to mottled, discontinuous, shale 
and mudstone (M5). By 2.6 Ma (1235 m), the 
strata are dominated by evaporite-rich mudstone 
and shale. This lithofacies transition implies a 
change from shallow, possibly freshwater lacus-
trine deposition to evaporite conditions that oc-
curred over ~500,000 yr, and is consistent with 
global climate records that show climate cooling 
between 3.6 and 2.6 Ma (Fig. 13). Moreover, the 
time scale of lithofacies transition (3.1–2.6 Ma) 
overlaps with climate records on the Chinese 
Loess Plateau, where between 3.6 and 2.6 Ma 
the Red Earth Formation was deposited under 
more humid conditions than today (Hao and 
Guo, 2004). Together, δ18O values combined 
with lithofacies changes suggest that climate 
was the primary control on lacustrine deposi-
tion after 3.1 Ma, although rain-shadow effects 

due to plateau uplift could have enhanced the 
climate signal (Poage and Chamberlain, 2001; 
Quade et al., 2011; Bershaw et al., 2012).

Tectonic Partitioning of the Qaidam Basin 
after 3.0 Ma

Growth strata appear in the section at 3.0 Ma, 
~80 m above the observed isotope shift and only 
30 m after the climate-controlled lithofacies 
change to M5 deposition. As noted in the results 
section, however, these growth strata represent 
a minimum age, as older growth strata lower in 
the section may have been eroded during growth 
of the fold. Therefore, growth of the studied 
intrabasin fold may be synchronous with the 
observed facies changes or isotopic shifts. How-
ever, it is unlikely that initial fold growth would 
have affected the lacustrine depocenter, and this 
study yielded no evidence for a paleocurrent 
shift until after 2.6 Ma.

After 2.6 Ma (1245 m), fold development 
clearly affected the basin deposition. Paleocur-
rent indicators from deltaic fl uvial deposition 
changed from southwest directed to south-
southeast, more parallel with fold orientation 

and consistent with valley-parallel paleocur-
rents. Topographic development of the anticline 
may have forced the paleocurrents to shift to a 
subparallel alignment along the lacustrine dep-
ocenters located in the evolving synclines (Fig. 
12C). The observed sedimentation rate decrease 
at 2.6 Ma (1245 m) likely resulted from loss 
of accommodation space above the fold fl ank. 
Paleoyardangs fi rst appear at 2.4 Ma (1265 m) 
and imply that portions of the basin fl oor must 
have been differentially uplifted enough to be 
affected by wind processes. The high frequency 
of periodic gypsum matt deposition after 
2.4 Ma is most simply explained by small, 
closed-basin, lacustrine depocenters that have 
been partitioned and cut off from the remainder 
of the basin. Smaller basins facilitate total desic-
cation and precipitation of evaporate minerals. 
Overall, although δ18O and δ13C show a marked 
shift at 3.1 Ma, the paleocurrent directions seem 
to be more strongly infl uenced by structurally 
controlled depocenters from 2.6 to 1.2 Ma than 
by regional climate variability (e.g., precipita-
tion patterns). Together, paleocurrents, evidence 
for localized surface uplift and erosion (e.g., 
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Figure 12. Paleogeographic map of the study area for each specifi c time interval and lithofacies association. (A) During the early Pliocene, 
low-gradient meandering river systems fl owed northeast, likely toward a depocenter in the northern Qaidam Basin. (B) At 4.2 Ma, the drain-
age patterns reversed, lacustrine sediments were widespread in the central Qaidam Basin, and rivers fl owed southwest from the Qilian Shan 
and deposited deltaic sediments in the freshwater lakes in the central Qaidam Basin. (C) By 3.0 Ma, aridifi cation combined with uplift of the 
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structures. (D) After 1.2 Ma, yardangs and paleosols periodically covered anticlinal crests and fl anks during lake lowstands. (E) Present-
day geography of the study area. Paleocurrents observed in the lacustrine sediments may refl ect wind directions, and yardang fi elds are 
ubiquitous around the margins of the localized depocenters. Notice the extremely localized depocenters adjacent to the anticline crests.
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 paleoyardangs), and increased evaporite fre-
quency that postdate growth strata provide com-
pelling evidence for a strong (but local) tectonic 
control on basin sedimentation.

Post–2.6 Ma Climate Cycles
Depositional facies changes that include wind 

defl ation features, lacustrine wet-dry sequences, 
and abundant gypsum layers increase toward 
the present. We speculate that the high variabil-
ity in the O- and C-isotopes in the post–2.6 Ma 
Qigequan Formation is in phase with glacial-
interglacial cyclicity, although our record was 
not sampled at the resolution needed to identify 
marine oxygen isotope stages correlating with 
Quaternary Northern Hemisphere glaciations. 
Based on our preliminary assessment, the fre-
quency of gypsum beds and/or paleosols (lake-
level lowstands) may be controlled by oribitally 
controlled climate forcing.

Sedimentation rates within the Qigequan 
formation increase from ~150 m/m.y. to 
~750 m/m.y. at 1.2 Ma, near the mid-Pleisto-
cene transition.  The mid-Pleistocene transi-
tion marks a change from obliquity–dominated 
(40,000 yr) climate cycles to eccentricity–
dominated (~100,000 yr) cycles (Fig. 13; Clark 
et al., 2006; Raymo et al., 2006).  After 1.2 Ma, 
less frequent but more extreme climate fl uctua-
tions may have caused near-total desiccation of 
the Qaidam lakes, which would have promoted 
rapid evaporite sedimentation during the dry 
(and potentially windier) glacial periods. This 
hypothesis is supported by the increase in gyp-
sum mats in the upper part of our section. Gyp-
sum bed frequency increases at ca. 1.6 Ma from 
one bed every 34 m to one bed every 9.4 m. 
After 1.6 Ma, a frequency of one gypsum bed 
every 9.4 m corresponds to a time interval be-
tween gypsum mats of only 13,000 yr (note 
the 40% error on rates) given a 730 m/m.y. 
sediment accumulation rate. Nevertheless, the 
gypsum mat frequency suggests that hyperarid 
conditions were persistent in the Qaidam Basin 
after 1.2 Ma. Although paleocurrents and dep-
ocenter locations seem to be controlled by the 
basin structures, the cyclicity observed within 
our strata is most likely controlled by orbital 
climate cycles that controlled lacustrine levels 
after this time.

The cause of the rapid increase in sedimen-
tation rates observed after 1.2 Ma may be ex-
plained by localized depositional environments 
and an extremely windy climate. Dust fl ux 
would presumably be highest during the dri-
est periods—those controlled by 100,000 yr  
eccentricity—and thus rapid sedimentation 
would be promoted both within local basin dep-
ocenters as well as on the Chinese Loess Plateau. 
Loose lake sediments on the exposed basin fl oor 

would have been transported out of the basin, 
except where trapped in local depositional traps 
between the growing anticlines within the basin. 
Thus, entrapment of eolian sediments in local-
ized depocenters combined with rapid evaporite 
precipitation in dry, mid-late Pleistocene condi-
tions could have produced the high sedimenta-
tion rates observed after 1.2 Ma (Fig. 12D), but 
only in very localized depocenters within the 
Qaidam Basin (such as the top of the NE section 
within a syncline axis in this study; Fig. 2). Prior 
to 1.2 Ma, obliquity-dominated (40,000 yr) 
climate cycles dominated the climate in the Qa-
idam Basin, and dust fl ux was lower into the 
Pacifi c (Rea et al., 1998); lake levels may have 
remained higher or had less time to desiccate, 
and hence there was less dust available to be de-
posited and transported.

The paleogeography for the region since 
1.2 Ma has likely been relatively constant. La-
custrine depocenters have been confi ned to the 
synclinal depressions between anticlines, and 
strata are defi ned by lacustrine parasequences 
bounded by subaerial paleosols and salt crusts 
that formed during frequent desiccation of the 
lake bed. These locations are also the locations 
of playa and lacustrine depositional settings 
today (Figs. 12D–12E). Yardangs exposed at 
the surface presently are associated with the 
uplifted anticline crests and fl anks. Active de-
position occurs only in the depressions between 
the active structures, whereas wind defl ation is 
greatest along the hinges of the regional-scale 
anticlines (Kapp et al., 2011).

Paleoyardangs as a Proxy for Rock Uplift 
and Climate Change

Yardangs are ubiquitous features in desert en-
vironments, but they have rarely been described 
within eolian and sabkha deposits within the 
stratigraphic record (Fryberger, 1986; Tewes 
and Loope, 1992; Jones and Blakey, 1993). The 
paucity of documented paleoyardangs in the 
global stratigraphic record is perplexing, but it 
may be explained by the three-dimensional anal-
ysis of the stratigraphy that is required to iden-
tify these stratigraphic features. Paleoyardangs 
must be interpreted in at least three dimensions, 
but the typical stratigraphic section is only one 
(borehole) or two (outcrop face) dimensional. 
Any one-dimensional section through a yard-
ang would be interpreted simply as an angular 
unconformity or disconformity, depending on 
the section measured, but not as a paleoyard-
ang. Furthermore, paleoyardangs may be carved 
into, and subsequently buried by, sedimentary 
rocks of very similar lithology (lacustrine in this 
case of the Qaidam Basin), which may compli-
cate the observation of any unconformity either 

in outcrop or seismic data. Without excellent 
three-dimensional exposures, these features 
would be missed or simply explained as uncon-
formities, cut-and-fi ll structures, or paleosols.

The identifi cation and description of paleo-
yardangs are critical for interpreting paleo-
climate, including paleo–wind directions and 
aridity, and rock uplift. For example, the paleo-
yardangs discussed here are aligned north-south, 
~45° offset from the present yardang lineation 
and surface wind direction toward the southeast 
(Fig. 6). The reason for this apparent change is 
unknown, but it may be due to rotation of the 
paleoyardang along the active anticline fl ank 
or to differences in wind patterns during times 
of continental glaciations, when wind defl ation 
was likely the greatest (Ganopolski et al., 1998; 
Clark et al., 1999). Nevertheless, paleoyardangs 
are associated with lake-level lowstands and pa-
leosol formation, implying that lake levels may 
have been at minima (i.e., shallow localized sa-
line lakes and salt marshes similar to today). In 
addition, defl ation of the basin fl oor and forma-
tion of paleoyardangs require differential eleva-
tions of the basin fl oor, caused by uplift above 
active structures. The repeated occurrence of 
paleoyardangs within a stratigraphic section 
could thus be used to interpret changing climate 
cycles, regional wind patterns, and tectonic up-
lift, and they represent an under-utilized record 
of climate change and tectonics for comparison 
with other records such as the alternating loess/
paleosol stratigraphy of the Chinese Loess Pla-
teau (Porter, 2001; Kapp et al., 2011).

Implications for a Sediment Source for 
the Loess Plateau

The stratigraphic record presented here con-
tains compelling evidence for aridifi cation 
at 3.1 Ma based on shifts in the δ18O values 
of carbonate, basin partitioning beginning at 
3.0 Ma based on growth strata, and basinwide 
change to the Qigequan Formation evaporites at 
2.6 Ma. Most striking, however, is the appear-
ance of paleoyardangs, and the associated wind 
erosion, in the stratigraphic record at 2.4 Ma. 
The Qigequan strata are associated with alter-
nating paleosol/lacustrine sequences that sug-
gest fl uctuating lake levels after 2.6 Ma. Periodic 
subaerial exposure after 2.6 Ma, combined with 
continued uplift of the intrabasin structures, cre-
ated an environment conducive to erosion of 
the friable, lacustrine strata. Because the Qa-
idam Basin is internally drained, is topographi-
cally isolated by surrounding mountain ranges, 
and is partitioned into local depocenters, the 
only viable mechanism for sediment removal 
from the basin is by wind (Fig. 1). Geological 
cross sections have shown that up to 3000 m of 
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Pliocene– Quaternary lacustrine strata must have 
been removed from some areas of the Qaidam 
Basin since the start of the Quaternary (Kapp et 
al., 2011). Our observations of paleoyardangs 
in the Qaidam Basin imply a minimum onset 
age for large-scale wind erosion by 2.4 Ma, be-
cause paleoyardangs may be present elsewhere 
in the basin at lower (older) stratigraphic levels. 
Although eolian dust deposited on the Chinese 
Loess Plateau has been intermittent since 22 Ma, 
all documented Chinese Loess Plateau sections 
show a dramatic increase in sedimentation after 
2.6 Ma (Fig. 13; Heller and Liu, 1982; Burbank 
and Li, 1985; Kukla, 1987; Ding et al., 1999; 
Sun et al., 1998; Guo et al., 2002; Hao and Guo, 
2004). In fact, sedimentation rates on the Chi-
nese Loess Plateau have continuously increased 
since ca. 2.6 Ma, including an ~20% increase 
at ca. 1 Ma, consistent with our observations of 
increased aridity and differential uplift of the 
Qaidam Basin fl oor (Sun et al., 1998). The ex-
tensive desiccation of the Qaidam Basin fl oor, 
erosion of uplifted friable lacustrine strata, and 
coeval threefold increase in sedimentation rates 
on the Chinese Loess Plateau are an unlikely co-
incidence, and we suggest that the Qaidam Ba-
sin was a major source for the loess accumulated 
on the Chinese Loess Plateau during Quaternary 
time. This hypothesis is consistent with detrital 
zircon provenance data from the Chinese Loess 
Plateau and Qaidam Basin (Pullen et al., 2011; 
Xiao et al., 2012).

CONCLUSIONS

The Qaidam Basin provides some of the 
best and most areally extensive exposures of 
 Pliocene–Quaternary lacustrine strata in the 
world. Our stratigraphic section spans 4.2 m.y. 
from 5.2 Ma to 0.8 Ma, and it contains evidence 
for lithologic and isotopic changes within the 
basin between 3.1 Ma and 2.6 Ma, coincident 
with global climate cooling and ice-sheet devel-
opment. At our study location between 5.2 Ma 
and 2.6 Ma, deposition was dominated by lake 
marginal and mud-fl at environments with fl uvial 
contribution (Shizigou Formation). A lithofacies 
change to more evaporite-rich strata closely fol-
lowed a positive shift in δ18O values, consistent 
with the change to more arid conditions in the 
region at 3.1 Ma. This lithofacies transition is 
nearly synchronous with the initiation of defor-
mation within the basin based on growth strata 
at 3.0 Ma. By 2.6 Ma, the strata are dominated 
by the evaporite lithofacies of the Qigequan 
Formation, and sedimentation rates decrease in 
the shallow, broad, localized lakes partitioned 
throughout the basin. After 1.2 Ma, a fi vefold 
increase in sedimentation rates, a threefold in-
crease in gypsum beds, and a shift to more posi-

tive δ13C values are contemporaneous with the 
mid-Pleistocene transition and represent locally 
confi ned depocenters above active synclines and 
depositional environments dominated by hyper-
arid conditions. After 2.6 Ma, erosion of the re-
cently exposed lacustrine strata above the active, 
intrabasin structures combined with lake-level 
fl uctuation produced unique sedimentary struc-
tures (paleoyardangs) within the stratigraphic 
record. The presence of paleoyardangs at 2.4 Ma 
implies that erosion of parts of the Qaidam Ba-
sin fl oor had initiated by that time, and may have 
provided the dominant source of eolian sedi-
ment for the Chinese Loess Plateau. Continued 
hyperarid conditions, especially after 1.2 Ma, 
promoted eolian erosion on the basin fl oor. 
Overall, our data suggest that climate change to 
more arid and fl uctuating conditions after 3.1 Ma 
controlled the depositional environment and 
lithofacies observed in the north-central Qaidam 
Basin, although deformation of the basin fl oor 
controlled the location of the depocenters.
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