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PREFACE 

Compiling a Pliocene-Quaternary climate record is complicated because Earth has 

experienced substantial climate variability over the past 5 million years, including a long-

term cooling trend (the Plio-Quaternary transition) as well as short-term cyclical climate 

fluctuations driven by orbital forcing. While benthic records of the effects of short-term 

variation within this transition are well documented, the effects of these variations are not 

well understood or well constrained for terrestrial settings. The purpose of this study is to 

investigate these short-term environmental impacts of the long-term climatic transition 

from the warm, wet, lake-dominated conditions of the Miocene epoch to the cold, dry, 

playa-dominated conditions observed within the Qaidam Basin today. The Qaidam Basin 

provides an ideal location for high-resolution sampling of high-elevation terrestrial Plio-

Quaternary deposition owing to the thick sections of exposed and preserved strata which 

represent shifting depositional environments within the basin during the past 5 million 

years.  

This project was completed in collaboration with Carmala Garzione and her 

students Lin Li and Rebecca Kreuzer from Rochester University in New York, and with 

Junsheng Nie and his students Lou Zeng and Qingda Su from Lanzhou University in 

China. Measurement and description of the stratigraphic section were completed by 

Richard Heermance, Lou Zeng and Lin Li. Samples were collected by Junsheng Nie, Lou 

Zeng and Qingda Su. Some samples were sent to Rochester University, where they were 

processed for stable isotope analysis by Rebecca Kreuzer.  

The rest of the samples were sent to CSU Northridge, where my contributions to 

this project began. I processed remaining samples for paleomagnetic analysis and 
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correlation to the GPTS. I also combined stratigraphy notes to create a composite 

stratigraphic column, and analyzed this stratigraphy for environmental patterns and lake 

level cyclicity. Finally, I also received the stable isotope data from Rebecca Kreuzer, and 

analyzed the δ18O data for climatic trends and cyclicity. This paper presents the results 

of the magnetostratigraphic geochronology, the sedimentological record, and the δ18O 

stable isotopic record to discuss the Qaidam Basin evolution as well as its associated 

climatic trends and its response to orbital forcing mechanisms. 

This submission includes a table of contents, an abstract, the main text of the 

paper, figures (Appendix A), tables (Appendix B), an extended discussion about orbital 

controls on climate cyclicity (Appendix C), a detailed discussion of what is known about 

lake evolution in the Qaidam Basin (Appendix D), a brief overview for 

magnetostratigraphic analysis of sedimentary rocks (Appendix E), and a detailed methods 

section (Appendix F).  
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ABSTRACT 

 

MAGNETOSTRATIGRAPHIC AND STABLE ISOTOPIC ANALYSIS OF PLAYA-

LACUSTRINE DEPOSITS IN THE QAIDAM BASIN, CHINA: IMPLICATIONS FOR 

CLIMATE-ENVIRONMENTAL CHANGES AND ORBITAL FORCING 

MECHANISMS DURING THE PLIO-QUATERNARY TRANSITION 

 

By 

Annelisa Ehret Moe 

Master of Science in Geology 

 

Recently deformed and exposed strata in the Qaidam Basin provide an ideal 

opportunity to study environmental changes and climate variations over the past few 

million years. This study presents new sedimentological descriptions, 

magnetostratigraphy, and δ18O data to investigate the timing of lake level fluctuations in 

the western Qaidam Basin since the middle Pliocene. Within the QC section, the study 

area for this project, approximately 740 m of mudstone, limestone, gypsum and halite 

provide a complete record of playa-lacustrine deposition. The lower 477 m were sampled 

for magnetostratigraphic and isotopic analysis. Magnetostratigraphy defines 9 

magnetozones that correlate between 3.6 Ma and 1.8 Ma. Sedimentary and δ18O data 

combined with our age model provides a history of environmental changes within the 
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basin. Prior to 3.33 Ma, QC deposition occurred in a gypsum and halite rich playa-

lacustrine setting. Between 3.33 Ma and 3.1 Ma, the QC section shows lacustrine 

deposition, corresponding to the Mid-Piacenzian warm period. Between 3.1 Ma and 3.0 

Ma, the QC section represents a gypsum rich shallow playa-lacustrine environment. After 

3.0 Ma, gypsum rich playa-lacustrine deposition persists until ~1.7 Ma, when shallow 

playa deposition is observed. A similar trend in the QH section to the north (a previous 

study area) indicates basin wide responses to global climatic events such as the Mid 

Piacenzian warm period and the Plio-Quaternary transition towards aridification. 

Limestone deposition within the QC section, which is concurrent with the deposition of 

calcareous sandstones in the QH section, also indicates a regional shift in the 

hydrogeologic setting, potentially involving tectonic deformation. 65 lake cycles and 88 

δ18O cycles indicate that the Plio-Quaternary climate record for the Qaidam Basin may 

have been influenced more by eccentricity modulated precession than by obliquity, 

contrary to benthic δ18O records. Our results suggest consistency between the 

stratigraphic and δ18O records and show that the local effects of global climate change are 

site specific, depending on the sensitivity of a location to environmental perturbations. 

This sensitivity is likely dependent on spatial variants (i.e. elevation, topography, etc.). 

The results also suggest early onset aridification in the Qaidam Basin, prior to the Plio-

Quaternary boundary. 



1 INTRODUCTION 

It is socially, economically and scientifically critical to understand Earth’s climate 

history in order to approach the environmental uncertainties associated with the currently 

warming climate. Earth has experienced substantial climate variability over the past 5 

million years, including a long-term cooling trend beginning ~ 5 Ma from the Miocene 

greenhouse conditions to the current icehouse conditions, a mid-Piacenzian (~3.3 – 3.0 

Ma) warm period within this cooling trend, and short-term cyclical climate fluctuations 

driven by orbital forcing (McClung et al., 2013; Salzmann et al., 2011; Zachos et al., 

2001). Although extensive global benthic δ18O records indicate that these short-term 

climate fluctuations were dominated by ~41 kyr obliquity cycles prior to 1.2 Ma, recent 

studies in the Tibetan Plateau suggest that ~100 kyr eccentricity cycles dominated the 

climate record during the late Miocene and early Pliocene (Lesiecki and Raymo, 2005; 

Riegel et al., 2015; Saadeh et al., 2015). If these preliminary findings from high-

elevation, arid, terrestrial settings are confirmed, interpretations of global climate change 

in terrestrial environments cannot rely exclusively on the deep marine record, but must 

take into account the site-specific impacts of orbital forcing. 

The purpose of this study is to investigate short-term environmental impacts 

during the long-term climatic shift from the warmer and wetter conditions of the Pliocene 

epoch to the cold, dry, playa-dominated conditions observed within the Qaidam Basin 

today (Kezao and Bowler, 1986; Wang et al., 2012). The Qaidam Basin provides an ideal 

location for high-resolution sampling of high-elevation terrestrial Plio-Quaternary 

deposition owing to the thick sections of exposed and preserved strata which represent 
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shifting depositional environments within the basin during the past 5 million years (Guo 

et al., 2015; Heermance et al., 2013; Riegel, 2015; Zhang et al., 2012).  

This work introduces a new record of environmental and climatic fluctuations in 

the Qaidam Basin from lithological descriptions and stable isotopic analyses. High 

resolution magnetic stratigraphy defines the geochronology for the strata within our study 

area and constrains the timing for shifts in both the lithology and the stable isotopic data. 

This geochronology allows for temporal correlation between data collected for this 

project and known global climatic events, such as wetter conditions and more negative 

δ18O values during the Mid-Piacenzian warm period, and increasingly dry conditions 

coupled with high  δ18O values following the Plio-Quaternary boundary at ~2.6 Ma 

(Salzmann et al., 2011; Zachos et al., 2001). The combination of detailed sedimentology, 

geochronology from magnetic stratigraphy, and δ18O stable isotope analysis provides a 

temporally continuous record of climatic and environmental cyclicity at high elevations. 

This reconstruction of the Pliocene-Pleistocene climate provides insight into the short-

term impacts of a long-term transition between warm-wet and cold-dry conditions, 

evidence to suggest which factors control short-term climatic cyclicity, and implications 

for tectonics and the onset of aridification in the Qaidam Basin, China.  
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2 BACKGROUND 

2.1 The Qaidam Basin 

 The Qaidam Basin, located in the Qinghai Provence along the northeastern 

margin of the Tibetan Plateau in China, is an internally drained intermontane depression 

that covers an area of ~120,000 km2 with a mean elevation of 2700 m (Figure 1A). The 

oldest strata in the Qaidam Basin formed ~53.5 Ma, indicating that the formation of the 

basin initiated during the Eocene (Wang et al., 2012). Tectonic activity in this region 

increased through the late Cenozoic, causing dramatic uplift and forming high relief 

between the Qaidam Basin and the surrounding mountains (Figure 1A): the Altyn Shan to 

the north, the Kunlun Shan to the southwest, and the Qilian Shan to the northeast 

(Craddock et al., 2011; Fang et al., 2007; Wang et al., 2012). This relief provides an ideal 

setting for high sediment flux into the basin, forming a nearly continuous stratigraphic 

record of regional environmental conditions within the basin (Chen et al., 2015).  

2.1.1 Qaidam Basin Lake Evolution 

During the warm and wet climatic conditions of the early – middle Miocene, the 

northwestern region of the Qaidam Basin contained a single massive lake, or a system of 

large lakes, with active shorelines near the surrounding mountains along the boundaries 

of the basin (Kezao and Bowler, 1986; Wang et al., 2012). The shift from greenhouse to 

icehouse conditions in the late Miocene to early Pliocene resulted in a trend towards more 

arid conditions which caused this large lake to slowly dwindle and shift southeast (Kezao 

and Bowler, 1986; Wang et al., 2012; Zachos et al., 2001). By the late Pliocene, the 

northern Qaidam Basin was host to multiple small playa lakes (Heermance et al., 2013; 
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Kezao and Bowler, 1986). The presence and repetition of interlayered strata consisting of 

calcareous mudstones and evaporite formation show frequent fluctuations in lake levels 

within these playa lakes and alternating short-term intervals of wet and dry conditions 

superposed on the long-term trend towards aridification (Heermance et al., 2013; Li et al., 

2013; Riegel, 2015; Wang et al., 2012).  

The mountains surrounding the Qaidam Basin form a rain shadow that 

accentuated the trend towards aridification, leading to the hyper-arid environment 

observed today (Sun et al., 2008; Wang et al., 2012). Most playa lake settings within the 

northern Qaidam Basin completely dried up in the Holocene (Kezao and Bowler, 1986, 

Wang et al., 2012). Current playa lake settings within the Qaidam Basin, shown in Figure 

1A, are highly saline and largely constrained to the karst zone in the southern region of 

the Qaidam Basin, north of Golmud (Lowenstein and Risacher, 2009; Zhang et al., 2015). 

The overall trend from a Miocene lake-dominated environment to the current playa-

dominated environment is consistent with the shift from warm-wet to cold-dry conditions 

observed in the global benthic records during this time, but the effects of short-term (104 

– 105 years) variation are not yet well understood or well constrained for terrestrial 

settings (Kezao and Bowler, 1986; Lesiecki and Raymo, 2005; Wang et al., 2012). 

2.1.2 Field Area: The QC Section of the Qaidam Basin 

Late Cenozoic stratigraphic deposition can be observed along the anticlinal flank 

of the QC section located at 37.7° N, 92.4° E in the northwestern margin of the Qaidam 

Basin (Figure 1A). Within the QC section, playa-lacustrine strata have been exposed by 

wind erosion and tectonic activity, and preserved by the hyper-arid environmental 
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conditions (Heermance et al., 2013; Rohrmann et al., 2013). The entire stratigraphic 

thickness exposed in the QC section, from the core of the anticline to the layer of active 

deposition, spans ~740 m. The QC section is a composite stratigraphic section, with a 

lower and an upper segment that overlap between 201 m and 226 m (Figure 1C). 

2.2 The Plio-Quaternary Climate Record 

2.2.1 Orbital Controls on Climate Cyclicity 

While there are many factors that influence climate such as the concentration of 

greenhouse gases, albedo and solar radiation, the frequency of climatic fluctuation is 

often controlled by orbital forcing mechanisms (Zachos et al., 2001). Three mechanisms, 

known collectively as Milankovitch Cycles, are eccentricity: 100 kyr and 400 kyr cycles, 

obliquity: 41 kyr cycles, and precession: 23 kyr cycles (Ruddiman, 2008; Zachos et al., 

2001). Each of these mechanisms controls the amount or distribution of solar radiation 

each hemisphere receives throughout the year. The dominant mechanism drives the 

frequency at which climate fluctuates on Earth (Berger et al., 2006; Ruddiman, 2008). 

Appendix D provides more details about orbital controls on climate cyclicity. 

2.2.2 The Global Benthic δ18O Climate Record 

There are two measurable stable isotopes of the oxygen atom, 16O and 18O 

(Riebeek, 2005; Rosman 1999). 16O is a lighter isotope than 18O, and 16O forms weaker 

bonds than 18O (Kendall and Caldwell, 1998). Earth is an efficient system, so H2
16O is 

preferentially evaporated, taking lighter oxygen out of the reservoir and subsequently 

leaving higher percentages of heavier oxygen behind (Riebeek, 2005). These shifts in 

abundance can be measured and applied to the following equation: 
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The δ18O of a reservoir is recorded in the sediment formed within that reservoir (Kendall 

and Caldwell, 1998). High δ18O values indicate an arid climate because a higher 

percentage of 16O is taken out of the reservoir through evaporation, increasing the relative 

amount of 18O left behind. Lower δ18O values indicate a wet climate because 16O is 

released back into the system, lowering the relative amount of 18O in the reservoir 

(Ruddiman, 2008). 

 The study of δ18O in marine sediments provide an extensive record of global 

climatic trends and fluctuations (Zachos et al., 2001). The benthic δ18O record for the past 

4 million years (Figure 2A) defines the general trend of the Plio-Quaternary transition 

towards more cold and arid climatic conditions, and it recognizes individual short-term 

climate cycles throughout this time (Zachos et al., 2001). The benthic record shows ~100 

kyr eccentricity dominant cycles during the past 1.2 million years (Figure 2B). Prior to 

this time, climatic fluctuations were dominated by ~41 kyr obliquity cycles (Figure 2A; 

Lesiecki and Raymo, 2005). 23 kyr precession cycles can also be seen throughout the 

past 4 million years, but the strength of this precession signal is weak compared to the 

obliquity signal in this benthic data (Lesiecki and Raymo, 2007). Therefore, obliquity is 

the driving force that controls the climate cycle frequency in the benthic record prior to 

2.1 Ma (Zachos et al., 2001; Lesiecki and Raymo, 2007). This global benthic δ18O record 

is extensive; however, in order to attain a thorough understanding of the global climate 

record, these marine records must be combined with terrestrial data. 
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2.2.3 The Preliminary Terrestrial δ18O Climate Record 

 Preliminary stable isotopic analyses have been conducted in the Tibetan Plateau 

and the northwestern margin of the Qaidam Basin. These studies suggest 100 kyr climate 

cycle frequency as early as 4 Ma (Riegel et al., 2015; Saadeh et al., 2015). Figure 2C 

shows a frequency analysis of Qaidam Basin δ18O data that identify 125 kyr cycles, with 

possible secondary 19 kyr and 41 kyr signals (Riegel et al., 2015).  Within the Qaidam 

Basin, there is also evidence for the onset of aridification as early as 3.9 Ma, prior to the 

Plio-Quaternary Boundary (Riegel, 2015). This indicates that a high-elevation, high-relief 

terrestrial setting may be particularly susceptible to the effects of global aridification, 

owing to sensitivity to different orbital forcing mechanisms (Berger et al., 2006; Riegel, 

2015; Ruddiman, 2008; Saadeh et al., 2015).  
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3 METHODS 

3.1 Field Work  

Field work in the QC section of the Qaidam Basin was conducted during three 

field seasons between May 2015 and December 2016. A 540-m-thick section was 

measured and described near the core of the anticline (Figure 1C). An additional ~200 m 

above this measured section were estimated and inferred to be similar material to that 

observed at the top of the measured section. Detailed descriptions of these ~200 m could 

not be made due to the presence of a thick gypsum crust. The layer of active deposition 

was identified at ~740 m. Between 0 and 477 m, 330 samples were collected for 

paleomagnetic and stable isotopic analyses, with an average sample spacing of ~2.5 m.  

3.2 Magnetic Stratigraphy and Temporal Correlation 

290 of the 330 collected samples were cut and processed for paleomagnetic 

signatures. These samples were initially processed with alternating steps of Natural 

Remnant Magnetization (NRM) and low temperature liquid nitrogen demagnetization 

(Borradaile et al., 2004; Opdyke and Channell, 1996). Then the samples were processed 

for Alternating Field (AF) demagnetization at 25 - 200 oersteds (oe), and for Thermal 

(TT) demagnetization at 150° - 530° C (Opdyke and Channell, 1996). All samples began 

to show high processing errors due to low magnetization by ~500° C, and were 

sufficiently demagnetized by ~530° C.  The paleomagnetic data were analyzed using the 

methods of Kirschvink (1980) to identify each sample as either normal (north and down) 

or reverse (south and up), and to categorize each sample as either robust, tentative, or 

uninterpretable. Detailed methods for paleomagnetic analysis are in Appendix F. 
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Expected values for the samples collected in the in the QC section were 

determined to be declination = 0° and inclination = 56.9° for normal polarity, and 

declination = 180° and inclination = -56.9° for reverse polarity; see Appendix E for 

calculations (Opdyke and Channell, 1996). Samples with robust signatures showed two 

magnetic components (primary and viscous), and they generally had stratigraphic 

declination and inclination values that were within 10° of expected values with a Mean 

Angle of Deviation (MAD) value ˂ 10. Samples with tentative signatures showed two 

magnetic components, and they generally had stratigraphic declination and inclination 

values that were within 20° of expected values with an MAD value ˂ 20. Samples that 

did not meet these criteria were considered uninterpretable. The inclination and 

declination for samples with interpretable signatures were used to produce the QC 

magnetic stratigraphy, which was correlated to the geomagnetic polarity time scale 

(GPTS) to identify absolute ages for the stratigraphic height of each identified magnetic 

reversal event, and to determine an age range for the entire QC section (Gradstein et al., 

2004).    

3.3 The Stratigraphic Record 

Four major depositional environments were recognized within the QC section. A 

playa lake depositional environment contains very shallow subaqueous deposition in an 

environment where evaporation is much greater than inflow, represented in the 

sedimentological record by mudstone with a high concentration of evaporitic material 

(Aref et al., 1997; Li et al., 2013). A shallow lake contains shallow subaqueous 

deposition in an environment where evaporation is slightly greater than inflow, 

represented by mudstone with a low concentration of evaporitic material (Pietras and 
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Carroll, 2006). A deep lake contains deep subaqueous deposition in an environment 

where inflow is greater than evaporation, represented by mudstone deposition (Ma et al., 

2016). Finally, nearshore or shoreline deposition contains shallow subaqueous and fluvial 

deposition, represented by mudstone with a low concentration of evaporitic material, 

occasional fine sandstone with internal structures, as well as limestone that occasionally 

forms as stromatolites or oolites (James and Dalrymple, 2010; Miall, 2013).  

Five distinct stratigraphic units were identified within the composite stratigraphic 

QC section, representing shifts in the depositional environment of the Qaidam Basin 

(Pietras and Carroll, 2006). Lake level fluctuations were interpreted within the 

stratigraphic record when a mudstone layer transitions to an evaporite rich mudstone 

layer (<50% evaporitic material) and then back into a mudstone layer, indicating shifts 

between deep (mudstone) and shallow (evaporite rich mudstone) lake levels (Ma et al., 

2016; Pietras and Carroll, 2006).  Lake level fluctuations were also identified when any 

mudstone dominant layer is capped by an evaporite layer that contains more that 50% 

evaporitic material (Aref et al., 1997; Li et al., 2013). Application of the 

magnetostratigraphic geochronology to the stratigraphic column can be used to calculate 

average sedimentation rate between each reversal event as well as the timing of lake level 

cyclicity and the age for significant environmental changes.  

3.4 The Stable Isotopic Record 

221 of the 330 collected samples were processed for oxygen isotopic analysis 

relative to Vienna Standard Mean Ocean Water (VSMOW), which has a value of 0 0/00 

(Brand et al., 2009). Values greater than 0 0/00 (high δ18O values) represent high levels of 
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evaporation, which indicates relatively arid conditions (Kendall and Caldwell, 1998; 

Ruddiman, 2008). Values less than 0 0/00 (low δ18O values) represent an inflow of 16O-

rich water and low levels of evaporation, which indicates relatively wet conditions 

(Kendall and Caldwell, 1998; Ruddiman, 2008). High amplitude fluctuation between the 

lowest and highest δ18O value indicate more dramatic environmental shifts, whereas low 

amplitude fluctuations indicate more stable conditions (Zachos et al., 2001). Based on 

these assumptions, shifts in the δ18O record can be interpreted as change in regional 

climate during the time of sediment deposition within the Qaidam Basin (Kendall and 

Caldwell, 1998).  The δ18O data were correlated to the magnetostratigraphic 

geochronology, then analyzed both visually and statistically for overall climatic trends 

and for climate cycle frequency.  
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4 RESULTS 

4.1 Sedimentology of the QC Section 

 The composite stratigraphic column for the QC section is dominated by 

mudstones and gypsum-rich mudstones, with interbedded evaporite and limestone layers, 

as well as occasional sandstone beds and lenses (Table 1; Figure 3).  

4.1.1 Mudstones 

 M1 is a massive yellowish grey (5Y 7/2) calcareous siltstone which weathers to a 

brownish pink color (Figure 4A). M1 beds are laterally continuous with a common 

bedding thickness of 2 - 5 m, though they vary between 1 m and 15 m. The massive 

bedding in M1 layers indicates bioturbation likely by ostracods (Platt, 1992). M2 is a 

mottled light brownish grey (5YR 6/1) calcareous siltstone with interbedded 1 mm 

oxidized layers that range from red to orange-brown in color (Figure 4B). M2 beds are 

commonly 2 – 4 m thick and laterally continuous with horizontal lamination. Both of 

these mudstones are made up of very well sorted silt size grains, likely transported by 

aeolian processes, and they represent subaqueous deposition in a deep, low-energy, 

oxidizing, offshore lacustrine environment (James and Dalrymple, 2010; Ma et al., 2016; 

Wang et al., 2012). Thick mudstone layers indicate prolonged wet conditions, whereas 

thin layers likely represent short-term wet conditions within a generally dry period (Ma et 

al., 2016; Moy et al., 2002; Zachos et al., 2001). 

4.1.2 Gypsum Rich Mudstones 

 M1/Y consists of massive siltstone (see M1 description above) containing in-situ 

grey chipped gypsum crystals that are 1 – 3 cm in diameter and spaced 3  – 10 cm apart 
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(Figure 5A). Overall, these strata contain less than 50% gypsum with increasing gypsum 

concentration up-section within the layer. The base of M1/Y beds are gradational with 

M1 beds, whereas the tops have sharp contacts with overlying beds of gypsum, halite or 

M1. M2/Y has similar characteristics as M1/Y, but it contains M2 rather than M1 

siltstone (Figure 5B). Gypsum rich mudstones represent subaqueous deposition in a 

shallow lacustrine environment (Aref et al., 1997; Pietras and Carroll, 2006). The 

presence of an M1/Y or M2/Y layer indicates a gradual drop in lake levels followed by a 

rapid rise in lake levels (Li et al., 2013; Ma et al., 2016; Wang et al., 2012). Larger 

gypsum clasts within these layers indicate highly saline brine, and longer crystal 

formation time due to prolonged shallow lacustrine deposition (Aref et al., 1997; Magee 

et al., 1995; Schreiber and Tabakh, 2000).  

M3 is a highly calcareous mottled yellow (10Y 8/3) siltstone that contains only 

minor (5% - 10 %) amounts of microcrystalline gypsum (Figure 5C). M3 beds are 1 – 2 

m thick, and are interbedded with M1 and M2 beds, which indicates brief periods of 

shallow lacustrine deposition with relatively low salinity during a generally wet period 

with deeper lake levels (Li et al., 2013; Ma et al., 2016; Schreiber and Tabakh, 2000). 

4.1.3 Evaporites: Gypsum and Halite 

 Y1 is a greyish orange (10YR 7/4) siltstone containing more than 50% milky 

white to translucent gypsum crystals (Figure 6A). Y1 beds are commonly between 10 cm 

and 20 cm thick. These strata are interpreted as subaqueous deposition in a shallow playa 

lake with relatively high salinity (Aref et al., 1997; Li et al., 2013; Pietras and Carroll, 

2006; Schreiber and Tabakh, 2000). Y2 is a microcrystalline gypsum layer with thin 

bedding (Figure 6B), interpreted as subaqueous deposition in a playa lake with relatively 
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low salinity, and potentially associated with organic matter (Cody and Cody, 1988; 

Cooper, 1998; Schreiber and Tabakh, 2000). Y3 is a thin (5cm – 10 cm) yellowish grey 

(5Y 7/2) hardpan gypsum layer, interpreted as subaqueous deposition in a shallow playa 

lake with high salinity (Aref et al., 1997; Jutras et al., 2007; Warren, 2010).  

 Z1 is a massive bluish grey (5BG 5/1) halite with irregular lower and upper 

bedding contacts (Figure 6C). Bedding thickness for Z1 layers is thin (20 – 40 cm) except 

at 119 m, where thickness is 1 m. The formation of multiple halite beds interbedded with 

mudstone and gypsum rich mudstone indicates recurring events of flooding and 

evaporation to form highly concentrated brine, with Z1 representing halite formed in 

highly saline playa lake depocenters during low lake levels (Jutras et al., 2007; Pietras 

and Carroll, 2006; Schreiber and Tabakh, 2000; Warren, 2010). 

4.1.4 Limestones 

 L1 is a thin (1 – 10 cm) medium – dark grey (N1) limestone (Figure 7). L1 layers 

often present as highly calcareous and resistant siltstone layers, occasionally forming 

hogback ridges. L1 also appears as a thin (~1 mm) laminations interbedded within thicker 

(10 – 30 cm) M1 layers, referred to here as M1/L1. These L1 and M1/L1 layers are 

interpreted as sub-aqueous deposition in a shallow lacustrine setting (de Wet et al., 2015; 

Stauffer and Wittchen, 1991). Occasionally L1 layers present as tufa, indicating initiation 

of a local spring; or as stromatolite and oolite, indicating shoreline deposition. The onset 

of limestone formation can be triggered by changes in many variables including water 

chemistry, water temperature or input of clastic sediment, all of which indicate a shifting 

hydrogeologic setting (de Wet et al., 2015; Pedley, 1990; Stauffer and Wittchen, 1991).  
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4.1.5 Sandstones 

 S1 is a fine-grained sandstone with trough-cross bedding (Figure 8A). The 

thicknesses of S1 layers vary between 10 cm and 20 cm. S2 is a thin (~ 3 cm) layer of 

pale orange fine sandstone with hummocky bedding contacts (Figure 8B). S3 is a thin (2 

– 5 cm) discontinuous lens of fine-grained calcareous sandstone (Figure 8C). These fine-

grained sandstone layers and lenses were formed in shallow channels of low gradient 

ephemeral streams that flowed into the shallow playa lake, which was located ~50 km 

from the surrounding mountains and their adjacent coarse-grained alluvial fans (Miall, 

2013; Pietras and Carroll, 2006). The infrequency of these strata indicates that surface 

flow across the basin to the playa lake was uncommon (Wang et al., 2012). There is also 

a single dropstone made of fine - medium grained sandstone observed at 53.5 m in 

stratigraphic height (Figure 8D), indicating the presence of ice-rafting debris from a rare 

period when the lake was frozen (Bennett et al., 1996).  

4.1.6 Stratigraphic Units 

 The composite stratigraphic column for the QC section shows lithofacies 

groupings and patterns that can be broken down into five distinct units (Figure 3; Table 

2). In general, mudstones decrease up-section; and evaporites, limestones and sandstones 

increase up-section.  

 Unit 1 (0m – 120 m) is dominated by M1 and M2, with frequent interlayered M1/Y, 

Y1 and Z1 beds, with a single S1 bed. The top of Unit 1 is identified by a 1-m-thick 

Z1 bed. 
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 Unit 2 (120 m – 185 m) begins with a sharp transition from Z1 to M1, and consists of 

thick M1 and M2 beds with two ~5-m-thick intervals of M1/Y. The top of Unit 2 is 

identified by the appearance and persistence of thick M1/Y and M2/Y strata. 

 Unit 3 (185 m – 300 m) starts with 32 m of M1/Y and M2/Y with interbedded Y1, Y2 

and Y3 beds (Unit 3A) followed by 83 m of M1 and M2 with interlayered Y1, Y2 and 

M1/Y beds (Unit 3B). The first appearance of L1 occurs at 267 m. The top of Unit 3 

is identified by an abrupt increase in L1 strata. 

 Unit 4 (300 m – 500 m) is dominated by M1 and M2, but contains frequently 

interbedded L1 as well as layers of Y1, Y2, M3, M1/Y and M1/L1, as well as S1, S2 

and S3 increasing in frequency upsection. The top of Unit 4 is identified by the onset 

of thick M2/Y strata. 

 Unit 5 (500 m – 540 m) contains M2/Y with interbedded L1, Y1, Y2, S1, S2 and S3. 

 The remaining ~200 m of the section (540 m - ~740 m) are covered in a thick gypsum 

crust. However, this gypsum crust indicates significant gypsum content in the 

underlying strata, and therefore these ~200 m are inferred to be similar to the material 

observed in Unit 5. The top of the stratigraphic section (~740 m) is interpreted as the 

layer of active deposition.  

4.2 Magnetic Stratigraphy and GPTS Correlation  

 235 of the 330 collected samples were processed for paleomagnetic signatures; of 

these, 182 provided interpretable signals (Table 3). Examples of the analysis of these 

samples are shown in Figure 9 for a robust normal sample (15QC61; Figure 9A), a robust 

reverse sample (15QC139; Figure 9B) and a tentative reverse sample (15QC127; Figure 

9C). Collectively, the data pass a C quality reversal test (Figure 9D), which indicates that 

                16



the normal samples deviate from the reverse samples by 180° +/- 20° (McFadden and 

McElhinney, 1990). Data passing the reversal test implies that the samples sufficiently 

reflect primary remnant magnetization, rather than viscous components (Opdyke and 

Channell, 1996). The sampled QC section (0 m – 477 m) contains 9 distinct 

magnetozones, correlating to the GPTS between 3.6 Ma and 1.8 Ma (Figure 10). This 

correlation is based on two main assumptions: (1) that the observed strata are young 

because they are found in close proximity (~200 m) to the layer of active deposition, and 

(2) that the noticeable shift in lithology at ~300 m is associated with the Plio-Quaternary 

boundary.  In addition, this correlation is preferred based on statistical analysis of the 

Qupydon program and based on previous paleomagnetic work in similar sections within 

the Qaidam Basin (Heermance et al, 2013; Lallier et al., 2013; Riegel, 2015).  

The sedimentation rates were calculated for each individual magnetozone by 

dividing the stratigraphic thickness of each magnetozone by its time interval. These 

sedimentation rates range from 0.07 mm/yr to 0.57 mm/yr (Figure 11B). All of these 

values are reasonable sedimentation rates for the Qaidam Basin (Fang et al, 2007; 

Heermance et al., 2013; Zhang et al. 2012). In general, sedimentation rates between 0 and 

225 m (0.2 – 0.6 mm/yr) are slightly higher than those between 225 and 475 m (0.1 to 0.4 

mm/yr). Projection of the final trend in sedimentation rate (~0.2 mm/yr) also indicates 

that the top of the QC stratigraphic section approaches 0 Ma, consistent with the field 

observation that the layer of active deposition is at ~740 m in stratigraphic height.  

Estimated ages for each stratigraphic meter were extrapolated assuming constant 

sedimentation rates through each magnetozone. 
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4.3 Lake Cycles 

The presence and repetition of distinctive facies indicate where, stratigraphically, 

lake level fluctuations occurred (Kezao and Bowler, 1986). Lake level fluctuations were 

interpreted within the stratigraphic record when a mudstone dominant layer (M1, M2, 

M1/Y or M2/Y) transitioned to an evaporite rich layer (M1/Y, M2/Y, M3, Y1, Y2, Y3, or 

Z1) and then back into a mudstone dominant layer. Each lake cycle begins at the bottom 

of the mudstone dominant layer, and ends at the top of evaporite rich layer. By applying 

the magnetostratigraphic geochronology to the stratigraphic height of each lake cycle, 

lake cycle periods and lake cycle frequencies were calculated. A fourier analysis of these 

data plotted against the calculated cycle frequencies provided a frequency analysis of the 

lake cycle data (Figure 12B).  Mudstone layers (deep lake deposition) represent high lake 

levels; gypsum rich mudstone as well as limestone layers (shallow lake deposition) 

represent intermediate lake levels; and evaporite layers (shallow playa lake deposition) 

indicate low lake levels (Figure 13A).  

A total of 65 lake cycles are identified within the measured QC section (Figure 

13A). Within Unit 1, lake-desiccation cycle times range from 2 kyrs to 54 kyrs, with an 

average of 22 with a standard deviation (+/-) of 18 kyrs (Figure 11C). In Unit 2, lake 

levels fluctuate on a timescale of 82 +/- 21 kyrs, with values ranging from 60 kyrs to 102 

kyrs. In Unit 3A, lake-desiccation cycles occur every 6 +/- 4 kyrs, ranging from 3.5 kyrs 

to 14.1 kyrs. Lake cycle duration increases in Unit 3B, ranging from 14 kyrs – 77 kyrs, 

with an average of 45 +/- 22 kyrs. Cyclicity in Unit 4 is highly variable, ranging from 4 

kyrs – 177 kyrs, with an average of 38 +/- 45 kyrs. The high uncertainty in the data is due 

to the two occurrences of long standing high lake levels at 354.5 m (177 kyr lake cycle) 
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and 438 m (170 kyr lake cycle). Unit 5 cyclicity ranges from 4.4 kyr to 48.3 kyrs, with an 

average of 25 +/- 17. Overall, lake level cycle times range from 2 kyr to 177 kyr. There is 

a high frequency of short (<15 kyr) cycles (Figure 12B). ~100 kyr and ~400 kyr cycles 

also show relatively strong signals. ~15 kyr, ~19 kyr and ~41 kyr cycles are also 

recognized within this lake cycle record.  

4.4 Stable Isotopes: δ18O 

δ18O cycles were determined by choosing every other sample, so that one cycle 

was represented by one high point to the next high point in the δ18O data. A total of 88 

climatic cycles are recognized in the δ18O record (Figure 13B), with data ranging from -

11.63‰ to +6.7‰ (Table 4). In Unit 1, δ18O values fluctuate between -5.43‰ and 

+5.39‰. Two high value (~5‰) peaks occur at 28 m (3.54 Ma) and 86 m (3.41 Ma), 

approximately 130 kyrs apart. In Unit 2, δ18O values become more stable. Fluctuation 

still occurs, but the amplitude of this fluctuation is lower and the δ18O values (-5.59‰ 

and +2.1‰) are, on average, more negative. In Unit 3, δ18O fluctuations return to higher 

amplitudes, ranging from -6.47‰ to +6.08‰. The highest values during this period occur 

at 186 m (3.10 Ma) and 197 m (3.08 Ma), approximately 20 kyrs apart. In Unit 4, the 

amplitude of δ18O fluctuation increases dramatically between -11.63‰ and +6.66‰. On 

average, the δ18O values seem to become slightly more positive up-section, although this 

apparent trend may be a product of low sampling resolution in the upper segment of the 

QC section.  

23 more cycles are recognized in the δ18O record that in the lake level fluctuation 

record because, during wet periods, climatic fluctuations can be recorded in the δ18O of 

the sediment, even if lake levels do not drop far enough for significant evaporite 
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formation (Ruddiman, 2008; Zachos et al., 2001). Therefore, Unit 2 shows more cycles 

based on δ18O values than based on the lithology (Figure 13). However, the resolution of 

the δ18O data is dependent on the sampling resolution, and therefore not all of the δ18O 

data is useful for frequency analysis. In order to identify ~20 kyr precession cycles, there 

has to be a minimum of two samples within a 20 kyr period. Samples for δ18O analysis 

were taken as often as possible, but the sampling resolution was limited by availability 

and quality of the outcrops. By first applying the 3.6 Ma – 1.8 Ma age range to the data, 

temporal δ18O resolution can be identified. There is high resolution (1 sample / ~10 kyrs) 

from 3.6 Ma – 3.4 Ma, 3.2 Ma – 2.95 Ma and 2.7 Ma – 2.5 Ma.  There is low resolution 

sampling (~1 sample / 15 kyrs) from 3.4 Ma – 3.2 Ma, 2.5 Ma – 2.4 Ma and 2.2 Ma – 1.8 

Ma. Unfortunately, no outcrops were available for sampling from 2.95 Ma – 2.7 Ma or 

2.4 Ma – 2.2 Ma.   

There is a tradeoff between statistical confidence and resolution within a data set. 

To find the balance between these two criteria, samples between 3.6 and 2.95 Ma were 

used to produce the δ18O frequency analysis. Visual analysis of the δ18O data shows that 

~20 kyr cycles are recognized in the stable isotope record whenever sampling resolution 

is high enough to identify it (Figure 13B). This suggests that if overall sampling 

resolution was high enough, ~20 kyr cycles may be recognized throughout the 

stratigraphic section. Focusing in on this period from 3.6 Ma – 2.9 Ma, a frequency 

analysis reveals a weak ~41 kyr signal, with stronger signals for ~100 kyr, ~50 kyr, ~23 

kyr and ~15 kyr cycles.  
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5 DISCUSSION 

5.1 Interpretation of the Sedimentological and Stable Isotopic Data 

 The combination of sedimentology, sedimentation rates and δ18O data are used to 

interpret the depositional environment and climatic setting for each of the stratigraphic 

units within the QC section (Figure 11). Overall, the presence of gypsum throughout the 

QC section as well as an increase in gypsum content at the top of the section indicates 

onset of aridification as well as a trend towards more arid conditions in the Qaidam Basin 

by at least 3.6 Ma. These generally arid conditions are interrupted from 3.33 to 3.1 Ma by 

a prolonged wet period possibly owing to the global climatic shift of the mid-Piacenzian, 

as well as intermittent wet conditions that may be due to brief but intense surges in 

precipitation (Liu et al., 2015; Moy et al., 2002; Salzmann et al., 2011).  

5.1.1 Unit 1: Prior to 3.33 Ma 

Unit 1 is dominated by mudstone, with interlayered gypsum rich mudstone, 

gypsum and halite beds and a single sandstone bed, indicating offshore subaqueous 

lacustrine deposition in a closed basin with fluctuating lake levels and evaporite 

precipitation (Ma et al., 2016; Li et al., 2013; Wang et al; 2012). Relatively high 

sedimentation rates (Figure 11B) in this low energy, offshore setting indicates 

allochthonous sediment flux, likely from aeolian processes that transported silt from the 

exposed lake shorelines into the highly saline subaqueous depocenter, located at the QC 

section (James and Dalrymple, 2010; Rohrmann et al., 2013). Low lake levels during this 

time likely promoted evaporite precipitation and concentrated sediment deposition within 

the lake at the QC section (Warren et al., 2010). A dropstone at ~53.5 m also indicates 
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that this lake may have been frozen periodically, allowing for the deposition of ice-rafting 

debris (Bennett et al., 1996).  

The top of Unit 1 is marked by the deposition of a distinct 1-m-thick halite bed 

(Figure 11A), which likely formed in the depocenter of a highly saline subaqueous playa 

lake (Jutras et al., 2007; Warren, 2010). This is the last appearance of halite in the QC 

section. Above 120 m, gypsum is the only evaporite identified within the strata, 

indicating either (1) that 3.6 – 3.33 Ma is the most arid period observed in the QC 

section, or (2) that brine geochemistry is altered after 3.33 Ma, likely owing to a change 

in the relative position of the QC section within the lake (Casas and Lowenstein, 1989; 

Lowenstein and Risacher, 2009; Schreiber and Tabakh, 2000).  

The presence of halite within the first 5 m of the QC section indicates that arid 

conditions existed in the western Qaidam Basin prior to 3.6 Ma, which is consistent with 

other work done in this area (Riegel, 2015). The sedimentological record indicates 

deposition in a highly saline subaqueous playa lake with high sediment flux transported 

by aeolian processes from the nearby exposed shoreline (Aref et al., 1997; Rohrmann et 

al., 2013).  

5.1.2 Unit 2: 3.33 Ma – 3.1 Ma 

Unit 2 begins with a sharp transition at 120 m from the thick halite bed back to 

mudstone, and a dramatic drop in sedimentation rate from 0.47 to 0.17 mm/yr. Both of 

these changes imply a significant lake level rise which would decrease salinity and 

expand the lake shoreline, isolating the QC section in a deeper lacustrine setting, further 

from the sediment source (Ma et al., 2016). Unit 2 is almost entirely dominated by thick 
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mudstone beds with only 2 thin layers of gypsum rich mudstone, indicating prolonged 

wet conditions (Ma et al., 2016). Throughout Unit 2, δ18O values are more negative with 

lower amplitude fluctuation, indicating more stable and wet climatic conditions (Figure 

13B; Kendall and Caldwell, 1998; Zachos et al., 2001). The presence of mudstones, the 

lack of evaporitic material, and the low and stable δ18O data all indicate long standing 

high lake levels due to increased surface water flow into the basin, which may be 

attributed to higher precipitation in the surrounding mountains (Ma et al, 2016; Wang et 

al, 2012; Zachos et al., 2001). Sedimentation rates steadily increase upsection, just before 

the re-appearance of gypsum rich lithofacies, likely due to lake level shallowing. Gypsum 

rich strata at 3.1 Ma indicate the end of the stable wet conditions of Unit 2 (Aref et al., 

1997; Li et al., 2013). 

Between 3.33 and 3.1 Ma, the QC Section depositional environment is interpreted 

as a low-energy oxidizing lacustrine setting (Jiang et al., 2008; Ma et al., 2016; Wang et 

al., 2012). These stable and wet environmental conditions correspond with the globally 

recognized Mid-Piacenzian warm period between 3.3 – 3.0 Ma, and with the 

strengthening of the East Asian monsoon between 3.5 – 3.1 Ma (Qiang et al., 2001; 

Salzmann et al., 2011). Globally warm conditions coupled with local surges in 

precipitation may have produced the higher and more stable lake levels observed in the 

Qaidam Basin during this time (Qiang et al., 2001; Salzmann et al., 2011).  

5.1.3 Unit 3A: 3.1 Ma – 3.0 Ma  

Unit 3A consists of gypsum rich mudstone with interbedded gypsum layers, 

indicating a brief period of highly evaporitic conditions with sub-aqueous shallow playa 

lake deposition immediately following the wet conditions of Unit 2 (Figure 11A; Li et al, 
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2013). Sedimentation rates are at a maximum (~0.57 mm/yr) at this time, likely due to 

aeolian transportation of recently exposed near shore lacustrine sediments as the lake 

shoreline recedes back towards the shallowing depocenter at the QC section. Unit 3A 

shallow playa lake deposition transitions into Unit 3B shallow lacustrine deposition at 

~3.0 Ma. 

5.1.4 Unit 3B: 3.0 Ma – 2.7 Ma 

Unit 3B consists mostly of mudstone with interlayered gypsum rich mudstone as 

well as gypsum beds (Figure 11A) and one distinct sandstone lens, indicating sub-

aqueous shallow lacustrine deposition (Cooper, 1998; Pietras and Carroll, 2006). 

Sedimentation rates decrease to 0.22 mm/yr, which supports a slight deepening of the 

lake after Unit 3A (Figure 11B). However, the first appearance of limestone occurs at 267 

m, just before a distinct ~20 cm fine sandstone lens with cross-trough bedding, both of 

which suggest shallow, near shore deposition (Miall, 2013; Pedley, 1990). Limestone 

deposition also indicates relatively low salinity and an increase in carbonate (Schreiber 

and Tabakh, 2000). The onset of this limestone deposition indicates a shift in the lake 

geochemistry likely due to a change in the relative position of the QC section within the 

lake or to a shift in sediment input from clastic to calcareous sediments (de Wet et al., 

2016; Warren, 2010).  

Throughout Unit 3, ~10 kyr cyclicity is recognized in the lake-level record 

(Figure 11C), indicating an unstable environment sensitive to short-term non-

Milankovitch climatic cycles (Aref et al., 1997; Zachos et al., 2001). Cyclical 

amplification of events such as the East Asian monsoon can cause brief but intense surges 

in precipitation, which would, particularly in an arid setting, allow for brief mudstone 
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deposition, forming high frequency lake cycles within the sedimentological record 

(Yancheva et al., 2007; Qiang et al, 2001; Zachos et al., 2001).  

The onset of limestone formation and the persistence of gypsum in the absence of 

halite indicate that deposition at the QC section is occurring in a shallow near-shore 

setting within a deeper lake that is potentially maintained by brief surges in precipitation 

(Schreiber and Tabakh, 2000; Warren, 2010). The depocenter of this lake therefore must 

have shifted, which could explain the lower sedimentation rates observed at the QC 

section (Figure 11B). Basin wide tectonic deformation uplifting a neighboring anticlinal 

formation at this time could account for this change in the position of the QC section, and 

it would be concurrent with ~3.0 Ma growth strata observed in the eastern Qaidam Basin 

(Heermance et al., 2013). However, investigation into the timing of uplift for the 

neighboring anticlinal formation is needed to test this hypothesis. Unit 3 is interpreted as 

gypsum rich shallow lacustrine deposition concurrent with a shift in the hydrogeologic 

setting (Figure 3B; Pietras and Carroll, 2006). 

5.1.5 Unit 4: 2.7 Ma – ~1.7 Ma  

The bottom of Unit 4 is marked by a dramatic increase in limestone deposition. 

Mudstone lithofacies continue to dominate the sedimentological record with interbedded 

gypsum rich mudstone, gypsum, and limestone as well as sandstone beds increasing in 

frequency upsection. Sedimentation rates remain low throughout Unit 4. Occasional 

stromatolite and oolite formation indicate a fluctuating shoreline at the location of the QC 

section, and a possible tufa bed suggests the potential initiation of local springs (de Wet 

et al., 2015; Fetter, 2000; Pedley 1990; Stauffer and Wittchen, 1991). The top of Unit 4 is 
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identified by a transition from mudstone to gypsum rich mudstone dominant lithofacies 

(Figure 11A). 

After 2.5 Ma, δ18O sampling resolution decreases; however two overall trends can 

be extrapolated from the low resolution isotope record: (1) slightly higher amplitudes 

suggesting more unstable conditions and (2) a slight trend towards more positive values, 

on average, indicating more evaporitic conditions (Jiang et al., 2008; Zachos et al., 2001). 

While these low resolution isotopic results are not definitive, they do indicate a trend 

towards more arid and unstable climatic conditions (Riebeek, 2005). 

The increase of limestone deposition in Unit 4 indicates a continuation of the 

shifting hydrogeologic setting observed at the top of Unit 3, including an increase in the 

carbonate concentration and near-shore deposition at the QC section (Warren, 2010). 

Tectonic uplift of a neighboring anticlinal formation can account for a shifting shoreline 

at the QC section, and for the initiation of local springs (Fetter, 2000; Pedley, 1990; 

Stauffer and Wittchen, 1991). Unit 4 lithology is interpreted as a limestone and gypsum 

rich subaqueous near-shore setting of a deep and long-standing lake likely maintained by 

periodic surges in precipitation, while the oxygen isotope data indicates a trend towards 

more unstable and arid climatic conditions (Jiang et al., 2008; Schreiber and Tabakh, 

2000; Warren, 2010). 

5.1.6 Unit 5: ~1.7 Ma - ~1.5 Ma 

Unit 5 (500 m – 540 m) begins with the major shift in lithology to gypsum rich 

mudstone dominated strata, with interbedded gypsum, limestone and sandstone, 

indicating a dramatic lake level drop (Li et al., 2013; Wang et al., 2012). The lack of 
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evaporite free siltstone deposition within the sedimentological record indicates that there 

are no periods of high lake levels (Ma et al., 2016). However, the lack of halite and of 

subaerial deposition and the presence of sandstone lithofacies indicate surface water input 

to the QC section throughout Unit 5, suggesting continuous subaqueous deposition 

(Jutras et al., 2007). Unit 5 is interpreted as deposition in a shallow subaqueous playa 

lake, indicating a trend towards more arid conditions, similar to the conditions found in 

the playa lakes of the Qaidam Basin today (Aref et al, 1997; Li et al, 2013).  

5.1.7 After ~1.5 Ma 

The remaining ~200 m (from 540 m - ~740 m) are inferred to be similar to the 

material observed in Unit 5. Most of this section is covered with a thick gypsum crust 

that limits direct sedimentological observation; however, this gypsum crust is likely the 

result of underlying gypsum-rich strata (Aref et al., 1997; Warren, 2010). This indicates a 

continued trend towards complete aridification through the Holocene, capped by the layer 

of active deposition at ~740 m in stratigraphic height (Kezao and Bowler, 1986).  

5.2 Correlation to the QH Section  

The QC section consists of fine-grained sediment deposited mostly offshore in a 

deep to shallow lake environment. The QH section, located ~100 km to the north of the 

QC section towards the margin of the basin, consists of coarser material with sedimentary 

structures indicating deposition in a high-energy shoreline environment (Figure 1A; 

Riegel, 2015).  

Prior to 3.33 Ma, the QH section shows gypsum rich playa-fluvial active shoreline 

deposition while the QC section shows gypsum and halite rich playa lake deposition 
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(Figure 14, Figure 15A). At ~3.33 Ma, sedimentation in both the QH and QC sections 

transitions to deeper subaqueous deposition, indicating a basin wide response to the Mid-

Piacenzian warm period (Figure 14; Figure 15B; Salzmann et al., 2011). After, 3.1 Ma, 

the QH section shifts from playa-lacustrine to playa-fluvial, while the QC section shifts 

from deep lacustrine to shallow lacustrine, both indicating lower lake levels and more 

arid conditions (Figure 15C). The onset of limestone deposition in the QC section at ~2.7 

Ma is concurrent with the onset of calcareous sandstone deposition in the QH section, 

which may be due to additional concurrent lake shallowing events, or to the influx of 

calcareous lake sediments exposed by basin wide tectonic deformation (Figure 14). After 

~2.5 Ma the QH section is interpreted as playa lake deposition, while the QC section is 

interpreted as near-shore deposition in a shallow lake with some passive shoreline 

deposition (Figure 15D). Both the QH and the QC sections indicate increasing 

aridification upsection after the mid-Piacenzian warm period. 

The QC section and the QH section show relatively concurrent environmental 

transitions, both indicating the early onset of aridification, wet conditions during the Mid-

Piacenzian warm period, and the Plio-Quaternary transition towards increasingly arid 

conditions (Salzmann et al., 2011; Zachos et al., 2001). There are three major differences 

between the sedimentology of these sections. First, the QH section represents active 

shoreline deposition while the QC section represents off-shore deposition to passive 

shoreline deposition. Second, at 2.7 Ma, the QH section contains calcareous sandstone 

while the QC section contains more defined limestone deposition. This may be due to (1) 

higher clastic sediment input from the surrounding mountains into the QH section 

lowering the relative amount of calcareous material in the brine at QH, or (2) that tectonic 
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deformation is occurring in closer proximity to the QC section, exhuming more 

calcareous sediment that is blown into the lake, increasing the relative amount of 

calcareous material in the brine at QC. Third, halite formation is observed throughout the 

QH section, but in the QC section, it is only observed prior to 3.33 Ma. The fluctuation 

between playa-fluvial and shallow playa lake deposition at the QH section maintains an 

environment conducive to halite formation. However, prior to 3.33 Ma is the only time 

when a shallow playa lake is present in the QC section that is conducive to halite 

deposition. After 3.33 Ma, the lake associated with the QC section remains relatively 

deep, likely with lower salinity. After 1.7 Ma, a shallow playa-lake depositional 

environment is present, but fresh surface water flow at the QC section during this time 

likely continues to prevent the formation of halite.  

Together, these sections imply a large continuous lake present in the northwestern 

Qaidam Basin until ~2.7 Ma with offshore to nearshore lacustrine deposition in the QC 

section and shallow playa lake to active shoreline deposition in the QH section. After the 

initiation of limestone and calcareous sandstone deposition at 2.7 Ma, a general trend 

towards lower lake levels is observed in both sections, but the timing of sedimentological 

shifts are staggered, indicating the partitioning of this regional lake as well as 

increasingly arid conditions. 

5.3 Proposed Reconstruction of the Qaidam Basin Climate Record (3.6 Ma – Today) 

Initially, the QH section and the QC section were likely connected in one large 

regional lake (Kezao and Bowler, 1986; Wang et al., 2012). When aridification initiated, 

sometime before 3.6 Ma, this regional lake began to shrink (Figure 15A). However, these 

arid conditions were interrupted at ~3.33 Ma likely owing to increased precipitation 
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during the Mid-Piacenzian warm period, initiating high and more stable lake levels 

within the Qaidam Basin (Figure 15B; Qiang et al., 2001; Salzmann et al., 2011). By 3.1 

Ma, the environment shifted back into more arid climatic conditions, causing the lake to 

shrink once again (Figure 15C). Continuous subaqueous deposition despite a shift 

towards more arid and evaporitic conditions after the mid-Piacenzian can be attributed to 

an increase in periodic precipitation owing to the strengthening of the East Asian 

monsoon (Qiang et al., 2001).  

Evidence for tectonic deformation is observed within the Qaidam Basin at ~3.0 Ma 

(Heermance et al., 2013). If this deformation is due to basin wide tectonic activity, the 

hydrogeologic setting in the northwestern Qaidam Basin could be altered, potentially 

inducing the more calcareous deposition observed in both the QC and the QH sections. 

Uplift of a neighboring anticlinal formation could also change the relative location of the 

QC section within the lake from a distal depocenter to a nearshore setting. By ~2.7 Ma, 

the QC section was separated from the QH section, likely due to tectonic partitioning of 

the basin and a trend towards more evaporitic conditions (Figure 15D; Heermance et al., 

2013). Surface water from the nearby mountains continued to recharge the QH section 

and transport some clastic sediment causing the formation of calcareous sandstone, and 

the shallow playa lake at the QH section was conducive to formation of both gypsum and 

halite (Riegel, 2015). Meanwhile, input of clastic sediments decreased in the QC section, 

causing precipitation of limestone. Although gypsum continued to form, hydrogeologic 

conditions did not favor halite formation in the QC section, possibly owing to deeper lake 

levels, lowering the salinity of the lake water (Schreiber and Tabakh, 2000). 
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After ~2.7 Ma, increased sandstone layers in the QC section indicate periodic 

precipitation and surface water flow, likely due to strengthening of the East Asian 

monsoon (Qiang et al., 2001). The lack of halite formation during the transition to a playa 

lake depositional environment is likely due to this increase in freshwater fluvial input at 

the QC section. The return to playa-fluvial material towards the top of the QH section 

also indicates increasing surface water flow around this time (Riegel, 2015). However, 

due to increased evaporitic conditions, the lake system continued to diminish despite 

periodic surges in precipitation (Figure 15E), forming highly gypsiferous sub-aqueous 

deposition. Eventually, the system shifted towards the hyper-arid conditions observed in 

the Qaidam Basin today (Figure 15F), which is consistent with the global cooling effects 

of the Plio-Quaternary transition (Wang et al., 2012; Zachos et al., 2001).  

5.4 Climate Cyclicity 

5.4.1 δ18O Cyclicity in the Qaidam Basin 

 The stable isotopic record identifies dominant signals for both ~23 kyr precession 

cycles and ~100 kyr eccentricity cycles, although ~41 kyr obliquity cycles are also 

recognized (Figure 12A). Strong signals for both ~50 kyr cycles (a harmonic of the ~100 

kyr cycle), and ~15 kyr cycles (a harmonic of the ~23 kyr cycle) further indicate the 

influence of eccentricity and precession (Zachos et al., 2001). Therefore, it is likely that 

climate cyclicity in the Qaidam Basin is dominated by ~23 kyr precession forcing, but it 

is modulated by ~100 kyr eccentricity forcing, consistent with the axial precession index 

(Ruddiman, 2008; Tziperman and Gildor, 2003).  
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5.4.2 Environmental Cyclicity in the Qaidam Basin 

The frequency analysis for the timing of lake cycles is less conclusive, but it does 

recognize the influence of all three Milankovitch cycles: eccentricity, obliquity, and 

precession (Figure 12B). The largest deviation in the lake cycle frequency analysis 

compared to the δ18O frequency analysis is the influence of short-term (<10 kyr) non-

Milankovitch cycles. The abundance of these short-term cycles implies that the 

environmental response within this high elevation terrestrial setting is sensitive to small 

environmental perturbations. Cyclical brief intensification of events like the East Asian 

monsoon, particularly within this arid environment, could allow enough precipitation for 

thinly bedded lacustrine deposition (Qiang et al., 2001; Wang et al., 2008). Therefore, 

while the climatic record is driven by axial precession orbital forcing, the environmental 

record is influenced by orbital forcing, tectonic deformation and short-term climatic 

aberrations such as the East Asian monsoon (Wang et al., 2008; Zachos et al., 2001).  

5.4.3 The Qaidam Basin Record vs. the Marine Record  

Sedimentation in the Qaidam Basin seems to be a process restricted to interaction 

between the basin and its surrounding mountains which allows for a sedimentological 

record that is unique to this region (Wang et al., 2012; Zachos et al., 2001). The short 

term climatic cycle frequencies in the Qaidam Basin records from 3.6 – 1.7 Ma differ 

from the marine records for this time period. Benthic δ18O records recognize ~23 kyr 

precession cycles, but identify the ~41 kyr obliquity cycle to be the dominant cycle 

period prior to 1.2 Ma (Lesiecki and Raymo, 2007). In contrast, these high-elevation 

terrestrial records recognize ~41 kyr obliquity cycle, but identify a ~100 kyr eccentricity 
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modulated ~23 kyr precession cycle as the dominant cycle frequency during this time 

(Figure 12). 

Unlike the effects of obliquity forcing, the effects of precession forcing are 

minimal except when accentuated by eccentricity (Riebeek, 2006; Ruddiman, 2008). 

However, the Qaidam Basin may have an environment sensitive enough to consistently 

respond to the shorter period climatic cycles. This sensitivity may be attributed to a 

combination of high relief accentuating environmental fluctuations (i.e. formation of a 

rain shadow increasing aridity) and high elevation with a lack of vegetation augmenting 

surface exposure (Smith et al., 2013; Sun et al., 2008; Wang et al., 2012). In addition, the 

location of the Qaidam Basin (Latitude=37.7°) is within the range of influence from the 

Intertropical Convergence Zone (ITCZ), which triggers the millennial cycles of the East 

Asian monsoon (Yancheva et al., 2007). It is therefore possible that the Qaidam Basin is 

effected by obliquity forcing, but due to increased sensitivity, short-term cycles (i.e. 

precession as well as non-Milankovitch East Asian monsoon cycles) become more 

dominant in the record. Other areas with lower sensitivity might only recognize 

precession cycles when they are accentuated by eccentricity, and therefore identify 

obliquity as a more consistently dominant forcing mechanism. 

Global climatic trends (i.e. the mid-Piacenzian warm period, or the onset of Northern 

Hemisphere glaciation driven by obliquity orbital forcing) still control the long term 

regional climatic trends for this high-elevation terrestrial setting (Salzmann et al., 2011; 

Ruddiman, 2008; Zachos et al., 2001).  However, the short-term environmental response 

within the long-term trends is site-specific depending on many variables, possibly 

including the site location, elevation, relief, and vegetation.  
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6 CONCLUSION 

The QC section spans ~740 m of Pliocene and Quaternary deposition. 182 

paleomagnetic samples define 9 distinct magnetozones that correlate between 3.6 and 1.8 

Ma (Gradstein et al., 2004). The lack of halite formation after 3.33 Ma and the onset of 

limestone formation at ~2.7 Ma in the QC section indicate a change in the brine 

geochemistry. This change may come from fluctuations in regional climate altering lake 

levels and lake shorelines as well as regional tectonic deformation partitioning the basin 

and shifting lake shorelines, changing the relative position of the QC section within the 

lake (de Wet et al., 2015; Heermance et al., 2013, Warren et al., 2010).  

The stable isotopic and stratigraphic records from the QC section of the Qaidam 

Basin recognize global shifts in climate, such as the Mid-Piacenzian warm period from 

3.33 Ma – 3.1 Ma, and the general trend towards more cold and arid icehouse conditions 

after the Plio-Quaternary boundary (Salzmann et al., 2011; Zachos et al, 2001). Similar 

trends are observed further north in the QH section, indicating a basin wide response to 

these global events. 65 lake-level cycles and 88 δ18O climate cycles are recognized within 

the section, indicating frequent (axial precession and <10 kyr non-Milankovitch) cyclicity 

during the Pliocene and Pleistocene, which contradicts the marine record of ~41 kyr cycle 

dominance during this time (Lesiecki and Raymo, 2007; Zachos et al., 2001). 

 The results of this study indicate that, while climatic trends do seem to be globally 

consistent, short-term fluctuation in the terrestrial climate records can deviate from the 

marine climate record. The effects of orbital forcing are likely to be regionally variable 

depending on spatial variants (i.e. topography, elevation, or continentality). Global 

models must take these variables into account in order to more accurately predict the 
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short-term regional effects of global climate change. Continued research is necessary to 

further isolate the different variables that can influence the environmental sensitivity to 

different orbital forcing mechanisms in order to better understand the local short-term 

effects of global climate change. 
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Figure 3 

Figure 3: A synthesis of the composite 

stratigraphic column for the QC section. 

 

Unit 5 is dominated by gypsum rich 

mudstone with interbedded gypsum, 

limestone and sandstone. 

 

Unit 4 is dominated by mudstone and 

oxidized mudstone with occasional 

gypsum rich mudstone layers and 

gypsum beds. Limestone beds are 

frequent throughout Unit 4, while 

sandstone beds increase in frequency 

upsection.  

 

Unit 3B is dominated by mudstone and 

oxidized mudstone with interbedded 

gypsum. Limestone first occurs in Unit 

3 at 267 m.  

Unit 3A is dominated by gypsum rich 

mudstone with interbedded gypsum. 

 

Unit 2 is dominated by mudstone and 

oxidized mudstone with only two thin 

layers of gypsum rich mudstone  

 

Unit 1 is dominated by mudstone and 

oxidized mudstone with frequent 

interbedded gypsum rich mudstone, 

gypsum and halite beds, as well as one 

sandstone bed. 
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A B 

Figure 4 

Figure 4: Photographs of mudstone facies from field work in the QC section. (A) M1: a 

yellowish grey (5Y 7/2) siltstone which weathers to a brownish pink color. Photo taken by 

Lin Li at 125 m in stratigraphic height within the lower segment of the QC section. (B) M2: a 

mottled light brownish grey (5YR 6/1) siltstone with interbedded 1 mm oxidized deposits that 

range from red to orange-brown in color. Photo taken by Richard Heermance at 213.5 m in 

the upper segment of the QC section 

 

A B 

C 

Figure 5: Photographs of evaporite rich mudstones from field work in the QC section. (A) 

M1/Y: an M1 layer that contains chipped gypsum crystals. Photo taken by Richard 

Heermance at 214 m - 217 m. (B) M2/Y: an M2 layer that contains chipped gypsum crystals. 

Photo taken by Lin Li at 209 m. (C) M3: mottled yellow (10Y 8/3) siltstone that contains 

minor amounts of gypsum. Photo taken by Richard Heermance at 438 m.  

Figure 5 
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Figure 7 

Figure 8 

Figure 7: A photograph of stromatolite L1: a 

medium – dark grey (N1) calcareous limestone. 

Photo taken by Richard Heermance at 312 m in 

stratigraphic height. L1 is also observed as tufa, 

oolite and lamination within thicker M1 bedding.  

L1 strata occasionally form hogback ridges. 

Limestone first occurs at 267 m, and becomes more 

frequent above 300 m. 

Figure 8: Photographs of 

sandstone lithofacies from 

field work in the QC section. 

(A) S1: a fine sandstone with 

trough-cross bedding. Photo 

taken by Lin Li at 40 m. (B) 

S2: pale orange fine 

sandstone with a hummocky 

contact. Photo taken by 

Richard Heermance at 304.5 

m. (C) S3: a thin 

discontinuous lens of fine 

calcareous sandstone. Photo 

taken by Lin Li at 28 m. (D) 

an in situ sandstone 

dropstone. Photo taken by 

Lin Li at 53.5 m. 

D 

Figure 6 

Figure 6: Photographs of evaporite layers from field work in the QC section. (A) Y1: a 

siltstone layer with 50 % milky white gypsum crystals; photograph taken at 45 m in 

stratigraphic height. (B) Y2: microcrystalline gypsum layer; photograph taken at 19 m in 

stratigraphic height. (C) Z1: hardpan halite layer; photograph taken at 4 m in stratigraphic 

height. All photographs were taken by Lin Li.  
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Figure 13 

Age 

(Ma) 

Figure 13: Compiled stratigraphic and stable isotopic data for the QC section with 

corresponding ages, shown to the left, representing millions of years ago (Ma). (A) 

Stratigraphic Units 1-5 (left) are aligned with lake level cyclicity, shown in green (right). The 

isotope graph shows δ18O data in blue (B). Results of the δ18O data support the environmental 

conditions seen in the stratigraphic record. Data for the δ18O record indicate a trend towards 

more cold and arid conditions approaching the top of the sampled section, just before hyper-

arid conditions are observed in the stratigraphic record.  
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Figure 15 

Figure 15: A paleogeographic interpretation for the Qaidam Basin from 3.6 Ma through 

today. (A) 3.6 Ma – 3.33 Ma: early onset of aridification. (B) 3.33 Ma – 3.1 Ma: wetter 

conditions during the mid-Piacenzian warm period. (C) 3.1 Ma – 2.7 Ma: a return to more arid 

conditions and the onset of regional tectonic deformation, shifting the hydrogeologic setting 

around the QC section. (D) 2.7 Ma – 1.7 Ma: A continued trend towards more arid conditions 

as the lake system dwindles. Uplift of an anticlinal formation close to the QC section causes 

partitioning of the basin, a shifting shoreline at the QC section, limestone deposition, and 

potentially the formation of springs. (E) After 1.7 Ma: increasing evaporitic content as the lake 

system continues to dwindle. (F) Today: tectonically deformed and wind-eroded hyper-arid 

basin with very few highly saline playa lakes.  
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QAIDAM BASIN LAKE EVOLUTION 

Miocene: Deep Lake Facies 

Miocene age deep lake facies, dominated by thinly-bedded siltstones, mudstones 

and limestones, were identified in central Qaidam Basin (Wang et al., 2012). The outer 

margins of the basin showed higher energy deposition, including lake shore, fan and delta 

facies (Wang et al., 2012). This indicates that, during the warm and wet climatic 

conditions of the Early – Middle Miocene, the entire northwestern side of the Qaidam 

Basin contained one massive lake, or a system of large lakes, with an active shoreline 

near the surrounding mountain along the boundaries of the basin (Kezao and Bowler, 

1986; Wang et al., 2012).    

Pliocene: Shifting towards aridification 

Between the Late Miocene and the Pliocene, the lake system slowly dwindled and 

shifted southeast (Kezao and Bowler, 1986). The presence of lacustrine facies, dominated 

by mudstone and sandstone, in the lower strata of the Shizigou Formation indicate that 

deep lakes were still present in northeast Qaidam Basin through the early Pliocene, 

though they were likely isolated (Heermance et al., 2013, Wang et al., 2012). Subsequent 

appearance of fluvial and evaporitic facies indicate a general lowering of lake levels 

throughout the Pliocene as regional aridity increased. By the late Pliocene, the northern 

Qaidam Basin was host to multiple small playas (Heermance et al, 2013; Kezao and 

Bowler, 1986). The presence and repetition of interlayered strata consisting of calcareous 

mudstones (lacustrine deposition) and evaporite formation (playa deposition) also shows 

frequent fluctuations in lake-levels during this long-term trend towards aridification 
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(Kezao and Bowler, 1986; Li et al., 2013). This surface water fluctuation is an 

environmental response to regional climatic oscillations, which indicates recurring short-

term (104-106 years) intervals of warm/wet and cold/dry conditions, likely driven by 

orbital forcing mechanisms (Heermance et al. 2013; Riegel, 2015; Zachos et al. 2001).  

Pleistocene/Holocene: Transition to Complete Aridification  

After 2.6 Ma, the strata from a playa in northeastern Qaidam Basin is dominated 

by evaporite rich mudstone with increasing evaporite concentrations upsection 

(Heermance et al., 2013). Large deposits of halite and gypsum crystals in the Qigequan 

Formations indicate that the lake completely dried up during the Holocene, effectively 

ending the development of the lake cycles (Heermance et al., 2013; Kezao and Bowler, 

1986; Wang et al., 2012).  
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ORBITAL CONTROLS ON CLIMATE CYCLICITY 

Eccentricity (100 kyr and 400 kyr) 

The shape of Earth’s orbital path around the sun is not constant. It shifts between 

a more circular (low eccentricity) path and a more elliptical (high eccentricity) path. 

When orbital eccentricity is high, Earth can be closer to, or further away from the Sun at 

different locations along the orbital path (Ruddiman, 2008). This can alter the amount of 

solar insulation received by the earth throughout the year (Berger, 2006). Eccentricity 

orbital forcing produces 95 kyr and 131 kyr cycles, which average to a dominant 100 kyr 

cycle frequency. Additionally, 413 kyr cycles can appear as the 100 kyr peak values 

fluctuate (Riebeek, 2006; Ruddiman, 2008).  

Obliquity (41 kyr) 

Earth’s axis is tilted away from the ecliptic, which angles the Northern 

Hemisphere or the Summer Hemisphere towards the sun during different times of the 

year. It is currently tilted at 23.5°, but it can vary between ~22° and ~24° (Ruddiman, 

2008). While obliquity does not affect the amount of solar insulation received by Earth, it 

does affect its distribution. Higher obliquity can distribute solar insulation to higher and 

lower latitudes (Riebeek, 2006). Obliquity orbital forcing produces 41 kyr cycles. 

Precession (23 kyr) 

The tilt in Earth’s axis produces seasons, and as earth rotates around the sun the 

orbital location of the Norther Hemisphere and Southern Hemisphere summers are 

shifted. This gradual change is called procession of the equinox (Riebeek, 2006). 
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Precession orbital forcing produces 19 kyr, 21 kyr and 24 kyr climate cycles, which 

average to a 23 kyr dominant cycle frequency (Ruddiman, 2008).   

The climatic effects of precession orbital forcing can be amplified or dampened by 

eccentricity. With very low eccentricity, shifting the orbital location of the equinox has 

little affect Earth’s net insulation. However, with high eccentricity, procession can cause 

(1) cold winters coupled with hot summers, or (2) warm winters coupled with cool 

summers (Ruddiman 2008). This eccentricity modulated precession is classed axial 

precession forcing, which can also produce 26 kyr cycles, with larger scale 100 kyr and 

400 kyr cycles (Riebeek, 2006).  

 

                67



 

APPENDIX E 

 

 

 

 

 

 

 

 

 

                68



MAGNETOSTRATIGRAPHIC ANALYSIS OF SEDIMENTARY ROCKS 

Paleomagnetism and Magnetic Stratigraphy 

 Although the Earth’s magnetic field is incredibly complicated, it is reasonable to 

assume the dipole hypothesis for this study (Buttler, 1992). The orientation of the 

geomagnetic field at any given time is recorded by paramagnetic, ferromagnetic and 

diamagnetic ions within rocks, recording either reversed polarity (declination south and 

inclination up), or normal polarity (declination north and inclination down), as is 

observed today (Opdyke and Channell, 1996). Analysis of the paleomagnetic signature of 

rock samples throughout a stratigraphic section will yield a magnetic stratigraphy, which 

can be correlated to geomagnetic polarity timescale (GPTS) to identify the age of the 

rock sample (Opdyke and Channell, 1996).   

Remanent Magnetization 

 A rock can acquire a magnetic signature through many different processes. 

Primary magnetization of a sedimentary rock is acquired through detrital remanent 

magnetization (DRM), which is acquired during the deposition of the sediment and 

locked in place during lithification (Tarling and Turner, 1999). Post-depositional 

remanent magnetization (pDRM) can alter the magnetic alignment of sediment prior to 

lithification if there is sufficient alteration due to bioturbation or other external factors 

(Opdyke and Channell, 1996).  There are other post-depositional processes that can affect 

the paleomagnetic signature of sedimentary rocks including: chemical remanent 

magnetization (CRM), which involves the magnetization of ferromagnetic crystals 

formed within an existing rock; isothermal remanent magnetization (IRM), which occurs 
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when the magnetization of a rock is reset because the magnetic components are exposed 

either to intense heat above their Curie Temperature, or to a particularly strong magnetic 

field; and viscous remanent magnetization (VRM), which occurs when weaker magnetic 

components are reset due to prolonged exposure to an external field (Butler, 1992; 

Opdyke and Channell, 1996). Thermoremanent magnetization (TRM) is another process 

that can alter the primary magnetization of a sample, but this is more common in igneous 

than in sedimentary rocks (Opdyke and Channell, 1996).  Each of the above listed 

components of remanent magnetization contribute to the in situ natural remanent 

magnetization (NRM) of a rock (Butler 1992).  

Paleomagnetism in Qaidam Basin 

  Assuming application of the dipole hypothesis is reasonable, the expected 

inclination for samples within the Qaidam Basin (37°42’50” N, 92°22’45” E) can be 

calculated using: 

Tan (I) = 2 Tan (ƛ) 

where I = inclination, and ƛ = latitude (Opdyke and Channell, 1996). The resulting 

inclination is 56.9°. Therefore, expected values for the samples collected in the in the QC 

section of the Qaidam Basin are declination = 0° and inclination = 56.9° for normal 

polarity, and declination = 180° and inclination = -56.9° for reverse polarity. Inclination 

shallowing, caused by compaction of sediments, is a common occurrence, and it has been 

recorded in previous paleomagnetic studies within the Qaidam Basin (Fang et al., 2007; 

Heermance et al., 2013; Zhang et al., 2012).   
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DETAILED METHODS 

Field Work: Sample and Data Collection 

 The entire stratigraphic thickness that has been exposed in the QC section, from 

the core of the anticline to the layer of active deposition, spans ~740 m and consists of a 

lower and an upper segment that overlap between 201 m and 226 m in stratigraphic 

height (Figure 1). From 0 m - 540 m, the stratigraphy was measured using a 1.5 m Jacob 

Staff, an Abney level and a Brunton compass; and described using a Munsell color chart 

and a USGS grain size chart. The remaining ~200 m were inferred as similar material to 

that observed at 500 m - 540 m, capped by the layer of active deposition at ~740 m. From 

0 m - 477 m, the strata were sampled for paleomagnetic and stable isotopic analysis.    

Field work in the QC section was completed on three separate trips. In April of 

2015, the upper segment (201 m – 540 m in stratigraphic height) was measured and 

described, and it was sampled in 24 locations for reconnaissance paleomagnetic analysis. 

In the summer of 2015, the lower segment (0 m – 226 m in stratigraphic height) was 

measured and described, and 330 samples were collected from 173 locations throughout 

the lower and upper segments of the QC section. In total, 327 core samples were 

collected with a rock coring drill, and 3 block samples were collected using a rock 

hammer. High resolution sampling (i.e. 1 sample every 1-2 stratigraphic meters) was 

taken whenever continuous, good quality outcrops were available; however, there are 

areas throughout the QC section where no outcrops are accessible, yielding an average 

sample spacing of ~2.5 m. GPS coordinates were taken for all 197 sampling location. A 

final trip was made in December of 2016 to physically correlate the upper and lower 

segments, and to address uncertainties in the stratigraphic record. 
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The Composite Stratigraphic Column  

 The upper and lower segments of the QC section were measured and described by 

different people on separate field visits. The two segments were correlated by 1) tracing 

resistant beds remotely using Google Earth, 2) connecting paleomagnetic reversal sights 

within the overlapping strata, 3) connecting lithofacies sequences within the overlapping 

strata, and 4) physically tracing resistant beds in the field. In addition, photographs 

associated with certain rock descriptions from each trip were compared and categorized 

in order to maintain a consistent classification of major lithofacies.  

The Magnetostratigraphic Record 

Paleomagnetic Analysis 

  290 core and block samples were cut in the CSU Northridge Rock Cutting 

Laboratory into 1.5 cm diameter rounds, 1-2 inches in thickness. 235 samples were 

processed for paleomagnetic signatures using the 2G Cryogenic Magnetometer at 

Occidental College Paleomagnetic Laboratory. Samples with labels beginning with “QC” 

were initially processed once for Natural Remnant Magnetization (NRM), and then for 

Alternating Field (AF) demagnetization at 25, 50, 100 and 200 oersteds (oe) to begin to 

remove viscous magnetic components (Opdyke and Channell, 1996). These samples were 

then heated in the laboratory oven and processed for Thermal Demagnetization (TT) at 

the following temperatures: 150°, 200°, 250°, 300°, 350°, 400°, 450°, 500°, 530° and 

560° C.  The approach was refined for subsequent samples with labels beginning with 

15QC, which were initially processed three times for NRM. Between each NRM step, the 

samples were submerged in liquid nitrogen, which removes viscous magnetic 
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components (Borradaile et al, 2004). These samples were also processed for AF at 25, 50, 

100 and 200 oe to remove additional viscous components. 15QC samples were then 

heated and processed for TT a the following temperatures: 200°, 300°, 400°, 450°, 500°, 

530°. All samples began to show high processing errors due to low magnetization by 

~500° C, and were sufficiently demagnetized by ~530° C.   

 The data collected with the cryogenic magnetometer were analyzed using the 

PaleoMag 3.1d35 program, which uses paleomagnetic data to identify the primary 

magnetic polarity of each sample. Visual analyses of the data were completed using tilt-

corrected orthographic, equal area and J/J0 demagnetization plots to isolate the non-

viscous magnetic components, which are likely indicative of the primary magnetic 

signature. Statistical analyses of these non-viscous magnetic components were done 

using a least squares fit line (excluding the origin), to calculate the geographic declination 

and inclination, the stratigraphic declination and inclination, and the error (maximum 

angle of deviation [MAD]) for each sample.  

The results of the statistical analysis identify the magnetic polarity of each sample 

as either normal (north and down) or reversed (south and up), and categorized each 

sample into one of three groups: robust, tentative, and uninterpretable signatures. 

Expected values for the samples collected in the in the QC section of the Qaidam Basin 

are declination = 0° and inclination = 56.9° for normal polarity, and declination = 180° 

and inclination = -56.9° for reverse polarity (Opdyke and Channell, 1996). Each sample 

is categorized based on both visual and statistical analysis. Samples with robust 

signatures show two magnetic components (primary and viscous), and they generally 

have stratigraphic declination and inclination values that are within 10° of expected 
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values and an MAD value ˂ 10. Samples with tentative signatures generally show two 

magnetic components, and they have stratigraphic declination and inclination values that 

are within 20° of expected values and an MAD value ˂ 20. Samples that do not meet the 

above listed criteria are identified as uninterpretable, and are not used in the process of 

assembling the magnetostratigraphic record. The inclination and declination for samples 

with interpretable signatures (both robust and tentative) were graphed and used to 

produce the QC magnetic stratigraphy.  

Magnetic Stratigraphy: Assumption of Young Strata 

Studies have been conducted in the Qaidam Basin that constrain the majority of basin 

deposition to the Late Cenozoic (Kezao and Bowler, 1986; Wang et al., 2012). The Plio-

Quaternary age range for the QC section that has been identified in this study (3.6 Ma – 

1.8 Ma) is consistent with studies that have focused on playa-lacustrine deposition in 

other areas within the Qaidam Basin (Heermance et al., 2013; Riegel, 2015; Wang et al., 

2012).  Additionally, the proximity of the measured strata (0 m – 540 m) to the layer of 

active deposition (~740 m) indicates that the QC section must be relatively young in age. 

Magnetic Stratigraphy: Correlation to Global Events 

The transition in the stratigraphic column from Unit 3 to Unit 4 at 300 m, identified 

by the onset of limestone deposition and increasing evaporitic content, indicates a 

significant shift in the sedimentological record. A 3.6 Ma – 1.8 Ma age range correlates 

this major shift in lithology to the Plio-Quaternary Boundary (~2.6 Ma). In addition, 

within Unit 2 (120 m – 185 m), thick M1 and M2 deposits occur in the same stratigraphic 

location as relatively low and stable δ18O values, both of which indicate higher lake 
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levels during a warm and wet climate. Applying the 3.6 Ma – 1.8 Ma age range to the 

stratigraphic heights for Unit 2 places this warm and wet period between 3.33 and 3.1 

Ma, which correlates well to the globally recognized Mid-Piacenzian warm period 

(Salzmann et al, 2011). 

Magnetic Stratigraphy: Calculations and Statistical Analysis  

Supplementary evidence to support this Plio-Quaternary age range is shown through 

the calculation of reasonable sedimentation rates when comparing the stratigraphic height 

of each magnetic reversal to the known age of that reversal event (see section 4.4.1 

Sedimentation Rates for more information). Additionally, the magnetic stratigraphy data 

was analyzed using the Qupydon program, which statistically evaluates possible GPTS 

correlations.  The Qupydon results identified 3.6 Ma – 1.8 Ma as one of the most likely 

age range options. 
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