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University of Pittsburgh, 2015

In regions of the world with long histories of human occupation, both natural
environmental change and anthropogenic activities have impacted lake sediment dynamics over
several millennia. The Yunnan Plateau of southwestern China is primarily impacted by the
Indian Summer Monsoon (ISM) whose variability controls hydrologic balance. Despite the
importance of the ISM as a critical water resource, we lack continuous terrestrial records of the
ISM over a wide enough spatial gradient to understand its variability over multi-decadal time
scales. Yunnan also has an extensive history of settlement, agriculture, and mineral resource
extraction next to lakes, creating challenges in separating the impacts of recent disturbance from
earlier activities. This dissertation will 1) establish records of anthropogenic impacts to lake
sediment dynamics, 2) create records of hydrologic balance from lakes to understand ISM
variability over the Holocene/Pleistocene, and 3) examine the intersection between climate
variability and human activity around lakes to examine societal responses to changing water
availability.

Utilizing a multi-proxy approach, including sedimentology and stratigraphy, stable
isotopes of authigenic carbonate minerals and organic matter, and trace element geochemistry,
this research characterizes the nature, timing, and magnitude of both anthropogenic disturbance

and climate variability to four lakes in Yunnan: Xing Yun, Erhai, Chenghai, and Dian. Results



show that prior to ~2,000 years BP, shifts in hydrologic balance are generally in phase with
insolation forcing. Several abrupt drops in ISM strength are inferred over the Holocene and
agree with other records of ISM variability from the Tibetan Plateau. Over the last 2,000 years,
records of climatic change are overwritten by pre-industrial human activities including soil
erosion, eutrophication, heavy metal pollution, and hydrologic modification. The scale of such
activities is either equal or greater than modern-day impacts, suggestive of a several millenia

legacy that likely contributes to contemporary environmental challenges.
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1.0 INTRODUCTION

1.1 OBJECTIVES

1.1.1 Research Aims

Lakes in Yunnan Province of southwestern China have persistent and severe water
quality problems related to rapid population growth and industrialization, which have placed
great demands on freshwater and agricultural resources (Wang et al., 2012b; Whitmore et al.,
1997). Today, many lakes in this region are heavily impacted by deforestation, soil erosion,
agriculture, urbanization, and industrialization (Whitmore et al., 1994a). As a result of these
activities, many lakes on the Yunnan plateau are now eutrophic (Li et al., 2007; Liu et al., 2012)
and have high concentrations of toxic metals in their sediments (Zeng and Wu, 2009). Despite
an increasing awareness of the negative landscape-scale impacts arising from these disturbances,
problems associated with water pollution, sediment quality, and environmental degradation are
likely to persist or worsen as the population expands.

However, it is increasingly apparent that some lakes on the Yunnan plateau may have
been impacted by anthropogenic activities for centuries (e.g., Dearing et al., 2008; Shen et al.,
2005). In Yunnan, a region that has a long history of human occupation, agriculture, and mining,
questions remain regarding which lakes may have been impacted prior to the 20" century, the

nature of the impact, and how anthropogenic effects can be differentiated from other controls



such as climate change. Assessment of the relative influence of anthropogenic and climate
forcing on the lake systems of this region has not been the main focus of most environmental
investigations. Therefore aim of this dissertation is to assess the timing, magnitude, and
rate of anthropogenically driven environmental change in the context of natural climate
variability for lakes in the Yunnan Province.

Lakes in Yunnan can answer questions regarding long-term environmental change and
the geochemical variations associated with human disturbance. Many of these lakes are situated
near historically major centers of population (Figure 1-1) and have long, continuous records of
sedimentation that total several thousand meters in some cases (Wang et al., 1998). This project
focuses on two lakes (Erhai and Chenghai) in the western part of Yunnan, near the city of Dali,
and two lakes (Xing Yun and Dian) in the east-central part of Yunnan, near the city of Kunming

(Table 1-1 and Figure 1-1).
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Figure 1-1- A- map of China with Yunnan highlighted. B- Lakes selected for study in the eastern half of
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Table 1-1- Lakes selected for study

Catchment
Elevation Maximum  Surface Area
Lake Latitude Longitude Area (km?) CAJ/SA
(m) Depth (m) (km?) (2)
1
Xing Yun | 24°20'N 102°46'E 1783 11 35 383 10.94
Dian 24°47'N 102°43'E 1888 6 303 2920 9.64
Chenghai | 26°33'N 100°39'E 1502 35 75 318 4.24
Erhai 25°48'N 100°10'E 1964 21 250 2565 10.26

1. (Lietal., 2007)

1.1.2 Research Questions

The research questions this dissertation seeks to address are as follows:

1) How have pre-industrial human activities on the Yunnan Plateau
contributed to modern day limnological challenges such as industrial pollution,
eutrophication, land use change, and hydrologic modification? Yunnan is a borderland
region in southwestern China noted for rich mineral deposits, but inadequately documented
metallurgical history. Additionally, the origins of rice agriculture in Yunnan are murky (Fuller,
2012) and thus the earliest use of agricultural terracing and associated land-use change remains
unknown. As multiple previous studies have demonstrated (Brenner, 1983; Carson et al., 2014;
Cooke et al., 2009; O'Hara et al., 1993; Pompeani et al., 2013; Rosenmeier et al., 2002), the scale
of pre-industrial land-use change around the globe may be substantial and have multiple
limnological consequences. The scale and timing of such activities remains ill-constrained in

Yunnan due to insufficient archaeological and historical records (Allard, 1998; Yao and Zhilong,



2012); thus it is difficult to place present-day environmental challenges into an appropriate
context.

2) What is the timing and nature of abrupt shifts in moisture associated with
Indian Summer Monsoon (ISM) variability in the Pleistocene and Holocene? The ISM
dominates the climate of Yunnan and people who live in regions of high-population density
affected by the ISM base their livelihood on the timely arrival of the monsoon to deliver enough
water to sustain agriculture and hydroelectric power. However, there is an inadequate
understanding of how the ISM interacts with climate phenomena such as the EI Nifio Southern
Oscillation (ENSO) (Turner and Annamalai, 2012) as well as how the ISM relates to the East
Asian Summer Monsoon (EASM) (Cheng et al., 2012a; Clemens et al., 2010). In order to
improve our understanding of the nature of rapid shifts in moisture balance, a long-term
perspective of the ISM from terrestrial archives is necessary.

3) What role has hydroclimate played in human settlement and subsistence
practices? Numerous studies worldwide have viewed climate change as a driver of societal
upheaval (Binford et al., 2000; Buckley et al., 201; Cullen et al., 2000; Hodell et al., 2001; Zhang
et al., 2008a), though typically this work has been limited by climate records that are too
spatially distant or of low temporal resolution to make direct links with the archaeological
record. Moreover, proxy records themselves may be influenced by anthropogenic activities as
changes in pollen assemblages or charcoal abundance may reflect human-induced land-use
change (D'Anjou et al., 2012). Nonetheless, as societies in Asia remain vulnerable to monsoonal
variability in the context of future climate change (Lal et al., 2011), understanding societal
adaptation to hydroclimate variation remains crucial. While it can be difficult to connect

paleoclimate information to changing human land-use strategies, this work seeks to bridge the



gap between archaeology and paleolimnology by investigating anthropogenic manipulations to

lake basins in the context of changing monsoon variability.

1.1.3 Hypotheses

With the above research objectives in mind, the hypotheses are as follows:

1) There will be spatial and temporal differences in the initiation of human
modification to lakes with those in the eastern section being earlier and more intense. The
eastern and western sections of Yunnan have differing archaeological traditions and political
histories of development (Elvin et al., 2002; Higham, 1996) with settlement occurring first
around Dian Lake (Yao and Zhilong, 2012). Therefore we hypothesize that Dian will record the
earliest anthropogenic impact. Additionally, the regional Dian kingdom was centered around the
eastern section of Yunnan thus we hypothesize that human activity associated with agriculture
and land use change will be most intense in the surrounding lakes.

2) Limnological characteristics, such as surface area and catchment area, will
determine the nature of anthropogenic impact with smaller, shallower lakes responding
more sensitively. Each of the paired lakes in the eastern and western sections have differing
characteristics with two of them (Erhai and Dian) having large surface areas and catchment areas
and two of them (Xing Yun and Chenghai) having small surface areas and catchment areas
(Table 1-1). We hypothesize that Xing Yun and Chenghai will be the most disturbed systems
and that Erhai and Dian will be the least disturbed due to their large size and dilution of

anthropogenic impacts.



3) Hydroclimate shifts on the Yunnan Plateau will be similar in both timing and
magnitude compared to shifts recorded on the Tibetan Plateau and Indian subcontinent.
We expect that proxy measurements of ISM variability will broadly agree with lake records from
the Tibetan Plateau (Bird et al., 2014; Morrill et al., 2006) and speleothem records from the
Indian subcontinent (Berkelhammer et al., 2010; Cai et al., 2012), though many of these archives
are not continuous through the Holocene. However, we expect to see shifts in the ISM that are
distinct from those of the EASM as recorded in speleothems such as Dongge and Hulu Caves
(Wang et al., 2005; Wang et al., 2001).

4) Due to the heavy reliance on the ISM for annual precipitation, periods of
reduced monsoon variability will coincide with societal changes over the late Holocene.
While it is difficult to find paleoclimate records in this region of the world undisturbed by
people, we will use other paleoclimate records such as Dongge Cave (Dykoski et al., 2005) and
Paru Co (Bird et al., 2014), to see if periods of aridity coincide with inferred land use or

limnological changes.

1.2 REGIONAL SETTING

1.2.1 Geology

Eastern/central Yunnan is part of the Yangzi platform that is composed by of low-grade
Proterozoic metamorphic rocks (Wang et al., 1998) and late Permian Emeishan continental flood
basalts that resulted in extensive copper-chalcocite ore deposits (Zhang et al., 2009) (Figure 1-

1). Western Yunnan has the same Permian flood basalts that surround Kunming but the geologic



history is considerably more complicated. During the late Mesozoic a collage of crustal
fragments came together but the subsequent deformation has been so complex that the origin of
these fragments still remains unknown (Wang and Burchfiel, 1997). The Diancangshan
metamorphic rock complex juts up against the western side of Erhai and by 4 million years,
extensive erosion of these rocks began, possibly due to the activation of a nearby fault system
(Wang et al., 1998). As a result of extensive weathering, red palaeosols rich in Al, Fe, and Ti are
widespread in Yunnan and have been tentatively dated as being 1 million years old (Lu et al.,
2015).

Yunnan has a complicated tectonic history related to the collision of India and Eurasia
roughly 50 million years ago. Numerous strike-slip faults cut across the landscape to
accommodate the convergence between India and Asia (Molnar and Tapponnier, 1975; Royden
et al., 2008). As a result of these strike-slip faults, there are numerous pull apart basins, such as
Fuxian, Xing Yun, Chenghai, and Qilu (Wang et al., 1998). Pull-apart basins form when an area
is bound by two non-continuous normal faults and experiences tension (Kearney et al., 2009). In
a pull-apart basin there may be multiple centers of deposition that change through time (Cohen,
2003). Other basins in Yunnan such as Erhai and Dian are caught on the extensional corner of a
rotating crustal block, causing subsidence and more irregular shapes (Wang et al., 1998).

An extensive study of Yunnan fault systems can be found in Wang et al., 1998 and what
follows is a brief summary of their work. Western Yunnan is dominated by the Dali fault
system, which may be considered an extension of the Red River fault (RRF) that runs throughout
much of southwestern China and down into Vietnam. Displacement on the RRF is temporally
and spatially variable with the greatest displacement along the northern sections of the fault and

almost no displacement on the southeast portions (Schoenbohm et al., 2006). The RRF currently



has a slip rate of 1-5 mm/year though Pliocene slip rates were much higher. On the western side,
Erhai is bound by an east-dipping normal fault that is part of the RRF. Sedimentary deposits in
Erhai are estimated to be 2,000 m thick and originate from the Early Pleistocene. Chenghai lies
on the Chenghai fault, a left-lateral branch of the RRF. The Chenghai fault shows evidence of
recent activity as it has laterally displaced the lower branch of the Jinsha River by ~3 m.
Sedimentary deposits in Chenghai are estimated to be 1,200 m thick.

Nearly all of the lakes in central-eastern Yunnan are formed from the extensive
Xianshuihe-Xiaojiang fault (XXF) system. Much of the crustal deformation in Yunnan is
currently being taken up by the XXF. All of the lake basins associated with the XXF date to the
early Pleistocene but the sedimentary deposits vary greatly in terms of thickness. Based on the
fact that no basins appear to be older than the early Pleistocene, Wang et al., 1998 estimate that
the XXF system is 2-4 million years old and that the average long term slip rate is 15-30
mm/year. However, that is twice the slip rate that has been observed by field study and GPS
measurements (Allen et al., 1991; King et al., 1997). A possible explanation is that slip rates
have slowed down with time. Alternatively, the estimates of the age of the lake basins may be
incorrect, especially since sedimentary deposit thicknesses are widely variable and have only
been dated using one or two fossils or sparse paleomagnetic data. Improved age control on these
sedimentary deposits and more extensive seismic surveys would need to be undertaken to
determine which scenario is correct. Sedimentary deposits in Dian are greater than 1,000 m
thick and are from the early Pleistocene. Estimates of sedimentary deposit thickness in Xing
Yun are unknown however Fuxian is estimated to have 163 m of sediment that dates to the

Pleistocene.



1.2.2 Climate

The Asian Summer Monsoon is due to the seasonal cycle of insolation that results in
thermal contrasts between land and sea that drives atmospheric circulation and convective
moisture. Twice a year this atmospheric circulation switches and creates distinct wet summers
and dry winters in affected regions. The monsoon system is closely tied to the Intertropical
Convergence Zone (ITCZ) as the northward progression of the ITCZ during the Northern
Hemisphere summer accompanies the onset of the summer monsoon winds and results in
increased moisture flux reaching the continent (Fleitmann et al., 2007). The Asian Monsoon
system can be broken into two components- the Indian Summer Monsoon (ISM) where moisture
originates from the Bay of Bengal and the East Asian Summer Monsoon (EASM) where
moisture originates from the South China Sea (Figure 1-2). It is difficult to define strict spatial
barriers between these two systems (Cheng et al., 2012a) though some researchers have
suggested 105°E as a possible division (Wang et al., 2003).

In Yunnan 70% of the average annual precipitation falls in the months of June-September
(Table 1-2) and most of that precipitation is associated with the ISM (Araguas-Araguas et al.,
1998). During the monsoonal season, which reaches its peak in July and August, land-ocean
thermal gradients drive vigorous convection, resulting in greater moisture transfer from more
distal sources. As moisture is transported over longer distances, heavier oxygen isotopes fall out
first so that the remaining water in the air mass becomes more and more depleted in 0. This
results in precipitation falling on the landscape with relatively lower 630 values (Cheng et al.,
2012a). GNIP station data for Kunming shows that the precipitation with the lowest §'0 and

oD values occur during the summer months and are associated with the ISM (Table 1-2).
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Table 1-2- Monthly average temperature, precipitation, oxygen isotope values, and deuterium values from

1986-2003 at Kunming GNIP station (25°1°N, 102°40’E, 1892 m) (IAEA/WMO, 2014).
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Records of both the ISM and EASM have been extensively documented using
speleothems. In particular, how the EASM has changed over the last several hundred thousand
years has been investigated in great detail with a number of speleothems from interior China
(Cosford et al., 2008; Dykoski et al., 2005; Wang et al., 2005; Wang et al., 2008; Wang et al.,
2001; Zhang et al., 2008a). This work established that on millenial time-scales, the Asian
Monsoon is controlled by precessional forcing- the variation in the global distribution of summer
insolation due to changes in the orientation of Earth’s orbital axis. The driving cause of this
variation is the latitudinal migration of the ITCZ in response to changes in the amount of summer
insolation (Fleitmann et al., 2007). Multiple records such as Dongge, Hulu, Sanboa, Linhua,
Wanxiang, Mawmluh, and Tianmen Caves (Figure 1-2) show a strong connection between
average summer insolation and 580 values as archived in speleothem calcite. As solar
insolation increases, the land-ocean thermal gradient increases, driving increased monsoonal
activity and moisture transport over longer distances, leading to lower 580 values in
precipitation falling on the land (Yuan et al., 2004). While other mechanisms have been
proposed to explain the tight connection between variations in 630 values and monsoon
strength, including rainfall amount (Neff et al., 2001), moisture source (Maher and Thompson,
2012), and seasonality of precipitation (Wang et al., 2001), broad scientific consensus is that
5180 values in speleothem calcite reflect upstream air mass processes (Hu et al., 2008; LeGrande
and Schmidt, 2009; Liu et al., 2014).

Over centennial and decadal time-scales, researchers have suggested that abrupt drops in
monsoon strength are related to Northern Hemisphere temperatures, Southern Hemisphere
temperatures, and/or Pacific sea surface temperature (SST) gradients, but the relative importance

of each of these factors is still debated. Many of the aforementioned speleothem records show
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sudden reductions in monsoon strength correspond closely to Heinrich events, periods of
increased sea ice melting in the North Atlantic (Broecker et al., 1992). These events also cause
reduced North Atlantic deep water formation that modeling studies suggest may cause colder
temperatures across Eurasia and a reduced land-sea thermal gradient leading to a weaker
monsoon (Morrill et al., 2003). Colder temperatures in the North Atlantic may also lead to a
southward shift of the ITCZ (Cheng et al., 2012a). Alternatively, some researchers have
suggested that the strength of the ISM in particular could be controlled by Southern Hemisphere
temperatures as warm temperatures in the Southern Ocean led to less transquatorial flow and
weaker winds (Cai et al., 2006; Zhisheng et al., 2011).

The impact of Pacific SSTs is mainly through El Nifio Southern Oscillation (ENSO) and
the Indian Ocean Dipole (I0D). During an El Nifio event, warm SSTs in the eastern Pacific
cause the Walker circulation cell that drives atmospheric convection to shift eastward. This
causes subsidence in the western Pacific, anomolously warm SSTs in the Indian Ocean, and a
weakened ISM (Kumar et al., 1999). This relationship has been observed in modern
meterological data but has weakened in recent decades, possibly due to warming on the Eurasian
continent driving an increased thermal gradient between land and sea (Kumar et al., 1999).
Positive 10D events cause an anomolous increase in SSTs in the Bay of Bengal and a decrease in
the southwestern Pacific near Sumatra (Abram et al., 2008). This has the overall effect of
weakening the ISM and when 10D events coincide with EI Nifio events, the effect is enhanced
(Abram et al., 2007). The Pacific Decadal Oscillation (PDO), whose positive phase results in
anomolously cool SSTs in the Northern Pacific, causes warmer SSTs in the Indian Ocean and

also results in a weaker ISM (Krishnan and Sugi, 2003).
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There is still considerable debate about whether the ISM and the EASM respond to
precessional forcing synchronously and similarly (Cheng et al., 2012a; Clemens et al., 2010). In
part, this is due to a lack of continuous terrestrial hydroclimate records of the ISM. Speleothem
records of the ISM such as Tianmen (Cai et al., 2012), Mawmlah (Berkelhammer et al., 2012),
and Dandak (Sinha et al., 2007) Caves (Figure 1-2) do not continuously span the Holocene or
are located spatially distant from the main component of the ISM on the Arabian Peninsula
(Fleitmann et al., 2003). Other than speleothems, very few terrestrial records of the ISM exist
over the Holocene. Many lake records on the Tibetan Plateau, such as Ahung Co, are also
discontinuous through the Holocene (Figure 1-2).

The Guilya ice cap from the Tibetan Plateau (Figure 1-2) records substantial variations
in 5180 values over the last 125 ka related to moisture variability (Thompson et al., 1998).
Abrupt variations in §'80 values between 33 and 15 ka were hypothesized to be related to
Dansgaard-Oeschger events, periods of rapid warming followed by gradual cooling on time-
scales of approximately 1,500 years. Late Pleistocene and Holocene-scale climate was less well-
constrained due to the absence of an absolute dating chronology, however the Last Glacial
Maximum (LGM) was thought to be 18+1 ka. The Dunde ice cap from the northern Tibetan
Plateau produced a higher resolution record of the ISM through the Holocene (Thompson et al.,
1989). Increased dust deposition occurred from 30 to 10 ka, with an abrupt increase at 10.75 ka.
Holocene optimal warmth inferred from 80 values occurred between 8 and 6 ka. More
recently, a lake sediment record from Paru Co on the Tibetan Plateau demonstrated several
significant drops in ISM strength at 7.2 and 5.2 ka using hydrogen isotopes of leaf waxes (Bird et
al., 2014). The authors proposed that these abrupt events were due to century-scale variability of

the 10D.
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While these three records have done much to advance our understanding of the ISM
expressed on the Tibetan Plateau, population density is quite low. By contrast, lakes situated on
the Yunnan Plateau of China are essential water resources for both urban and rural areas, have
population densities between 250-999 persons/km? (Center for International Earth Science
Information Network, 2000), and are vital hydrologic resources for the Pearl, Red, and Yangtze
River Basins.

Water isotope samples demonstrate the sensitivity of lakes on the Yunnan Plateau to
hydroclimate variation (Figure 1-3). GNIP station data from 1986-2003 was used to calculate
the annual weighted mean isotopic composition of modern rainfall for Kunming (Table 1-2 and
Figure 1-3). A sample of groundwater taken in 2014 from 2 m below the surface on the
southeastern shore of Dian Lake (24°42'25.77"N, 102°41'21.81"E) plots very close to the annual
weighted mean of modern rainfall (Figure 1-3). Water samples from various lakes in Yunnan
(Figure 1-1) were collected in the summers of 2009, 2012, and 2014 and analyzed for §'80 and
SD. A plot of 8180 versus 8D reveals substantial variation in the isotopic composition of the lake
waters (Figure 1-3). Erhai is isotopically closer to the annual weighted mean of modern rainfall
for Kunming than the other lakes, though it still plots to the right of the Global Meteoric Water
Line (GMWL) on the Local Evaporation Line (LEL), suggesting that some portion of water loss
occurs through evaporation. Lakes Xing Yun, Fuxian, Dian, and Chenghai lie further to the right
of the isotopic composition of Kunming rainfall, having higher values of both 30 and 8D. This
suggests that substantial water loss occurs through evaporation and that these lakes are closed

basins.
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Figure 1-3- Water isotope samples from selected lakes in Yunnan, groundwater from ~2 m deep next to Dian
(orange triangle), precipitation collected from a rainstorm at Dian in August 2014 (pink triangle), the annual
weighted mean of modern rainfall for Kunming from GNIP station data (blue diamond). GMWL = Global

Meteoric Water Line. LEL = Local Evaporation Line.
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The ISM is the most dominant aspect of Yunnan climate as temperature in this region is
generally stable throughout the year and winters are mild. The climate is defined as warm
temperate with a dry winter and a warm summer (designated Cwb in the Képpen-Geiger
classification system) (Kottek et al., 2006). Land clearance for agriculture is extensive around
both Kunming and Dali, but in less impacted areas, subtropical conifer and evergreen broad-

leafed forests predominate (Li and Walker, 1986).

1.3 HUMAN HISTORY OF THE YUNNAN PROVINCE

Yunnan has a long history of human occupation, with Neolithic settlement around lake
basins occurring sometime between 10,000 and 3,500 years BP (Sun et al., 1986).
Archaeological investigations of early agriculture in the region produced controversial evidence
that Yunnan may have been a center of rice domestication (Fuller, 2012). The earliest definitive
evidence for rice cultivation dates to 4,500-4,000 years BP, though archaeobotanical work has
been limited (Fuller, 2012). Nonetheless, the great genetic diversity of rice from Yunnan
suggests that it was an important center of rice cultivation (Zhang et al., 2007).

Yunnan has rich deposits of metals including copper, tin, lead, gold, silver, and iron,
many of which were mined and processed near the city of Dali, in the western half of the
province, and Gejiu mine, 200 km south of Kunming (Golas, 1999; Pirajno, 2013) (Figure 1-4).
Early habitation sites and associated metal artifacts are understudied relative to later, more
abundant sites associated with the Dian culture of 400 BC-100 AD (Chiou-Peng, 2008, 2009).
As a result, little is known about metalworking activities during the period of earliest habitation,

especially around Kunming, the capital of Yunnan.
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The earliest metallurgical activity in western Yunnan, in particular, has been a subject of
debate due to a lack of dated artifacts and the absence of geochemical records of smelting
activities. There may have been metal smelting and/or production facilities in the vicinity of
Dali (Cui and Wu, 2008). Copper-based metalworking as early as 2" millennium BC was found
at the Haimenkou site (Yunnan Provincial Institute of Cultural Relics and Archaeology, 2009b;
Min, 2013), located near Lake Jian, ~50 km north of Erhai, and at its contemporaneous site,
Yinsuodao (Yunnan Provincial Institute of Cultural Relics and Archaeology, 2009a), on the
southeastern shore of Erhai. Shared metallurgical features as well as artifact types indicate that
these two sites were part of a 2" and 1% millennia BC technological complex in western Yunnan
that was linked to ore deposits along the Jinsha (upper Yangzi) valleys north and east of Erhai
(Min, 2013). Moreover, lead isotope studies of Yunnan ores point to the possibility that the
Baiyangchang ore body supplied materials for metal production at Haimenkou (Cui and Wu,
2008). Concurrent with the rise of hierarchical societies in western Yunnan during the first half
of the 1% millennium BC, the progressing copper-based industry at sites near Haimenkou
witnessed an increasing output of cultivation implements in addition to prestige goods (Chiou-
Peng, 2011). Many of these metal objects became the prototypes of bronze (a mixture of copper
and tin) in the Dian culture (ca. 350 BC-100 AD) located near Lake Dian in eastern Yunnan
(Chiou-Peng, 2009).

Dian archaeological excavations suggest that by 700 BC copper materials were already
being used (Yao and Zhilong, 2012) and that during the florescent stages of the Dian culture
(200-50 BC), abundant bronze artifacts in conjunction with silver and gold objects were utilized.
Although little evidence has been made available to explain how and where metal ores were

exploited for the Dian communities, ancient texts in combination with modern lead isotope data
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point to several locales associated in the Gejiu polymetallic ore bodies in southern Yunnan,
including Jianshui, Gejiu, and Mengzi deposits as possible sources (Cui and Wu, 2008). There is
strong evidence indicating the existence in early 1% millennium AD of ore processing facilities at
Gejiu (Dai and Zhang, 1998) as well as remains of accumulated ancient metal debris at the
adjacent Jiansui and Mengzi deposits (Cui and Wu, 2008).

After the Dian people, various kingdoms and cultural traditions arose around Kunming,
operating independently from the Chinese dynasties of the time. This independence limited the
number and availability of historical records (Allard, 1998). Archaeological discoveries have
filled in some gaps in written history, but have thus far been relatively limited. As bronze
artifacts remained in vogue in Yunnan even after iron was introduced into the region toward the
end of the 1%t millennium BC, copper, tin, lead, and silver, likely continued to be extracted from
these southern mines (Dai and Zhang, 1998) and used in parallel with many other ore deposits
dispersed all over Yunnan (Zhang, 2000).

With the invasion of the Yuan Dynasty (the Mongols) in 1253 AD, the Dali Kingdom (an
expansion of the previous regional Nanzhao government) was conquered and Yunnan nominally
became part of Chinese territory (Giersch, 2009). Yunnan became well-known for its silver and
copper deposits and mining and metal resource extraction was an integral part of the Yunnan
economy (Yang, 2009). The Ming (ca. 1368-1644 AD) and the Qing (ca. 1644-1911 AD)
Dynasties that followed heavily exploited the mineral resources of Yunnan for copper and silver,
but historical records are insufficient and the true extent of this activity is unknown (Yang,
2009). The population of Yunnan increased dramatically during the Ming and Qing Dynasties as

Han immigrants settled in great numbers to work in the mines (Lee, 1982).
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Numerous studies have focused on recent changes in water and sediment quality (Liu et
al., 2010; Zhang et al., 2010) and have attempted to document the changes associated with
modern human disturbance through analysis of lacustrine sediment cores (Brenner et al., 1991;
Whitmore et al., 1994a). However, bulk sediment radiocarbon measurements and hard-water
reservoir effects made it difficult to constrain the timing of observed geochemical changes,
thereby limiting this earlier work. Few studies of lake sediment cores from around Kunming

have expressly examined the long-term effects of anthropogenic disturbance.

1.4 LACUSTRINE SEDIMENTS AS ENVIRONMENTAL ARCHIVES

Lacustrine sediments provide a geochemical archive of changes to the lake, its watershed,
and the overlying atmosphere at a variety of spatial and temporal scales. The concentration and
stable isotopic composition of organic matter, the stable isotopic composition of authigenic
carbonate, and trace element geochemistry can offer insight into changes in lake trophic status,
carbon cycling, hydrologic balance, and land use change. Combined, these proxies can provide
an understanding of natural climate variability, past human-environment interactions, and
limnological responses to landscape alterations.

To assess lake trophic status as well as nutrient loading arising from human activities, we
focus on weight percent organic matter, weight percent carbon and nitrogen, the ratio of carbon
to nitrogen (C/N), the ratio of nitrogen to phosphorus (N/P), and the stable isotopic composition
of both carbon (§*Corg) and nitrogen (5°N) in organic matter. These proxies are not without

their limitations and post-depositional loss of carbon and especially nitrogen may change C/N
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ratios as sediments are buried (Galman et al., 2008). Post-depositional loss may also affect the
isotopic composition of organic carbon and nitrogen with increases and decreases of 1-2%o,
respectively (Galman et al., 2009). With these caveats in mind, these variables are interpreted
within the context of other sedimentological changes.

Weight percent carbon when paired with §*Cqrg can provide information on primary
productivity. Lighter isotopes of carbon tend to be preferentially incorporated into organic
matter; however, with increased productivity, >C gradually becomes depleted and **C starts to
be utilized, driving up 8'3Corg values (Hodell and Schelske, 1998). When §'3Cqrq values are
interpreted in the context of C/N values, it can indicate the source of the organic matter being
preserved in the lake (i.e. terrestrial or aquatic) (Meyers, 1994). Terrestrial organic matter
typically has higher values of C/N (>14) while aquatic organic matter has lower values of C/N
(<10) (Meyers and Laillier-verges, 1999).

While a full review of nitrogen isotopes is beyond the scope of this chapter, in general,
81N is a function of naturally-occurring reactive nitrogen sourced from biological fixation,
lightning, and forest fires (Elliott and Brush, 2006). Controls on *°N can be complicated by
many factors including primary productivity, nitrification, denitrification, ammonification, and
volatilization. Lighter isotopes of nitrogen are preferentially used in biochemical and inorganic
processes, leaving the remaining pool of nitrogen relatively enriched in °N. Determining the
process is responsible for shifts in §'°N in lakes is further complicated by post-depositional loss,
inorganic nitrogen adsorbed by clay surfaces, and diatom nitrogen (Talbot, 2001). Additionally,
modern day processes such as NOy deposition from fossil fuel combustion and fertilizer and
sewage runoff have perturbed the natural nitrogen cycle and isotopic signature (Kendall et al.,

2007). Nonetheless, when used in conjunction with other proxies such as §*3Corg, weight percent
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nitrogen, and C/N, 8*°N values in lake sediments can give insight into trophic level shifts (Talbot
et al., 1984), primary productivity (Brenner et al., 1999), cultural eutrophication (Hollander et
al., 1992), and sewage inputs (Elliott and Brush, 2006). The ratio of nitrogen/phosphorus (N/P)
in combination with 8*°N values can also be used to infer trophic status since eutrophic lakes and
lakes with a high percentage of agricultural and sewage runoff have low N/P ratios (<6)
(Downing and McCauley, 1992).

To assess changes in hydrologic balance, we rely on the stable isotopic composition of
authigenic carbonate minerals that form in the water column and settle to the lake bottom,
thereby archiving the lake water isotopic composition. While not all lakes precipitate carbonate
minerals suitable for this analysis, where appropriate, the mineral of interest can be isolated and
analyzed for its isotopic composition to estimate how water balance has changed through time.
When lake levels rise and fall, the bathymetric characteristics of the lake change, which can alter
the proportion of water lost through evaporation and change the isotopic composition of the lake
water. To determine whether the cause of changes in water balance are due to natural climate
variability or human modification of hydrology, it is necessary to compare our records to
independent, well-established, nearby records of paleoclimate. Dongge Cave has been used to
reconstruct variations in the strength of the monsoon over the Holocene and is situated in the
Guizhou province of southwestern China, 530 km northeast of Yunnan (Wang et al., 2005).
While some aspects of the Dongge Cave interpretation have been disputed by some researchers
(Dayem et al., 2010; Maher and Thompson, 2012) and it may be more heavily influenced by the
EASM (Araguas-Araguas et al., 1998), it is the closest record of monsoon variability that is

unaffected by human activity.
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To assess land use change, we rely on weight percent organic matter, carbonate, and
residual mineral matter, magnetic susceptibility, and trace element geochemistry. Sediment may
be delivered to lakes from surrounding watershed soils and is generally rich in elements such as
aluminum, magnesium, and titanium (O'Hara et al., 1993). Concentrations of these metals, both
weakly and strongly bound to the sediments, may be used to reconstruct erosional activities,
however, mining and metalworking activities may also contribute to metal loadings on the
landscape through atmospheric transport and may enter the lake system at a later time (see
below). Magnetic susceptibility is often used as a proxy for the proportion of sediment derived
from magnetic sources, such as basalt (Dearing et al., 2008), but may also indicate secondary
processes such as burning, fossil fuel combustion, soil formation, and digenesis (Dearing, 1999).
Since many of the lake catchments selected for study in Yunnan include basaltic bedrock
(Bureau of Geology and Mineral Resources of Yunnan Province, 1990), we primarily interpret
magnetic susceptibility to indicate erosional processes occurring within watersheds, in
conjunction with the concentration of the aforementioned lithogenic elements. Changes in
weight percent organic matter, carbonate, and residual mineral matter may also aid in the
interpretation of these proxies.

Lastly, to assess the relative intensity of metalworking processes such as smelting, we
rely on concentrations of elements weakly bound to the sediment. Metallurgical activity in
China relied on a process known as cupellation. Ores of interest, usually silver and gold, were
heated in low temperature ovens which caused lead oxides to form from ore impurities
(Murowchick, 1989). These lead oxides would be volatized and transported in the atmosphere
until being deposited by wet and dry fallout onto the landscape and lakes. Once in the water

column, metals, such as lead, adsorb onto clay particles and organic matter and are deposited on
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the lake bottom forming layers that archive smelting history of the region. Lake sediments are
sensitive enough to record very low intensity trace metal emissions, such as those produced by
early pre-industrial efforts (Abbott and Wolfe, 2003; Renberg et al., 1994). There are several
caveats to this approach (see above) and the concentrations of weakly bound metals must always

be interpreted in the context of other erosional proxies.

We use an integrated approach to establish age control. These methods include: 1) $3’Cs
measurements to anchor the 1963 cesium peak produced from atmospheric testing of nuclear
weapons (Lima et al., 2005), 2) 21°Pb assays to constrain the upper sediments for the last 100-150
years (Appleby and Oldfield, 1983), and 3) accelerator mass spectrometry (AMS) 4C
measurements on charcoal and identifiable terrestrial macrofossils. Samples such as leaves and
charcoal were targeted for dating because they are less subject to transport and reworking.
Additionally, radiocarbon measurements made on discrete macrofossils are less subject to hard-
water effects than bulk sediment or shell dates, which often appear several thousand years too
old (Taylor, 1978). However, larger macrofossils such as pieces of wood may lie on the
landscape and be subject to reworking (Abbott and Stafford, 1996); thus the eventual transport of
such material into the lake may make sediments appear older than their true age of deposition.

The interpretation of these dates should be considered within the context of other dates.
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What follows in the next five chapters is a presentation of results from four lakes in the
Yunnan province (Table 1-1). The late Holocene portion of Xing Yun Lake is presented in
Chapter 2.0 while the Pleistocene and early-middle Holocene portion is presented in Chapter 3.0.
Erhai Lake is presented in Chapter 4.0, Dian Lake is presented in Chapter 5.0, and Chenghai
Lake is presented in Chapter 6.0. Chapter 2.0 was published in Quaternary Science Reviews in
2014, Chapter 4.0 was published in Environmental Science and Technology in 2015, and Chapter
6.0 is currently being prepared for publication. Since individual chapters are either published or

intended for publication, they may contain redundancies in the introductory text and methods.
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2.0 XING YUN LAKE

Rapid Environmental Change during Dynastic Transitions in Yunnan Province, China

Here, we present a 3,500-year sediment record from Xing Yun Lake, approximately 70
km south of Kunming, the capital of Yunnan. Xing Yun is a lake with a simple catchment and is
located in a region containing several well-studied climate records. Additionally, a burial site,
Lijiashan, associated with the Dian culture is located within the watershed of Xing Yun
(Higham, 1996), making it ideal to investigate the long-term effects on lake sediment
geochemistry associated proximal human activity. To reconstruct changes in land-use, lake-level
management, and mineral resource extraction, we rely on measurements of sediment
composition (% organic, carbonate, and mineral matter as well as magnetic susceptibility), the
concentration and isotopic composition of organic carbon and nitrogen (%C, %N, 8*3Corg, and
5'°N), the oxygen and carbon isotopic composition of authigenic calcite (8*8Ocarb and 3*3Ccar),
and the concentrations of weakly bound metals (Al, P, Pb, and Hg) in sediment. We use these
analyses to investigate the timing and magnitude of environmental changes at Xing Yun Lake in
the context of anthropogenic activities that coincide closely with periods of cultural transition.
We find that after 500 AD, isotopic and geochemical variations archived in the sediments are
primarily the result of human activities such as land use change, hydrologic modification, and

cultural eutrophication.
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2.1 REGIONAL SETTING

Xing Yun Lake (24°10°N, 102°46’E) is a shallow (Zmax: 11 m) and eutrophic lake (Liu et
al., 2012) with a surface area of 34 km?and a watershed area of 383 km?. The lake catchment
contains large flat sections of land used for rice agriculture. The western side of the catchment is
dominated by slate and phyllite and the eastern side is composed of sandstone, shale, and
limestone (Bureau of Geology and Mineral Resources of Yunnan Province, 1990). The lake’s
only surficial outflow is the Ge River, which drains into deep Fuxian Lake; however, today
several dams exist on the Ge River, regulating water flow. The annual weighted 'O mean of
modern rainfall for Kunming is -9.86%. VSMOW (Table 1-2) and the §*20 value of a water
sample taken from the lake in 2009 is -4.3%. VSMOW, suggesting that substantial water loss
from Xing Yun occurs through evaporation (Figure 1-3).

The hydrologic and isotopic sensitivity of Xing Yun to changes in precipitation
associated with the ASM was previously explored by Hodell et al., 1999 using a 12.5 m sediment
core collected near the southern end of the lake at a water depth of 7 meters (Figure 2-1). Grain
size, magnetic susceptibility, and oxygen isotopic values of authigenic carbonate were measured.
The Hodell et al. 1999 study suggested that from 20,000 to 12,000 years BP, lake water §'0
values decreased, indicating an increase in the strength of the ASM, and that from 8,000 years
BP to present, 180 values increased in response to a weakening ASM. These isotopic shifts
occurred in conjunction with changes in Northern Hemisphere summer insolation, similar to
conclusions drawn from the Dongge Cave record (Wang et al., 2005). Notably however, the
chronology of the Hodell et al. 1999 Xing Yun §'80 record was constrained by bulk sediment

and gastropod shell radiocarbon dates, which are subject to hard-water effects (Deevey et al.,
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1954). Further, the low sampling resolution (5-6 cm) makes the 520 transitions appear abrupt
and uneven, a consequence that precludes a direct comparison to the Dongge Cave record (which
has a much higher temporal resolution) and makes it difficult to constrain the timing of abrupt
shifts in 580 values. The Hodell et al. 1999 study acknowledged the possibility of recent
anthropogenic disturbance (last 250 years) on Xing Yun, but did not address the possibility of

impacts on the lake by earlier human activity.
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Figure 2-1- A- Locations of Xing Yun Lake (star), Dongge Cave (diamond); B- Yunnan lakes near Kunming;
C- Xing Yun Lake (1721 m elevation) with 200 m contour intervals. Coring location in this study is marked

by the circle. Coring location from Hodell et al., 1999 is marked X.
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2.2 MATERIALS AND METHODS

2.2.1 Core collection

Four overlapping cores from Xing Yun were collected in 2009 from the deepest part of
the lake (11 m) (Figure 2-1), forming a composite record of 317 cm. Core D-1 was recovered
using a 5.5-cm diameter piston core with a removable polycarbonate tube and measures 133.5
cm. A steel barrel Livingston corer (Wright et al., 1984) was used to collect three overlapping
cores (D-2, D-3, and D-4) from below this depth. These three Livingston sections were extruded
in the field and measure 92 cm, 96 cm, and 63 cm, respectively. An Aquatic Research
percussion core measuring 75 cm was taken from the same location, and the upper 56 cm were

extruded in the field at 0.5-cm intervals.

2.2.2 Age Control

Radiocarbon ages were measured on seven terrestrial macrofossils and three gastropod
shells. Samples were analyzed at Keck Center for Accelerator Mass Spectrometry at the
University of California Irvine. Prior to analysis, samples were pretreated using a standard acid,
base, acid procedure (Abbott and Stafford, 1996). The resulting ages were calibrated using
CALIB 6.0 and the INTCALQO9 calibration curve (Reimer et al., 2009). The upper 11 cm of the
gravity core were lyophilized and analyzed for 2!°Pb and #“Pb activities by direct gamma (y)
counting in a broad energy germanium detector (Canberra BE-3825) at the University of

Pittsburgh.
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2.2.3 Geochemistry

Water content and bulk density were measured at 2 cm intervals using 1 cm? samples.
Weight percent organic matter and carbonate content within these same samples was determined
by loss-on-ignition (LOI) analysis at 550°C and 1000°C, respectively (Dean, 1974). Sediment
core magnetic susceptibility was measured on split cores using a Bartington® Instruments Ltd.
MEZ2EI surface-scanning sensor equipped with a TAMISCAN-TSI automatic logging conveyer.

Weight percent nitrogen, weight percent organic carbon, 5!°N, §'*Corg, and atomic C/N
ratio were measured at 2-cm intervals. Samples were covered in 1 M HCI for 24 hours to
dissolve carbonate minerals and rinsed. Samples were then lyophilized and analyzed at Idaho
State University using an ECS 4010 (Elemental Combustion System 4010) interfaced to a Delta
V mass spectrometer through the ConFlo IV system. Organic carbon isotopes are expressed in
conventional delta (&) notation as the per mil (%o) deviation from the Vienna Peedee Belemnite
standard (VPDB) whereas nitrogen isotopes are reported relative to atmospheric No.

Cores were sampled continuously at 0.5-cm intervals for analysis of the oxygen and
carbon isotopic composition of carbonate minerals. Samples were disaggregated with 7% H>0>
and sieved through a 63-um screen to remove biological carbonates derived from ostracod and
gastropod shells. Samples were soaked in a 50% bleach and 50% DI water mixture for 6-8
hours, rinsed, and lyophilized. Bulk carbonate samples were reacted in ~100% phosphoric acid
at 90°C and measured using a dual-inlet GV Instruments, Ltd. (now Isoprime, Ltd) IsoPrime™
stable isotope ratio mass spectrometer and MultiPrep™ inlet module at the Regional Stable
Isotope Laboratory for Earth and Environment Science Research at University of Pittsburgh.
Oxygen and carbon isotope results are expressed in conventional delta (8) notation as the per mil

(%0) deviation from VPDB. One sigma analytical uncertainties are within £0.10%o. Replicate
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measurements of §8Q0cam and §3Ccany 0f Xing Yun sediment had an average standard deviation
of 0.10 and 0.20%. (VPDB), respectively.

Weakly sorbed metal concentrations were measured at 6-cm intervals between 317 cm
and 53 cm; above 53 cm depth, samples were measured at 1-3 cm intervals. All samples were
lyophilized and homogenized prior to analysis. Elements were extracted by reacting samples
with 10 mL of 1 M HNOg3 for ~24 hours (Graney et al., 1995). The supernatant was extracted
and diluted before measurement on an inductively coupled plasma mass spectrometer (ICP-MS);
samples below 260 cm depth were measured on a Perkin-Elmer NeXION 300x ICP-MS at the
University of Pittsburgh and samples above 260 cm were measured on a Perkin-Elmer Sciex
Elan 6000 ICP-MS at the University of Alberta. Duplicates were run on every 10" sample and
were within 5% of each other. Blanks were run every 10 samples and were consistently below
detection limits of interest. Lead isotopes were extracted by reacting samples with 10 mL of 1 M
HMO3 overnight and measured on an MC-ICP-MS at Yale University. Measurement of total Hg
was undertaken using a DMASO direct mercury analyzer at Yale University. Standard reference
materials (Mess-3) included in each run were within 10% of certified values.

Five samples were analyzed for organic biomarker compounds at the Lamont-Doherty
Earth Observatory Organic Geochemistry Lab through intervals of interest, following the
methods outlined in Polissar and Freeman, 2010. Freeze-dried sediments were extracted with a
Dionex Accelerated Solvent Extraction (ASE) system. Two to 5 g of dried sediment were placed
in the stainless-steel sample holders and extracted at 100°C and 1000 psi with 10% (v/v)
methanol/dichloromethane with a total volume of 50 mL. These total lipid extracts (TLES) were
evaporated to near dryness with N> in a Turbovap solvent evaporator and transferred to 4 mL

borosilicate vials with Teflonlined caps. All remaining solvent was then evaporated and the TLE
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stored in a few drops of hexane at 4°C. TLEs were separated into aliphatic (F1),
ketone/alcohol/acid (F2), and polar (F3) fractions with silica gel column chromatography. Silica
gel was transferred in hexane to the SPE column and the column then rinsed twice with 6 mL
hexane. The TLE was loaded on the column in 100 pL hexane and the F1, F2, and F3 fractions
eluted with 5 mL of 10% dichloromethane in hexane, 8 mL ethyl acetate, and 5 mL methanol.
Compounds were characterized by gas chromatography—mass spectrometry (GC-MS) using an
Agilent 6890 GC with a split/ splitless injector operated in splitless mode at 300°C, a DB-5
column (0.25 mm i.d., 0.25 Im film thickness, 30 m length), 2.0 cm® min1 He flow and
programmed heating of the oven from 60 to 170°C at 15°C/min, and to 320°C at 5°C/min, and
an Agilent 5973 quadrapole mass spectrometer. Compounds were identified by elution time,

comparison with published spectra, and authentic standards.

2.3 RESULTS AND DISCUSSION

2.3.1 Core Chronology

Radiocarbon ages were measured on seven terrestrial macrofossils and three gastropod
shells, the latter of which provide an estimate of the hard-water effect. Dates from the
gastropods are approximately 1,100 years older than the terrestrial macrofossil ages (Table 2-1).
This offset is consistent with the radiocarbon reservoir age previously noted in Xing Yun and
other Yunnan lakes (Hodell et al., 1999; Whitmore et al., 1994a; Xu and Zheng, 2003). The
upper 11 cm of the percussion core were dated using the constant rate of supply (CRS) 2*°Pb age

model method (Table 2-2) (Appleby and Oldfield, 1983). An age-depth model for the Xing Yun
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sediment record was developed using the 2'°Pb ages and calibrated macrofossil radiocarbon dates

(Figure 2-2). A third order polynomial was used to produce an age model using the clam 2.1

code (Blaauw, 2010) in the statistical software package “R” (R Development Core Team, 2008).

Uncertainty (2c) associated with the age-depth model is generally limited to £60 years. The

composite record of 317 cm spans 3,500 years.

Table 2-1- AMS Radiocarbon Dates for samples from Xing Yun

Composite
UClI Sample Median Probability 20 Calibrated Age Range
Core Depth “4Cage (BP) =
Number Type Calibrated Age (yr AD/BC) (yr AD/BC)
(cm)
71481 355 Wood 110 25 1838 1954-1682
71482 375 Charcoal 110 50 1827 1954-1673
Gastropod
84722* 425 1245 20 739 863 - 685
Shell
71483 59 Charcoal 130 25 1826 1953 - 1677
84866 145 Charcoal 1060 25 988 1022 - 898
Gastropod
84723* 2225 3000 25 -1252 -1130 - -1372
Shell
84867 250 Wood 2105 20 -129 -54 - -191
Gastropod
84724* 259.5 3285 20 -1566 -1508 - -1615
Shell
84815 263 Charcoal 2220 20 =277 -204 - -378
122325 310.5 Charcoal 3070 15 -1350 -1299 - -1407

* denotes date excluded from age model due to reservoir effect
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Table 2-2- Down-core 2°Pb activities, 2Pb activities, cumulative weight flux, and constant rate of supply

(CRS) sediment ages.

210pp Cumulative
1o Error 2°Pb  2%Pb activity, 1o Error 2**Pb CRSage 1o Error

Depth (cm)| activity, Weight Flux,

activity Bg-g* activity (yr AD/BC)  Age
Ba-g* gcm?

0.5-1.0 0.2500 0.0335 0.1120 0.0097 0.09 2008 2.08
1.0-15 0.2270 0.0318 0.0745 0.0087 0.15 2006 2.14
3.0-3.5 0.2180 0.0343 0.0767 0.0088 0.46 1996 2.39
4.0-4.5 0.2020 0.0280 0.0660 0.0072 0.66 1988 2.64
5.0-5.5 0.1770 0.0249 0.0583 0.0064 0.91 1976 2.98
6.0-6.5 0.1140 0.0170 0.0623 0.0057 1.09 1971 3.19
7.0-7.5 0.1310 0.0163 0.0614 0.0048 1.28 1963 3.67
8.0-8.5 0.1100 0.0158 0.0656 0.0053 1.50 1954 4.10
9.0-9.5 0.0998 0.0134 0.0663 0.0048 1.70 1947 4.62
10.0-10.5 | 0.1030 0.0128 0.0672 0.0047 1.92 1936 5.68
11.0-11.5 | 0.0876 0.0091 0.0556 0.0048 2.15 1919 8.22
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Figure 2-2- Age-depth model and 95% confidence intervals. #°Pb (green circles), radiocarbon (red squares),
gastropod shell dates (blue triangles), all with 2 sigma error bars. Gastropod shell dates exhibit a relatively
consistent 1,100 year offset from terrestrial macrofossils and were excluded from the age model. 2°Pb age

model detail is displayed in the inset.

2.3.2 Sedimentology

Two distinct sedimentological units characterize the Xing Yun sediment record. Unit I,
(317-200 cm) spans 1500 BC-500 AD and is composed of ~50% carbonate, 40% mineral matter,
and 10% organic matter (Figures 2.3 and 2.4). The transition from Unit | into 11 (200-157 cm)
spans 500-1000 AD and is characterized by a marked increase in residual mineral content,
decrease in carbonate, and little change in organic matter. Unit Il (157-0 cm) spans 1000 AD-
present and mainly consists of iron-rich red clays and silts that are low in both calcium carbonate
(<10%) and organic matter (10—20%) content; the color and composition of these Unit |1
sediments match closely with catchment soils. These sedimentological units also broadly

correspond to geochemical changes.

37



[ | Unit [l

~Q . — 1 1 "
o -»e-Qrganic Matter ~___________
= 80 A —Carbonate L o O F
5 | e ’ t
2 40 !
c . : : : . . o
° O —Qrganic Carbon =
i\ 2 7 ___--Organic Nitrogen f—0_8 Q@ g
58 % £S
5 2 4] 045 =
=2 Q o
-4 ('D o
@) S

= 121
= | =
O .
8 o
-
58 '—GWSCorg' T T T T
& -251 D ey g =
5 i e ',.,-—v.-\r\ (@3]
S 271 M=
o 4 &
r—ox E. 7T T T T
<] —— Drive 1 =—Drive 3
& | —Drive2 —Drive 4 |
£ 6 -
6 ] B
< -8 o
T N T —
< F —Drivel —Drive 3 o
i Drive 2 Drive 4 L0 O
O
' 2 3
y -4 R
L
—_— -_p _
2 G =k R S DY
(:J-)QOOO' s M E
S~ -~ -7 /’ Q
o 1000 _ - SN '1000@

Depth (cm)

Figure 2-3- Proxies by depth. A- Weight percent organic matter (green circles), calcium carbonate (blue solid
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of organic matter (black dotted line); E- Oxygen isotopic composition of Xing Yun calcite- Drive 1 (blue),
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Drive 2 (red), Drive 3 (green), Drive 4 (purple); F- Carbon isotopic composition of Xing Yun calcite- Drive 1
(blue), Drive 2 (red), Drive 3 (green), Drive 4 (purple); G- Concentration of phosphorus (blue solid line),

aluminum (black dotted line); H- Concentration of lead (blue solid line) and mercury (black dotted line).
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Carbon isotope values of organic matter (blue solid line), nitrogen isotope values of organic matter (black
dotted line); E- Oxygen isotopic composition of Xing Yun calcite (blue solid line), Dongge Cave (green
circles); F- Carbon isotopic composition of Xing Yun calcite; G- Concentration of phosphorus (blue solid
line), aluminum (black dotted line); H- Concentration of lead (blue solid line) and mercury (black dotted
line). The gray bar is the initiation of human disturbance on the lake; the dotted lines are the establishment
and decline of the Nanzhao Kingdom; the white with gray bars are the establishment and decline of the Yuan

Dynasty; the red bar is the establishment of the Ming and decline of the Qing Dynasty.

We interpret §'8Q0cam to primarily reflect changes in the lake water balance. Xing Yun
water samples suggest that a large portion of lake water is lost through evaporation (Figure 1-3),
so lake water isotopes should reflect the balance between precipitation and evaporation (P/E).
When lake levels rise or fall, the bathymetric characteristics of the lake (volume, surface area,
etc.) change and alter the proportion of water lost through evaporation, which in turn alters the
isotopic composition of the remaining lake water (Leng and Marshall, 2004; Steinman et al.,
2010; Steinman and Abbott, 2013). Authigenic calcite minerals that form in the Xing Yun water
column (and settle to the lake bottom) archive the lake water isotopic composition. By isolating
the authigenic calcite and analyzing its isotopic composition, we can estimate how lake levels
have changed through time

Stable isotopes in speleothem carbonate at Dongge Cave in the Guizhou province, 530
km northeast of Xing Yun (Wang et al., 2005) (Figure 2-1), were used to reconstruct variations
in the strength of the EASM over the Pleistocene and Holocene. We use the Dongge Cave
record as our primary comparative dataset because of the cave’s proximity to Xing Yun, the
similarity in climate (Tables 1.2 and 2.3), and the well-dated, high-resolution nature of the

record.
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Table 2-3- Monthly average temperature, precipitation, and oxygen isotope values at Dongge Cave (25°17°N,

108°50’E, 680 m) (Dykoski et al., 2005).
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Samples taken at even intervals within Units | and Il were analyzed using X-ray
diffraction (XRD). XRD analysis identified calcite as the primary carbonate mineral in all the

samples (Figure 2-5). We calculated the theoretical 520 value of calcite using Equation 2-1:

1000Ina(Calcite-H,0) = 18.03(103T~1) — 32.42

Equation 2-1 (Kim and O'Neil, 1997)

where T = 20°C (the mean June, July, August temperature of Kunming). Given the observed
5180 value of -4.3%. VSMOW from the water sample collected in 2009, the 520 value of calcite
precipitated during the summer should be -6.5% VPDB. This value is very close to the 50
value of calcite in the surface sediments (-6.2%o), supporting our assertion that the calcite is

authigenic and that it precipitates in isotopic equilibrium with the lake water.

Acc.V SpotMagn Det WD b— 5pum
915.0KV 40 5000x SE 100 XinYunl

Figure 2-5- SEM image of euhedral calcite from Xing Yun A-09 D1 4 cm.
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2.3.3 Geochemistry

2.3.3.1 Unit I- Pre-human disturbance

Within Unit I, some of the proxies (%C, %N, C/N, N/P, §Corg, 5!°N, and Al) exhibit
slight shifts, particularly from 280-240 cm (680 BC-5 AD) (Figure 2-3). This time period
corresponds with the Dian culture (400 BC-100 AD); these slight changes may indicate early,
but minimal, land use change. However, in the context of the full record, these geochemical
variations are minimal and are not accompanied by any sedimentological changes (e.g., sediment
color or % residual mineral matter). Since many of the other proxies are stable prior to 500 AD,
we focus our attention on the last 2,000 years (Figure 2-4).

Trace metal concentrations are steady and low in this interval (Paverage: 600+30 pg/g;
Pbaverage: 10+1 1g/g; Hdaverage: 20+1 ng/g). Notably, the oxygen isotopic composition of the
authigenic calcite is highly stable, averaging -8.2+0.2%o0. This is ~1%. lower than the average
5180 value (-7.4+0.2%o over the past 3,500 years) of a speleothem from Dongge Cave (Wang et
al., 2005). The difference between the Xing Yun and Dongge Cave §'80 values can be
explained by disparity in the annual weighted §*0 means of modern rainfall in these two
regions, which are offset by ~1.5%0 (Tables 1.2 and 2.3). This suggests that Xing Yun was an
overflowing, hydrological open system prior to 500 AD and that the calcite precipitated during
this time primarily records the oxygen isotopic composition of regional rainfall (with secondary
influence by lake water temperature) (Kim and O'Neil, 1997; Leng and Marshall, 2004). This
portion of the record agrees well with previous analyses of Xing Yun &¥Ocar values, when
accounting for the aforementioned reservoir effect of 1,100 years (Hodell et al., 1999) (Figure 2-

6).
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Figure 2-6- A- Hodell’s original 680 record from 8,000 years BP to present based on bulk sediment
radiocarbon dates and gastropod shell dates. B- Hodell’s adjusted 8%0 record and our new, high-resolution
880 record (in blue) with an age model based on terrestrial macrofossils. Our record shows that Hodell’s
original record is offset by several thousand years and that the low resolution sampling overlooked several

abrupt shifts in oxygen isotopes.
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Our results indicate that anthropogenic impact on the lake was relatively limited prior to
~500 AD. This is despite a well-known burial site associated with the Dian culture within Xing
Yun’s watershed (Higham et al., 2011) and historical indication of rice agriculture in Yunnan
since the Han Dynasty (ca. 200 BC) (Herman, 2002). This also contrasts with a previous
paleolimnological study of Erhai Lake, located ~300 km to the northwest of Xing Yun, which
found palynological evidence for landscape modification as early as the middle Holocene
(Dearing et al., 2008). Archaeological and historical evidence indicate that the political and
cultural traditions around Xing Yun were different from those of Erhai, near which there are no

Dian burial sites (Elvin et al., 2002; Higham, 1996).

2.3.3.2 Transition period

The transition from Units | to Unit 11, which spans the period from 500 to 1000 AD, is
marked by substantial shifts in most of the proxies (Figure 2-4). Percent carbon and nitrogen
roughly double before declining, and §*3*Corg and 8*°N shift briefly towards lower values before
increasing by 1%o and 2% respectively. Additionally, gradual increases in the §*8Ocar, and
513Ccarb Values occur at the beginning of this transition. Around 800 AD, P, Pb, and Hg
concentrations roughly double while Al concentrations increase by ~3-fold. These geochemical
changes occur in conjunction with increased mineral matter and decreased carbonate content. A
plot of 5180 values versus concentrations of phosphorus, aluminum, lead, and mercury (Figure
2-7) reveal that changes in the concentrations of metals occurred independently from changes in
lake level. The change in water level from 500-800 AD did not cause a significant change in

metal concentrations. In particular, we note the transition across 520 values of -7%o where
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metal concentrations increase while lake level remains relatively constant. This occurs from
800-1120 AD and demonstrates that the increase in metals at this time is unrelated to lake level.
A concomitant shift in lead isotopes (Figure 2-8) indicates a change in the source of lead.
However, the isotopic composition of ores from various mines in southwestern China (Chang
and Zhu, 2002; Cheng et al., 2012b; Xue et al., 2007; Zhang et al., 2006; Zhou et al., 2001) does
not match the isotopic composition of the lake sediments at this time; therefore the source of lead
cannot be directly ascribed to any particular mineral deposit and further supports the conclusion

that the lead was likely washed in from erosional activity.
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Figure 2-7- Oxygen isotopes of calcite plotted against A- phosphorus, B- aluminum, C- lead, and D- mercury.
Twentieth century values have been removed as they are anomalously high in phosphorus. The time period
from 1500 BC-500 AD is represented by red circles, 500-800 AD by purple diamonds, 800-1120 AD by blue
squares, and 1120-1900 AD by green triangles. These plots demonstrate that the change in lake level from
500-800 AD did not cause a significant change in metal concentrations. Similarly, an increase in metals from

800-1120 AD occurred while 8180 values were relatively stable at -7%o, indicating the increase in

concentrations of metals is unrelated to lake level changes.
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isotopes change through time, but do not match the isotopic composition of any nearby ore bodies.
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The transition between Units | and Il exhibits many of the biogeochemical fingerprints
commonly ascribed to eutrophication. For example, a two-fold increase in P, which limits
phytoplankton growth in many lakes, is contemporaneous with a decrease in %C and N/P ratio
and increases in 83Corg and 5'°N. Lakes heavily impacted by eutrophication typically have high
fertilizer and sewage inputs that are characterized by higher §*°N values (Brenner et al., 1999),
high sediment 6:3Corg values, and low N/P ratios (Schindler et al., 2008). Our conclusion is
further supported by a previous analysis of the diatom community composition that documented
an increase in the proportion of hypereutrophic and eutrophic diatom species (from 60 to >80%)
during this transition (Whitmore et al., 1994a). However, the timing of this transition in the
previous study was thought to be around 2,500 years BP. Bulk sediment radiocarbon
measurements combined with large hard-water reservoir effects led to limited age control; the
results presented here demonstrate that this transition actually occurred >1,000 years later.

The gradual increase in 8*80car, values likely resulted in part from catchment water
diversion for agriculture and a consequent decrease in water throughflow to the Ge River leading
to longer residence times and increased enrichment of the heavy isotopes of oxygen by
evaporation. While Dongge Cave records an abrupt and brief decrease in monsoon strength at
400 AD (Wang et al., 2005), the gradual, prolonged nature of the increase in 8®Ocar, Values at
Xing Yun, the difference in timing, and the other geochemical changes that co-occurred with this
shift suggests that a decrease in the strength of the monsoon likely had little influence on the
drop in lake level. Combined, these data indicate that intensive land-use within Xing Yun’s
watershed, probably dominated by agriculture activities, began between 500 and 1000 AD. The
lagged increase in Al, P, Pb, and Hg suggests that initial land-use activities were limited in

scope, and were not aimed at exploiting mineral resources within Xing Yun’s watershed.
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The onset of intensive land-use — as indicated by the rapid deposition of red, iron-rich
clays, decrease in carbonate, increase in P, Pb, and Hg concentrations, and increase in magnetic
susceptibility — occurred soon after the regional establishment of the Nanzhao Kingdom (~700
AD) (Figure 2-4). This sedimentological transition was noted in the previous study of Xing
Yun, but was dated to 1000 BC (Hodell et al., 1999) because of the large uncorrected hard-water
reservoir effects. Studies of other Yunnan lakes, including Qilu (Brenner et al., 1991) and Dian
(Sun et al., 1986) (Figure 2-1), also noted this transition and attributed it to the onset of 20™
Century industrialization, though these studies acknowledged that the timing of this transition
was unclear. Our more accurately dated sediment record places this transition into a more
reliable temporal context. Additionally, the timing of this matches quite closely with a period of
enhanced erosion and landscape disturbance at Erhai (Shen et al., 2005). The characteristics of
Xing Yun sediments from this time, namely, a low organic carbon content and high residual
mineral matter content composed primarily of catchment soils, are similar to those from
Guatemalan lakes known to have been impacted by human deforestation and erosion (Binford et
al., 1987; Brenner, 1983) supporting our hypothesis that the transition from Unit I to Il was

caused by anthropogenic activities.

2.3.3.3 Unit II- Intensive human disturbance

The ~100 years (1270-1380 AD) that include the Yuan Dynasty, better known as the
Mongols, are marked by a clear departure from the last ~700 years in many of the proxies
(Figure 2-4). In general, *80carb, 8*3Corg, and 5*°N values are lower and %C and C/N values are
higher than in sediment from adjacent time periods. These shifts occur over several decades or
less, and are not matched by changes in either regional land-use or mineral extraction, as

indicated by stable inputs of Al, P, Pb, and Hg, or monsoon intensity, as recorded by the Dongge
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Cave 580 record (Wang et al., 2005). We suggest that these changes reflect lake-level
management during this period; historical data confirm that the Mongols implemented a series of
regional political changes, including the construction of dams and artificial reservoirs near
Kunming largely for transportation purposes (Herman, 2002). Lower §'8Qcar values therefore
likely reflect some combination of higher lake levels and/or greater water throughflow at Xing
Yun during this time.

Wet-rice agriculture, which requires the routine flooding and drying of flat fields (Bray,
1986), became widespread in Yunnan shortly after the Ming defeated the Mongols in 1368 AD
(Herman, 2002). Trenching of the Ge River to control Xing Yun water levels took place
multiple times during the Ming and early Qing Dynasties, resulting in a water level drop of ~4 m
(Wang, 1994). Our sediment core suggests that these changes in regional cultural activity at the
Mongol-Ming transition had important limnological consequences. Sediment %C, C/N, N/P,
5180carb, and 83Corg rapidly shift to values (1%, 8, 1, -4%o, and -25%o, respectively) that are
unprecedented within the sediment record (Figure 2-4). The low %C, C/N, and N/P values
indicate eutrophic conditions, and high Al, P, and 5'°N values suggest that soil erosion, manure,
and sewage inputs supplied nutrients to the lake. The combination of lower lake levels and
eutrophic conditions likely accelerated the remineralization of autochthonous organic matter in
this broad shallow lake, limiting organic carbon preservation.

This time period also encompasses the Little Ice Age, which was characterized by a
weakened monsoon and decreased precipitation across much of southwestern China (Morrill et
al., 2003). Changing climate during this period may have reduced catchment water availability
(leading to lower lake levels) and exacerbated eutrophication. The Dongge Cave record

indicates an abrupt and brief drop in the strength of the monsoon at 1500 AD (Wang et al.,
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2005). However, the drop in monsoon strength occurs slightly later and is much shorter in
duration than the changes in the Xing Yun record. Since historical records confirm intentional
manipulation of lake level (Wang, 1994), and since other geochemical changes occur with the
shift in 880car, values (C/N, N/P, §3Cqrg, and 8°N), we attribute the majority of lake-level
change to human activity, including catchment water diversion for agriculture. The high
variability in 8*80can and 8*3Cecarb values during this period suggests that the lake was more
hydrologically closed, lake levels were likely on average lower than during prior periods
(Steinman et al., 2010), and that lake level and water use were managed. This rapid shift to
higher §'8Qcar, Values is present in the earlier study of Xing Yun, but the low sampling resolution
makes the exact timing difficult to discern, and the large hard-water effect makes it appear
~1,000 older (Hodell et al., 1999).

The onset of wet-rice agriculture and lake-level management during this time period was
likely enhanced by regional population expansion within Yunnan as more Han Chinese
immigrants moved into the province to work in the mines (Durand, 1960). The intensification of
erosional activity is reflected in the Xing Yun sediment record as the concentrations of Pb and
Hg remained high during the Ming Dynasty (Figure 2-4), which (though it spanned only ~300
years), accounts for 28%, 28%, and 32% of the total P, Pb, and Hg deposited in the lake,

respectively (Figure 2-9).
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Figure 2-9- Total pollution inventories for A- phosphorus (P), B- lead (Pb), C- mercury (Hg). Total P, Pb,
and Hg inventories were calculated as the product of dry sediment inventory (g/m?) and element
concentration (mg/g). Concentrations within core intervals lacking data were estimated using linear

interpolation between measurements. Intervals were summed and divided by time period (in centuries).

Substantial biogeochemical shifts also occurred in Xing Yun shortly after the transition
from the Ming to Qing Dynasty (1644 AD). The rate of carbon burial increased and coincided
with a decrease in extractable Al, suggesting decreased erosion and landscape stabilization
(Figure 2-4). Changes in the C/N and N/P ratios and decreases in 8**Corg and 8°N may indicate
a reduction of eutrophic conditions due to agricultural and water management changes. This is
reflected in the shift to lower 5'8Q0can values, and presumably higher lake levels, approximately
75 years after the shifts in other variables. Once again, the rapid nature of this transition and the
lack of a clear connection to any change in monsoon strength (Wang et al., 2005) suggests that
this rise in lake level was likely driven by human activities. The total pollution index for P, Pb,
and Hg reached the highest levels during this time period, indicating the intensification of
erosional activities and/or metal resource extraction. The Qing Dynasty accounts for 31%, 34%,
and 39% of total P, Pb, and Hg, respectively, deposited in the lake (Figure 2-9).

Post-Qing sediments (1911 AD-present) are characterized by the highest §3Corg (-25%o)
and 8N (7%o) values, increases in %C and %N, and high inputs of Al, P, Pb, and Hg (Figure 2-
4). Our conclusion is further supported by analysis of fecal 53-stanols, including coprostinol and
epi-coprostanol, which show an increase in concentration beginning around this period (Figure
2-10). These compounds can be used as indicators of fecal contamination in modern aquatic
environments (Leeming and Nichols, 1996), and have been used as evidence of human

occupation of a watershed (D'Anjou et al., 2012). Our results suggest high inputs of sewage to
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the lake. Lead isotopes also attain their lowest values during this latest interval (Figure 2-8),
suggestive of deposition from leaded gasoline (Graney et al., 1995). Xing Yun entered a unique
state during the 20™ century; however, in the context of entire sediment record, the total pollution
index for P, Pb, and Hg is relatively low compared to previous time periods (Figure 2-9). The
20" century accounts for only 18%, 18%, and 16% of total P, Pb, and Hg, respectively, deposited
in the lake. Thus, while the rate of current change in Xing Yun water and sediment quality is
unprecedented, the current level of pollution is not, indicating that modern increases in
eutrophication and water quality degradation are part of a much longer legacy of human

alteration to the Xing Yun lake catchment system.
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Figure 2-10- Concentrations of fecal 58-stanols from Xing Yun that increase in the uppermost sediments

dating to 1940 AD.

56



2.4 CONCLUSION

The 3,500-year, multi-proxy lake sediment record presented here reveals that substantial
alterations to Xing Yun Lake and its watershed co-occurred with several cultural and dynastic
transitions and that impacts of human modification of the lake and its watershed were greater
than that of climate change. The record implies that each group of people altered the lake-
catchment system in a different way and to a different degree. Furthermore, the often abrupt
nature of these transitions suggests that anthropogenic manipulations were rapid, occurring
within years to decades. Although water quality deterioration was thought to be a relatively
recent phenomenon, this study indicates that human actions have profoundly affected the lake for
>1,500 years. The role of climatic change and variability in the strength of the monsoon may
have contributed to the observed changes, but we find that the primary driver of shifts in lake
level and trophic status over the past 2,000 years was anthropogenic activity. The differences
among the various organic matter and geochemical proxies illustrate that, at times, nutrient
loading associated agricultural activities varied independently from erosional inputs associated
with other land use changes.

Our temporally higher resolution study reveals anthropogenically driven changes that
earlier investigations on lakes in the Kunming region did not adequately identify due to either
limited chronological constraint (Brenner et al., 1991; Sun et al., 1986; Whitmore et al., 1994a)
or a lack of focus on the short-term, abrupt nature of change (Hodell et al., 1999). This study
underscores the need for additional lake sediment studies in regions characterized by a
historically complex and variable relationship between humans and the environment to provide

context for current environmental issues.
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3.0 XING YUN LAKE- LONG CORE

Indian Summer Monsoon Variability through the Holocene and Pleistocene in Yunnan

China as Recorded in Lake Sediments

Here, we present a sediment record from Xing Yun Lake that spans >50,000 years BP
and is one of the oldest continuous terrestrial records of the Indian Summer Monsoon (ISM).
Xing Yun is located in a region containing several well-studied climate records that span the
Holocene and Pleistocene including caves (Dykoski et al., 2005; Wang et al., 2005) and lake
sediments (Chen et al., 2014; Cook et al., 2011; Cook et al., 2012; Hodell et al., 1999) (Figure 3-
1). Chapter 2.0 focused on the late Holocene portion of the record in the context of human
activity and modification to the lake-catchment system. This chapter will focus on the natural
climate variability of the Pleistocene and early to middle Holocene. To examine sediment
dynamics over the Pleistocene, we rely on measurements of weight percent organic, carbonate,
and mineral matter and trace element geochemistry including the concentrations of both weakly
and strongly bound metals. To examine hydroclimate variability and primary productivity
through the Holocene, we rely on measurements of the oxygen and carbon isotopic composition

of authigenic calcite (8*30car» and 83Carb) and the content and stable isotopic composition of

organic carbon and nitrogen (8*3Corg and 8'°N).
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Figure 3-1- Locations of paleoclimate records from Yunnan discussed in this chapter. Inset- locations of
other paleoclimate records from China discussed in this chapter. G = Guilya ice cap, D = Dunde ice cap, AC
= Ahung Co, PC = Paru Co Lake, DC = Dongge Cave, SC = Sanboa Cave, HC = Hulu Cave, TC = Tianmen

Cave, MC = Mawmluh Cave.
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3.1 BACKGROUND

3.1.1 Regional Setting

The ISM provides water to over a billion people and comprises the western component of
the larger Asian Summer Monsoon (ASM) system which also includes the East Asian Summer
Monsoon (EASM). Regions affected by ISM include not just the Indian sub-continent, but
extend across parts of Africa and Southeast Asia. People who live in these regions base their
livelihood on the timely arrival of the ISM to deliver enough water to sustain agriculture and
hydroelectric power. The ISM is projected to increase in strength but become more variable in
both timing and magnitude due to future climate change (Lal et al., 2011). However, there is an
inadequate understanding of how this system interacts with other climate phenomena such as the
El Nifio Southern Oscillation (ENSO) (Turner and Annamalai, 2012) as well as how the ISM
relates to the EASM- how they function together as a whole and separately as independent units.
Therefore, a long-term perspective of the intensity of the ISM can provide information about the
nature of rapid shifts in moisture balance. Moreover, this perspective needs to originate from
regions of high population density most affected by the ISM with essential water resources for
both urban and rural areas.

Xing Yun Lake (24°10°N, 102°46’E) lies on the Yunnan Plateau of southwestern China,
approximately 50 km south of Kunming, the capital of the province and a rapidly expanding
urban and industrial center. 70% of the average annual precipitation falls in the months of June-
September associated with the ISM (Table 1-2) and temperature in this region is moderate
throughout the year with mild winters and cool summers (Kottek et al., 2006). Xing Yun is a

shallow (Zmax: 11 m) and eutrophic lake (Liu et al., 2012) with a surface area of 34 km?and a
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watershed area of 383 km? (Figure 3-2). The lake catchment contains large flat sections of land
used for rice agriculture. The western side of the catchment is dominated by slate and phyllite
and the eastern side is composed of sandstone, shale, and limestone (Bureau of Geology and
Mineral Resources of Yunnan Province, 1990). The lake’s only surficial outflow is the Ge
River, which drains into deep Fuxian Lake; however, today several dams exist on the Ge River,
regulating water flow. The only surficial outlet for Fuxian is the Nanpan River on the northeast
side of the lake, which ultimately drains into the Pearl River. Both Xing Yun and Fuxian are
pull-apart basins separated by a horst and bound by normal faults (Wang et al., 1998) (Figure 1-

1),
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Figure 3-2- Xing Yun Lake (1721 m elevation) with 200 m contour intervals. Coring location in this study is

marked by the circle. Coring location from Hodell et al., 1999 is marked X.
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The annual weighted 580 mean of modern rainfall for Kunming is -9.86%. VSMOW
with lower 580 values occurring during the summer months during the monsoon season (Table
1-2). The &0 value of a water sample taken from Xing Yun in 2009 is -4.3%. VSMOW,
suggesting that substantial water loss from the lake occurs through evaporation (Figure 1-3).
Thus, the 880 values of authigenic carbonate material that forms in the water column during the
summer months records not only the isotopic composition of precipitation resulting from the
ISM, but also the effects of evaporation on the isotopic composition of the lake water (P-E

balance).

3.1.2 Previous Paleoclimate Studies

Due to the potential for continuous climate records, previous lake sediment work was
performed in Yunnan in the 1980°s and 1990’s, though much of it was limited by reliance on one
set of proxy data and/or poor age control (Brenner et al., 1991; Sun et al., 1986; Whitmore et al.,
1994b). Previous analysis on sediment cores from both Xing Yun and Qilu (Hodell et al., 1999)
found that the lakes were sensitive to changes in monsoon strength over the last 50,000 years.
Using grain size and magnetic susceptibility, Hodell found evidence of relatively warm
temperatures from 50 to 41 ka and declining temperatures from 41 to 12 ka. Stable oxygen
isotopes of carbonate material were measured on both lakes and were generally found to track
insolation, evidence that the ISM broadly responds to insolation forcing over long time scales as
recorded in lake sediments. However, this study suffered from several problems: 1) reliance on
bulk sediment radiocarbon dates and gastropod shell dates that are subject to hard-water effects

and may appear several thousand years too old (Deevey et al., 1954) (see Chapter 2.0 for more

62



details), 2) analysis of bulk carbonate material for isotopic analysis that may include biogenic
material that is subject to vital effects (Leng and Marshall, 2004), and 3) low sampling resolution
of this carbonate material that precludes a direct comparison with most other paleoclimate
records and limits our understanding of century-scale shifts in monsoon intensity.

More recently, research on Lake Shudu on the northern border of Yunnan found
deglaciation in the catchment occurring by 22.6 ka, followed by cold and dry conditions with
several abrupt, step-wise warmings occurring from 17.7 to 17.4 and 11.9 to 10.5 ka (Cook et al.,
2011; Cook et al., 2012). However, the Holocene portion of this lake sediment record was lost
and further details on Holocene ISM strength are not available.

In a collaborative study with our Chinese colleagues at Lanzhou University, working on a
parallel set of cores from Xing Yun, pollen and grain size were analyzed from 36.4 to 13.4 ka
(Chenetal., 2014). From 36.4 to 29.2 ka, grain size was low and there was a high percentage of
coniferous tree pollen, suggesting a wet climate and a relatively strong monsoon. From 29.2 to
17.6 ka, grain size increased and drought-resistant, broad-leaved trees increased, indicative of
lower lake levels and a gradually drying climate associated with the Last Glacial Maximum
(LGM). From 17.6 to 13.4 ka, a decrease in cold-tolerant conifers suggested warmer conditions
associated with deglaciation. While these trends broadly agree with insolation changes and with
changes in the EASM, there are some notable exceptions, particularly around 33 ka when the
ISM was weak despite high summer insolation and the EASM did not drop in strength until ~29
ka. This raises questions regarding the potential differences in timing of shifts in the ISM versus
the EASM.

A stratigraphic profile from a coal mine on the western side of the Xing Yun catchment is

at an elevation of 1820 m, approximately 100 m higher than the surface of the modern-day lake.
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Several meters of lacustrine sediments are interrupted by three peat units, that have been
radiocarbon dated to >40,000, 30,200+£1500, and 19,478+500 years BP (Yu et al., 2001). These
sequences suggest deepwater phases interrupted by periods of lower lake level, though the water
level necessary for this peat deposition is uncertain. The deposition of several meters of
lacustrine sediment provides evidence that Xing Yun was once ~100 m higher than present-day,
which would necessitate that the Nanpan River was dammed (Figure 3-3). A water level of this
height would have connected Xing Yun and Fuxian into one large lake with a surface area of
487.7 km?, 12 times the surface area of Xing Yun today.

A stratigraphic profile of the terrace between Xing Yun and Fuxian on the Ge River at
1745 m elevation shows a coarsening-upwards sequence of lacustrine black clay, fine silts and
sands, and coarse sand and gravel with cross-bedding. While the entirely of this sequence has
not been radiocarbon dated, the lacustrine clay has a date of 11,831+415 years BP, evidence that

towards the early Holocene, Xing Yun was ~25 m higher than present-day.
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Figure 3-3- Map of Xing Yun Lake (1721 m elevation) and Fuxian Lake (1723 m elevation) with 200 m
contour intervals. Green shaded area is the surface area of Xing Yun if the lake were 25 m higher than
present day. Purple shaded area is the surface area of Xing Yun and Fuxian if the Xing Yun were 100 m

higher than present day.
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Since none of this work has been updated with more precise estimates or ages of lake
level change, there is a clear need to reassess lake level fluctuations in the context of ISM
variability over multi-millennial time scales. This study builds upon previous work by Hodell et
al., 1999 and Whitmore et al., 1994 by relying on an age model created from AMS radiocarbon
dates on terrestrial macrofossils and taking a multi-proxy approach with higher sampling

resolution.

3.2 MATERIALS AND METHODS

3.2.1 Core collection

Five cores from Xing Yun were collected in 2008 from the deepest part of the lake (11
m) (Figure 3-2) using a UWITEC coring system with removable polycarbonate tubes, forming a
composite record of 12.79 m. Core D-1 measures 2.65 m, D-2 measures 2.49 m, D-3 measures
2.33 m, D-4 measures 2.71 m, and D-5 measures 2.60 m. None of the drives are overlapping.
Additional cores from the same location were collected in 2009 using a steel barrel Livingston
corer (Wright et al., 1984)- see Chapter 2.0 for more details. The 2008 and 2009 cores were

correlated on the basis of visible stratigraphy and sediment composition.

3.2.2 Age Control

Radiocarbon ages were measured on fifteen terrestrial macrofossils from the 2008 cores

and seven terrestrial macrofossils from the 2009 cores. Samples were analyzed at Keck Center
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for Accelerator Mass Spectrometry at the University of California Irvine. Prior to analysis,
samples were pretreated using a standard acid, base, acid procedure (Abbott and Stafford, 1996).
The resulting ages were calibrated using CALIB 7.0 and the INTCAL13 calibration curve

(Reimer et al., 2013).

3.2.3 Geochemistry

Weight percent organic matter and carbonate content was determined every 2 cm by loss-
on-ignition (LOI) analysis at 550°C and 1000°C, respectively (Dean, 1974). Samples for X-ray
diffraction (XRD) analysis were taken every 50 cm from 0-5.00 m, lyophilized, and ground by
hand. The samples were prepared as back-filled cavity mounts and analyzed using a Phillips
X’Pert MPD diffractometer.

From a depth of 0-5.14 m, cores were sampled at 0.5-2.0 cm intervals for analysis of the
oxygen and carbon isotopic composition of carbonate minerals. Samples were disaggregated
with 7% H»O> and sieved through a 63-pum screen to remove biological carbonates derived from
ostracod and gastropod shells. Samples were soaked in a 50% bleach and 50% DI water mixture
for 6-8 hours, rinsed, and lyophilized. Bulk carbonate samples were reacted in ~100%
phosphoric acid at 70°C. Samples above 3.1 m depth were measured using a dual-inlet GV
Instruments, Ltd. (now Isoprime, Ltd) IsoPrime™ stable isotope ratio mass spectrometer and
MultiPrep™ inlet module at the Regional Stable Isotope Laboratory for Earth and Environment
Science Research at University of Pittsburgh. Samples from 3.10 to 5.14 m depth were
measured using an automated carbonate preparation device (KIEL-I11) coupled to a gas-ratio
mass spectrometer (Finnigan MAT 252) at the University of Arizona. Oxygen and carbon

isotope results are expressed in conventional delta (&) notation as the per mil (%o) deviation from
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VPDB. One sigma analytical uncertainties are within +0.10%o for §'Qcarb and +0.08%o for
SBCear.

From a depth of 0-5.14 m, cores were sampled at 4 cm intervals for analysis of weight
percent nitrogen, weight percent organic carbon, §*°N, and atomic C/N ratio. Samples were
covered in 1 M HCI for 24 hours to dissolve carbonate minerals, rinsed, and lyophilized.
Samples above 3.10 m depth were analyzed at Idaho State University using an ECS 4010
(Elemental Combustion System 4010) interfaced to a Delta VV mass spectrometer through the
ConFlo IV system. Samples from 3.10-5.14 m depth were analyzed at the University of Arizona
using a continuous-flow gas-ratio mass spectrometer (Finnigan Delta PlusXL) coupled to an
elemental analyzer (Costech). Organic carbon isotopes are expressed in conventional delta (3)
notation as the per mil (%o) deviation from the Vienna Peedee Belemnite standard (VPDB)
whereas nitrogen isotopes are reported relative to atmospheric N2. One sigma analytical
uncertainties are within +0.10%o for §**Corg and +0.20%o for §*°N.

Weakly sorbed metal concentrations were measured at 5 cm intervals. All samples were
lyophilized and homogenized prior to analysis. Elements were extracted by reacting samples
with 10 mL of 1 M HNOg for ~24 hours (Graney et al., 1995). Concentrations of elements in the
residual mineral matter portion were measured at 10 cm intervals and strong extractions were
performed using aqua regia (3:1 mixture of hydrologic and nitric acid) (Tokalioglu et al., 2000).
Sediment was extracted overnight, evaporated down, and re-dissolved in a 10% nitric solution.
The supernatant from both weak and strong extractions was diluted before being measured on an
inductively coupled plasma mass spectrometer (ICP-MS) at the University of Pittsburgh.

Duplicates were run on every 10" sample and were generally within 10% of each other. Blanks
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were run every 10 samples to check for bleed through and were consistently below detection

limits of interest.

3.3 RESULTS

3.3.1 Core Chronology

Radiocarbon ages were measured on fifteen terrestrial macrofossils from the 2008 cores
and seven terrestrial macrofossils from the 2009 cores (Table 3-1). A composite age-depth
model for the Xing Yun sediment record was developed using the 2°Pb ages from the 2009 cores
(see Chapter 2.0) and calibrated macrofossil radiocarbon dates (Figure 3-4). Six radiocarbon
dates were discarded. Three samples were gastropod shells and subject to a hard-water effect
(Deevey et al., 1954) (see Chapter 2.0 for more details). One sample from 776.5 cm was
comprised of mixed material (wood and charcoal) and was anomalously young, suggesting that it
may have been contaminated by modern carbon during sampling and pre-treatment. Two
samples from 1030.5 and 1255.5 cm were beyond the limits of radiocarbon dating (>50,000

years BP).
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A second-order polynomial regression was used to produce an age model using the clam
2.2 code (Blaauw, 2010) in the statistical software package “R” (R Development Core Team,
2008). Due to the large gap in ages between samples from 504.5 and 519.5 cm, a hiatus was
modeled at 514 cm (further details can be found below in section 3.4.4). Uncertainty (20)
associated with the age-depth model is generally £200 years and increases to £2500 years after
~7 m. The upper 10.18 m spans 50,000 years and the bottom 2.6 m of the record span beyond

the limits of radiocarbon dating.
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Figure 3-4- Age-depth model with 95% confidence intervals. 2*°Pb dates (green triangles), radiocarbon dates
(blue circles), excluded radiocarbon dates (red squares), all with 2 sigma error bars. A hiatus was modeled at
512.5 cm. The age of the bottom 260 cm of the record have been extrapolated assuming constant

sedimentation rate.
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Table 3-1- AMS Radiocarbon Dates for samples from Xing Yun

Composite
UClI Sample Median Probability 26 Calibrated Age Range
Core Depth “Cage (BP) =
Number Type Calibrated Age (year BP) (years BP)
(cm)
71481 35.5 Wood 110 25 112 -4 10 268
71482 37.5 Charcoal 110 50 123 -4 t0 277
Gastropod
84722* 425 1245 20 1211 1087 to 1265
Shell
71483 59 Charcoal 130 25 124 -31t0 273
84866 145 Charcoal 1060 25 962 928 to 1052
141232 210.5 Leaf 1785 35 1707 1616 to 1817
Gastropod
84723* 2225 3000 25 3202 3080 to 3322
Shell
84867 250 Wood 2105 20 2079 2004 to 2141
Gastropod
84724* 259.5 3285 20 3516 3458 to 3565
Shell
84815 263 Charcoal 2220 20 2227 2154 to 2328
141233 309 Wood 3065 20 3290 3215 to 3349
122325 310.5 Charcoal 3070 15 3300 3249 to 3357
141234 408.5 Charcoal 4080 20 4564 4448 to 4796
141235 504.5 Leaf 7375 35 8200 8049 to 8343
141236 519.5 Charcoal 14290 70 17408 17157 to 17619
Charcoal
152036 588.5 21410 100 25747 25620 to 25869
and wood
141237 648.5 Charcoal 22660 220 26962 26426 to 27432
152037 691.5 Wood 27380 270 31260 30898 to 31670
141238 726.5 Charcoal 30900 290 34817 34235 to 35428
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Table 3-1 (continued)

Charcoal
141239* 776.5 25090 140 29129 28777 to 29496
and wood
152038 825.5 Wood 33190 420 37398 36327 to 38467
141240 920.5 Wood 48600 2500 48883 47766 to 50000
141241 1017.5 Wood 51500 3600 49225 48450 to 50000
Charcoal
141242* 1030.5 >49500
and wood

141362* 1255.5 Charcoal >49500

* denotes dates excluded from age model

3.3.2 Sedimentology and Geochemistry

Along the entire 12.79 m record, there are abundant large gastropods of the species
Margarya melanioides, which are endemic to Yunnan lakes and have a slight preference for deep
water conditions (Song et al., 2013). Within the lower 10 m of the record (see Chapter 2.0 for
results and interpretation on the upper ~3 m), there are two distinct sedimentologies. From a
depth of 12.80 to 5.14 m, corresponding to at least 50 ka to 17 ka, sediments are homogenous,
brown/gray fine-grained clay with no visible stratigraphy or lithological changes. Sediments are
composed of ~10% organic matter and 90% residual mineral matter with the exception of an
interval from 7.60-7.50 m, when carbonate content increases to 40% (Figure 3-5).

During the transition from Drive 3 to 2, at a depth of 5.14 m, sediment abruptly changes
to homogenous green/brown clay comprised of between 20 and 40% carbonate material, 10%
organic matter, and 50 to 70% residual mineral matter. A gradual transition to gray clay takes

place at a depth of ~4 m. This clay has a higher carbonate content of between 50 and 60%. In
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the upper 2 m, corresponding to the last 1,500 years, carbonate material abruptly declines and
sediments are composed of red, iron-rich very fine-grained clay (see Chapter 2.0 for more
details). X-ray diffraction and scanning electron microscopy confirm that the carbonate material
from the upper 5.14 m of core is euhedral calcite (Figure 2-5), strongly suggesting that this
material precipitated directly in the water column and that the stable isotopic composition of the
calcite will archive the stable isotopic composition of the lake water at the time of formation
(Leng and Marshall, 2004). On the basis of trace element geochemistry and the stable isotopic
composition of this calcite, we divide the record into four units, with the last unit, the Holocene

portion of the record, having four subunits.

74



- MIS4 | MIS 3 | MIS2  |[MIS1

| Unit | [Unit I1] Unitim ] [ ] UnitIv
|
1= 60 Ai J— Organlic I I I I |
8 Matter
o 40 = = Carbonate A
o f
D 20- !
o wwww
; | [T 1 ool 1.2
B =e=Weak ‘
;:3 6000 -{  -m=-Strong . o " .u_J& 6000 =
= 4000{ T 7 L 4000 —~
o T
= 2000- L 2000 &
|
3 o, @
5 3
g I 5
= RS
P = 2 R
|
[
—_ -800 o
o =
S 600 &
= 400 £
|_
=¥ 200
| o 2
[ -—m'- g
. | 470 ; 3
4 | 460 2 g
. 450 3 &
N =
~— O
| =}
[

|
70 60 50 40 30 2017 8 1.5
== Extrapolated age  Thousands of years BP
Figure 3-5- MIS = Marine Isotope Stage; A) Weight percent organic matter (green circles) and carbonate
(blue dotted line); Weak extractions in black solid circles (left axes) and strong extractions in red dotted
squares (right axes): B) Magnesium concentration; C) Iron concentration; D) Titanium concentration; E)
Average summer (June, July, and August) insolation at 20°N. After 50,000 years BP, sediment age is
extrapolated back in time, assuming a constant sedimentation rate. Peaks in summer insolation correspond

to increases in strongly bound lithogenic metals.
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3.3.2.1 UnitI- >50 to 42 ka

Unit | spans a total depth of 12.79 to 8.40 m, corresponding to an age greater than 50 ka
to 42 ka and encompassing Marine Isotope Stages (MIS) 4 and 3 (Figure 3-5). For the purposes
of data presentation on an age-depth scale, the age of the sediments from 12.79 to 10.18 m have
been extrapolated back in time, assuming a constant sedimentation rate. From an estimated age
of 70 to 60 ka, weakly bound Mg concentrations are stable at an average of 1800+300 pg/g,
approximately double by 55 ka, and then decline back to an average of 1600+400 pg/g by 43 ka.
Strongly bound Mg concentrations follow similar trends but are 30-50% higher. Weakly bound
Fe concentrations are stable and low at an average of 0.5% with the exception of 11.35-11.25 m,
corresponding to an estimated age of 60 to 59 ka, where they reach a peak of 2%. Strongly
bound Fe is stable at 4% during the entirety of Unit I. Weakly bound Ti is stable at an average of
19+4 pg/g, however strongly bound Ti increases 4-fold from 200 to 800 ug/g from 70 to 60 ka

and declines to 500 pg/g from 60 to 42 ka.

3.3.2.2 Unitll-42to 33 ka

Unit Il spans from a depth of 8.40 to 7.10 m, corresponding to an age of 43 to 33 ka and
MIS 3 (Figure 3-5). Weakly bound Fe and Ti double at ~40 ka and thereafter slowly decline to
concentrations that are similar to Unit I. This is followed by an increase in carbonate content
from 0 to 40% and weakly and strongly bound Mg concentrations that triple at a depth of 7.60 to
7.50 m, corresponding to an age of 36.5 to 35.5 ka. Coincident with these increases are
decreases in the strongly bound concentrations of Fe and Ti by 50%. Weight percent organic

matter remains roughly the same at 12%.
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3.3.2.3 Unitl1ll-33to 17 ka

Unit I11 spans from a depth of 7.10 to 5.14 m, corresponding to an age of 33 to 17 ka and
MIS 3 and 2. Concentrations of weakly bound Mg, Fe, and Ti are low and stable at an average
of 1600+200 pg/g, 4800600 pg/g, and 19+3 ug/g, respectively (Figure 3-5). Concentrations of
strongly bound Mg, Fe, and Ti increase by 30%, 100%, and 100%, respectively, at 30 ka and
thereafter decline to some of the lowest values in the entire preceding units. Additionally,

weight percent organic matter slowly increases from ~9% to 15%.

3.3.24 UnitlV-7.8to1l5ka
From a total depth of 5.14 to 2.04 m, corresponding to an age of 7.8 to 1.5 ka, we divide

the unit into four subunits (Figure 3-6).
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Figure 3-6- The Holocene portion of the record divided into four subunits. A) Weight percent organic matter
(green circles) and carbonate (blue dotted line); B) Oxygen isotope values of carbonate with average summer
insolation at 20°N; C) Carbon isotopes of carbonate; D) Carbon isotopes of organic matter; E) Nitrogen
isotopes of organic matter; F) Carbon to nitrogen ratio; G) Weight percent organic carbon (blue solid line)
and organic nitrogen (black dotted line). The pink shaded bar indicates the period of anthropogenic impact

(see Chapter 2.0).
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3.3.2.4.1 Subunitl-7.81t06.6 ka

Composition of the sediment is stable with ~20% organic matter and between 30-40%
carbonate (Figure 3-6). 5'®Qcar values are stable at -11.7%o while §**Ccar, values show a gradual
trend towards lower values from 1.0%o to -1.0%o. 8**Corg Values are variable ranging from -24 to
-28%o and reaching minimum values at 7.1 ka. 8*°N and C/N are stable at 0.0%o and 13,
respectively. C/N and 8*°N values exhibit a negative relationship throughout the entirety of the

record (Figure 3-7).
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Figure 3-7- A) C/N versus 83Corg with a linear regression from 3,800 years BP to present (R?=0.43, p <
0.001). 7,900 to 3,800 years BP were excluded from the regression; B) C/N versus 6°N with a linear
regression through the entire dataset (R? = 0.65, p < 0.001); C) 8**Corg versus 8°N with a linear regression
from 3,800 years BP to present (R?=0.47, p < 0.001). 7,900 to 3,800 years BP were excluded from the

regression.
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3.3.2.4.2 Subunit 11-6.6 to 4.7 ka

Weight percent organic matter is stable throughout this interval, though weight percent
carbonate declines from 30% to a minimum of 12% at 5.4 ka (Figure 3-6). Thereafter, weight
percent carbonate increases to 40% by the end of the subunit. *QOcamn gradually increases from -
11.7 to -8.5%o. 8'3Ccans is highly variable, decreasing by about 1% at the beginning of the unit
and increasing by 2%. from 6.5 to 6.1 ka. From 6.1 to 5.3 ka, values decrease by 4%o. to a
minimum of -3.6%o. At the end of the subunit, values begin to increase to -2.0%.. The dips and
increases in inorganic carbon isotopes match closely with changes in weight percent carbonate.
515N values increase from 0.0 to 3.6%o while C/N remains stable at an average of 14.5. §**Corg

values are more variable but in general increase to -20.8%o by the end of the unit.

3.3.2.4.3 Subunit I11- 4.7 to 2.95 ka

Weight percent organic matter is stable throughout this interval, though weight percent
carbonate gradually declines from 40 to 30% (Figure 3-6). §'®Qcan Values are very stable with
an average of -8.4+0.1%o. At the beginning of the subunit, 3*3Ccar increases to 0.5%o and
remains stable until 3.2 ka before declining to -1.0%o by the end of the subunit. Weight percent
organic carbon declines by 2% while organic nitrogen remains stable. 5°N values decline by
1%o from 4.7 to 3.4 ka before increasing by 3%o at the end of the unit. §3Corg and C/N values are
variable but generally decrease by about 7% and 3, respectively. C/N and §3Corg have a

negative relationship after 3.9 ka (Figure 3-7).
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3.3.2.4.4 Subunit IV-2.95t0 1.5 ka

Throughout this subunit, organic matter content slowly declines from 20 to 10% and
carbonate content slowly increases from 30 to 50% (Figure 3-6). Both §*80cary and 53Cearp are
stable with an average of -8.2+0.2%o and -1.7+0.2%o, respectively. C/N values slowly decline to
a minimum of 10 while 8™*Corg slowly increases to -26.2%o. §*°N values are stable at 5%o before

declining to 3.5%o at 1.8 ka.

3.4 DISCUSSION

3.4.1 Unitl->50to042ka

Because sediments from 12.79 to 10.18 m are too old to date by means of radiocarbon,
we have extrapolated back from the last reliable radiocarbon date at 10.18 m to the base of the
core, assuming a constant sedimentation rate. There are obvious limitations to this approach,
thus we make only tentative conclusions about the data during this timeframe. Prior to 40 Kka,
sedimentological evidence from a terrace ~100 m higher than present-day lake level shows
evidence of lacustrine deposits (Yu et al., 2001). On the basis of this indication, for all of Unit I
Xing Yun was likely 100 m higher and connected to Fuxian.

Both the ISM and the EASM system have been shown to respond summer insolation,
which is predominantly controlled by precessional forcing (Cheng et al., 2012a). The catchment
of Xing Yun is composed of red palaeosols whose weathering would result in high proportions
of Al, Fe, and Ti being delivered to the lake (Lu et al., 2015). Notably, prior to 17 ka, the

Spearman rho correlation coefficients between average summer insolation at 20°N (defined here
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as June, July, and August) and the strongly bound concentrations of Mg, Fe, and Ti are 0.41,
0.35, and 0.70, respectively (Table 3-2).

During the period of maximum summer insolation at 59 ka, the ISM was strongest,
resulting in higher lake levels, more precipitation, higher weathering rates within the Xing Yun
catchment, and increased delivery of lithogenic metals to the core site (Figure 3-5). Conversely,
the trough of summer insolation at 44 ka resulted in a weaker ISM, lower lake levels, less
precipitation, lower weathering rates, and decreased delivery of lithogenic metals to the core site.
Radiocarbon dates from a peat deposit on the nearby lacustrine terrace are dated to >40 ka (Yu et
al., 2001). While we cannot definitively conclude that the peat was deposited during this period
of potentially lower lake levels at 44 ka, this interpretation would fit with the metal concentration

data.

Table 3-2- Spearman rho correlation coefficients between July insolation at 20°N and metal concentrations.
Metal concentrations were linearly interpolated at 1,000 year time steps before calculating a correlation

coefficient. Coefficients that are statistically significant (p < 0.05) are highlighted in bold.

Weakly  Weakly ~ Weakly  Strongly  Strongly  Strongly

bound Mg bound Fe bound Ti bound Mg bound Fe bound Ti

July insolation at 20°N  0.228 0.469 0.487 0.422 0.595 0.735

Weakly bound Mg 0.609 0.497 0.475 0.198 0. 190
Weakly bound Fe 0.541 0.665 0.333 0.221
Weakly bound Ti 0.202 0.444 0.226
Strongly bound Mg 0.512 0.288
Strongly bound Fe 0.687

Strongly bound Ti
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3.4.2 Unitll-42to 33 ka

Unit Il is marked by brief peaks in Fe and Ti (Figure 3-5) as well as other elements such
as P, Mn, As, and Sn (not shown) at 40 ka. This is followed 5,000 years later by increases in
carbonate content and Mg. While it is difficult to make definitive conclusions with the limited
dataset, a possible explanation is that these changes are the result of dramatic lake level
fluctuations. Iron and manganese are sensitive to changes in the oxidation/reduction conditions
of the water column (Davidson, 1993). The sudden precipitation of both strongly and weakly
bound iron in the sediments may indicate a more oxidizing environment associated with abruptly
lower lake levels. Authigenic carbonate material is also often dissolved in anoxic, reducing
environments (Dean, 1999). The sudden preservation of such material from 36.5 to 35.5 ka may
further indicate oxidizing conditions resulting from lower lake levels.

A similar increase in carbonate content from 0 to 20% was also found at nearby Qilu
Lake from 40 to 37 ka that was hypothesized to be a result of warm temperatures and increased
monsoon strength (Hodell et al., 1999). However, the timing of this event at both Xing Yun and
Qilu corresponds closely with Heinrich Event 4 (38 ka), which was recorded as an abrupt
weakening in the ISM in nearby Xiaobailong Cave (Cai et al., 2006) (Figure 3-1) and may have
contributed to lake level lowering. An alternative explanation is that the observed geochemical
changes may be driven by tectonic activity or may be associated with nearby ore deposits.
Estimates of fault activity, past slip rates, and relevant ore geochemistry that would allow to test
these possibilities currently do not exist.

During this time, summer insolation gradually increases and reaches a peak at 33 ka
(Figure 3-5). A literature review of lake sediment records from monsoonal Central Asia found

that roughly 70% of records indicated moderately wet conditions from 43 to 37.6 ka BP as a

84



result of a strengthened ISM (Herzschuh, 2006). However, it is during Unit Il that the
relationship between strongly bound metals and summer insolation is the weakest. A possible
explanation for this is the persistence of Northern Hemisphere glaciers, even through this
interstadial period. Results from modeling studies that simulated late MIS 3 showed that the
monsoon system may have had reduced sensitivity to insolation forcing due to these large
glaciers (deMenocal and Rind, 1993). Palynological analysis on the parallel set of cores from
Xing Yun also inferred a relatively weak monsoon from 36.4 to 34 ka that was attributed to a

strengthened Walker Circulation in the Pacific (Chen et al., 2014).

3.4.3 Unitlll-33to 17 ka

Summer insolation at 20°N gradually declines to a minimum at 21 ka before gradually
increasing to a maximum at 10 ka. Concentrations of strongly bound Mg, Fe, and Ti broadly
follow similar trends, declining to minimum concentrations at ~25 ka before beginning to
increase towards the end of the unit (Figure 3-5). Evidence for lower lake levels may be found
from the deposition of peat at the nearby terrace at ~20 ka (Yu et al., 2001). An additional peat
layer was dated to ~30 ka, however there is no evidence of lower lake levels at this time in our
record.

These changes roughly correspond to the timing of the LGM at 21 ka, however the exact
timing and nature of the LGM in southwestern China is debated (Herzschuh, 2006). Due to
lower sea levels, the Sunda Shelf was exposed and likely led to a weaker Walker circulation cell
in the Indian Ocean (DiNezio and Tierney, 2013) and contributed to a weakened monsoon.
However, a literature review found that lakes in Western China show evidence of higher than

present-day levels during the LGM whereas lakes in Eastern China appear to be lower than
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present-day; records from Yunnan lie along the geographic dividing line (Yu et al., 2003). On
the basis of modeling, the authors concluded that precipitation was likely decreased across much
of China but that evaporation was stronger in the east than the west. Individual regional studies
in Yunnan generally show cold and dry conditions but the timing of the transition out of the
LGM varies widely. Evidence for full glaciation of Lake Shudu (Figure 3-1) was not observed
and the catchment was completely deglaciated by at least 22.5 ka despite its high altitude (3630
m) (Cook et al., 2011). Similarly, Lugu Lake (3870 m) was never fully glaciated but diatom
assemblages show evidence of cold and dry conditions associated with the LGM persisting until
18 ka (Wang et al., 2014). Palynological evidence from Xing Yun does not suggest climate
amelioration until 17.6 ka (Chen et al., 2014). Conversely, the §**C values of n-alkanes from
Heging paleolake (Figure 3-1) show evidence of increased aquatic productivity throughout the
LGM suggesting moderately warm conditions that persisted until 15 ka (Zhang et al., 2004).

While the proxy data from this study cannot expressly address temperature or aridity,
previous research on sediment cores from Xing Yun from roughly the same location in the lake
focused on organic matter and carbonate content, total nitrogen, total phosphorus, and diatom
assemblages (Whitmore et al., 1994b). Changes in weight percent organic matter and carbonate
take place at roughly the same depth as those in our core (Figure 3-8). Few radiocarbon
measurements on bulk sediment dates led to limited age control and the depth of 8 m was
thought to be approximately 11.4 ka. Our new age model based on terrestrial macrofossils
suggests that sediment at this depth is actually much older (~40 ka). However, on the basis of
very similar stratigraphic changes, we use the previous study’s diatom assemblage analysis to
support our conclusions. From a depth of 7.5 to 5.0 m, which our study suggests is

approximately 35-17 ka, a high proportion of benthic and eutrophic diatoms were found, that the
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authors interpreted as evidence of low lake levels (Whitmore et al., 1994b) (Figure 3-8). This

suggests sustained aridity at Xing Yun until 17 ka.
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Figure 3-8- Sediment composition of Xing Yun from A) this study and B) Whitmore et al., 1994 with organic
matter (green dots), carbonate (blue solid line), and residual mineral matter (red dotted line); C) total
nitrogen (blue dotted line) and phosphorus (green solid line) from Whitmore et al., 1994; D) proportion of
hypereutrophic diatoms (green), eutrophic diatoms (blue), and mesotrophic diatoms (gray) from Whitmore et
al., 1994. The remainder of the percentage of diatoms was composed of either oligotrophic or unknown
diatoms. A comparison of the sediment composition of this study in panel A and Whitmore’s previous study

in panel B shows close correspondence.
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344 UnitlV-78tol.5ka

Unit IV is marked by a major sedimentological change- the deposition of authigenic
euhedral calcite. Carbonate content changes as well as §30car, Values are roughly similar to the
previous study of Xing Yun by Hodell et al., 1999 when matched by depth (Figure 3-9).

Notable differences include a longer sequence of red, iron-rich clay at the top, a longer sequence
of moderate carbonate content averaging 30% from the depth of 4.5 to 6.0 m, and a much longer
sequence of high carbonate content (>50%) from the depth of 6.0 to 8.0 m. A possible reason for
this is that the coring location in the previous study was on a shelf at a water depth of
approximately 7 m (Figure 3-2). Sedimentation rates in this location are likely higher, leading

to a greater accumulation of carbonate material over roughly the same time interval.
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a higher sedimentation rate.
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The abrupt transition into Unit IV at 5.14 m takes place at a core break, between Drive 3
and 2. The radiocarbon results of terrestrial macrofossils from our sediment cores at the top of
Drive 3 and the base of Drive 2 reveal a gap of ~9,000 years that roughly corresponds to the MIS
2/1 boundary (within 3,000 years) (Figure 3-8). Previous study of Xing Yun revealed a
similarly abrupt transition from sediments composed primarily of residual mineral matter to
carbonate rich sediments (Hodell et al., 1999; Whitmore et al., 1994b) (Figures 3.8 and 3.9).
The Whitmore et al., 1994 study also showed an abrupt increase in variables such as total
nitrogen and phosphorus, percentage of planktonic diatoms, and percentage of eutrophic diatoms
(Figure 3-8). Our colleagues at Lanzhou also noted a hiatus in sedimentation occurring at a
similar depth, though the timing is slightly different with their radiocarbon ages being ~4,000
years younger (Chen et al., 2014). Given the abrupt nature of the sedimentological transition as
well as the gap in radiocarbon ages, we infer an unconformity between these two units.

According to the Hulu, Dongge, and Sanbao Cave records (Figure 3-1), beginning
around 18 ka, ASM strength began dropping, reaching a minimum at ~16 ka, and then gradually
increasing to a peak at ~10 ka with an abrupt drop occurring from 13 to 11 ka corresponding to
the Younger Dryas cold event (Dykoski et al., 2005; Wang et al., 2008; Wang et al., 2001). The
parallel set of cores analyzed at Lanzhou noted that sediments just below 5.14 m had a larger
grain size and signaled the beginning of a palynological transition to more drought-resistant
broadleaved trees indicative of drier climate conditions (Chen et al., 2014). Palynological and
aquatic productivity analyses from 22.6 to 17.7 ka at Lake Shudu (Figure 3-1) also suggested
cold and dry conditions (Cook et al., 2011). Palynological analysis at the Er Yuan swamp as
well as Dian lake also found evidence of cold and dry conditions until 16-15 ka, followed by

fluctuating climate conditions of short summers with long, dry winters until 10 ka (Lin et al.,
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1986; Sun et al., 1986). However, the timing of maximum cold and arid conditions at all of the
aforementioned sites is not precisely the same as the unconformity in our Xing Yun record, nor
does climate variability explain why sedimentation resumed at 7.8 ka.

Paleoclimate records do not converge to suggest a single, clear climate driven cause of
the unconformity, so we hypothesize that this event may be due to tectonic activity since Xing
Yun is a pull-apart basin and there are extensive fault systems in the region (Figure 1-1). If
Fuxian and Xing Yun were once connected into one large lake that was 100 m higher, the
Nanpan River would been dammed (Figure 3-3). If movement along one of the many faults
near the lakes occurred and removed the dam, a catastrophic event would have taken place. This
may also have been erosive and may account for the unconformity. After 7.8 ka, sediments were
preserved again and Xing Yun was a much different lake as it was much smaller and lower due
to the absence of a dam on the Nanpan River. This could account for the dramatically different
character of the sediment.

The lack of carbonate material prior to 7.8 ka may have been due to deepwater
conditions. Deep lakes with anoxic bottom waters may not preserve carbonate material due to
the decomposition of organic matter and low pH, leading to the dissolution of carbonate (Dean,
1999). This also explains the relatively low, constant proportion of organic matter throughout
the entire core, despite vegetation and temperature changes that would have influenced primary
productivity over these long time scales. If a dramatic change in the geomorphology of the lake
basin occurred after 17 ka, lake levels may have been low enough to permit the preservation of
carbonate material. This interpretation is supported by the termination of lacustrine sediment
and peat layers from a terrace 100 m higher than present-day lake levels and the termination of

lacustrine sediment from a terrace 25 m higher than present-day lake levels between Xing Yun
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and Fuxian at ~11.8 ka (Yu et al., 2001). While we cannot definitively prove the above scenario,
the proposed hypothesis best fits all of the available evidence that has been collected. Further
study on fault slip rates and events would need to be undertaken to provide more support for this

interpretation.

3.4.4.1 Subunitl-7.81t06.6 ka

The 5'80can values through this interval suggest stable, high lake levels, broadly in
agreement with previous records of a strong EASM from Dongge Cave (Wang et al., 2005) and a
strong ISM from Tianmen Cave (Cai et al., 2012) due to relatively high average summer
insolation in the early to mid-Holocene. C/N values in the range of 13 to 15 suggest a greater
terrestrial contribution of organic matter to Xing Yun, possibility as a result of increasing rainfall
and runoff. The relatively constant C/N values prior to 4.7 ka suggest that changes in organic
matter source cannot account for the variations in §**Corg values. Changes in §**Corg values could
be driven by soil organic carbon input, but this is not supported by the C/N values nor the
declining weight percent carbon and nitrogen throughout the Holocene. With a more terrestrial
source of organic matter influencing the carbon isotopic composition, vegetational shifts could
also cause the observed changes in 5!3Corg values. However, CMIP5 modeling studies of
vegetation changes in Southeast Asia found that the relative proportion of C4 grasses for the past
21 ka only varied by 10-20% with the most substantial changes taking place in the LGM
(Thomas et al., 2014). This suggests that vegetational shifts were not large enough in the
Holocene to explain all of the observed variation in §3Corg values at Xing Yun. Additionally,

palynological analysis at nearby Dian Lake (Figure 3-1) found that the most substantial shifts in

93



vegetational assemblages occurred from 9.5 to 8 ka (Sun et al., 1986), prior to the beginning of
the Xing Yun Holocene sediment record.

Therefore, we interpret changes in §2*Corg values in the Xing Yun record to primarily
reflect primary productivity. Lighter isotopes of carbon tend to be preferentially incorporated
into organic matter and leaves the remaining dissolved inorganic carbon (DIC) pool relatively
enriched in 3C (McKenzie, 1985). However, with increased productivity the supply of 12C may
be depleted leading to increased 53Corg values over time (Schelske and Hodell, 1995). §'3Corg
values may further increase as a result of rapid algal growth resulting in less discrimination
between 12C and $3C (Brenner et al., 1999). Conversely, decreases in §33Corg values may reflect
declining primary productivity and may account for the decreases in §**Ccarb and 8*Corg in the
early to mid-Holocene at Xing Yun. The correspondence between Xing Yun weight percent
carbonate, Xing Yun &3Corg values, and Paru Co weight percent biogenic silica throughout much

of the Holocene suggests that this interpretation may be plausible (Figure 3-10).
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Figure 3-10- A) Xing Yun weight percent carbonate; B) Xing Yun carbon isotope values of organic matter; C)
Paru Co weight percent biogenic silica (Bird et al., 2014); D) Ahung Co lake level reconstruction (Morrill et
al., 2006); E) Western tropical Pacific SST reconstruction from Mg/Ca of benthic forminifera (MD98-2181)
(Stott et al., 2007); F) Tianmen Cave oxygen isotope values (Cai et al., 2012); G) Dongge Cave oxygen isotope

values (Wang et al., 2005). The gray shaded bars indicate pronounced drops in Xing Yun organic carbon
isotopes indicative of drops in primary productivity and coincident with noted drops in ISM strength and

Western Pacific SST.
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3.4.4.2 Subunitll-6.6to4.7 ka

Subunit II is marked by a pronounced trend towards higher §*80cary Values and highly
variable 83Ccar values. The sustained trend towards higher §'8Qcam values, coupled with
declining solar insolation, suggests increased aridity driving lower lake levels. While records of
the EASM show that optimal moisture conditions persisted until 5 ka, ISM records from the
Tibetan Plateau show a decrease in optimal moisture beginning around 7 ka (Herzschuh, 2006).
The previous study by Whitmore et al., 1994 found a higher proportion of eutrophic and
hypereutrophic taxa and increased weight percent organic nitrogen from a depth of 4.6-3.6 m,
corresponding to approximately 6.5 to 4 ka on the basis of our new age model, that they also
interpreted to suggest lower lake levels (Figure 3-8).

The high variability in 8**Ccany Values suggests substantial changes to the DIC pool.
These changes in §**Ccarb Values closely follow changes in weight percent carbonate, which
suggests that the isotopic composition of inorganic carbon is directly linked to carbonate
precipitation, since changes in carbonate content tend to slightly lead changes in §**Ccar values.
This may be caused by changes in primary productivity because increased photosynthetic
activity results in the drawdown of dissolved CO», forcing the precipitation of inorganic
carbonate (Kelts and Hsu, 1978). This interpretation is supported by the close correspondence
between §13Corg and weight percent carbonate during this subunit. Once again, the consistent
C/N values through this time period suggest that changes in the isotopic composition of organic
carbon is likely not linked to inputs arising from soil erosion. However, increased productivity

would force the remaining DIC pool in the lake to have more **C, which is reflected in the
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5'3Cearh values. Therefore we infer a period of slightly increased productivity from 6.6 to 5.6 ka
and substantially increased productivity from 5.1 to 4.7 ka.

These periods are interrupted by an abrupt drop in weight percent carbonate, §3Ccar, and
8Corg at 5.3 ka. Several other lake records from the Tibetan Plateau show changes around the
same time with a drop in biogenic silica at Paru Co around 5.3 ka (Bird et al., 2014) and a period
of no sedimentation and erosion at Ahung Co from 6 to 5.8 ka (Morrill et al., 2006) (Figure 3-
10). Western Pacific SSTs reconstructed from ocean core MD98-2181 (6°17°60’N,
125°49°12"’E) noticeably drop at 5.4 ka (Stott et al., 2007) and ODP site 723 in the Arabian Sea
(18°3’5°’N, 57°36°34°’E) shows a decrease in G. bulloides from 6 to 5.3 ka, indicative of cooler
ocean conditions, that the authors linked to Bond event 4 (Gupta et al., 2002). Reconstructed
SSTs from throughout the Mentawai Islands also show cooling, suggestive of a positive phase
10D event (Abram et al., 2009). Bird et al., 2014 interpreted this to be a period of increased
monsoon strength on the Tibetan Plateau due to an increased thermal gradient from ocean
cooling. Changes in ISM strength are not recorded in Xing Yun oxygen isotopes, however the
shift in the carbon cycle of the lake does suggest that productivity dropped possibly due to cooler

temperatures.

3.4.43 Subunit 111- 4.7 to 2.95 ka

The relatively stable $'80car, values through this interval suggest steady lake levels, likely
substantially lower than the previous two subunits, but not wildly fluctuating or changing. The
hydrologic balance of the lake reaches a steady state that persists until 1.5 ka when human
activities perturb the natural stability (see Chapter 2.0). Increased evaporation leads to degassing

of CO; and the preferential removal of lighter *2C atoms, leaving the remaining lake water
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relatively enriched in 3C (Li and Ku, 1997). Atmospheric CO2 has &3C values of around -8%o
and lake water that is in equilibrium with atmospheric CO> will have values between 1-3%o
(Leng and Marshall, 2004), close to the average carbon isotopic composition through this unit
(0.5%0). The loss of CO2 may cause precipitation of carbonate minerals (Ito, 2001) and could
account for the high proportions of carbonate material through this interval. Lower lake levels
are also supported by an increase in eutrophic and hypereutrophic diatom taxa (Whitmore et al.,
1994b).

A synthesis of abrupt changes in the entire Asian monsoon system over the Holocene
found statistically significant aridity from 5 to 4.5 ka (Morrill et al., 2003) and there is evidence
from nearby Dian Lake (see Chapter 5.0) of lower lake levels during this time period as well.
Mawmulh (Berkelhammer et al., 2012) and Tianmen Caves (Cai et al., 2012) (Figure 3-10) both
record an abrupt decrease in ISM strength and stop precipitating carbonate material after 4 ka.
Several lakes on the Tibetan Plateau, including Lake Qinghai (Lister et al., 1991), Bangong Co
(Gasse et al., 1996), Selin Co (Gu et al., 1993), and Ahung Co (Morrill et al., 2006), suggest the
beginning of substantially drier conditions and Ahung Co was desiccated after 4 ka (Figure 3-
10). The abrupt drop in '3Corg values at Xing Yun at 4.5 ka coincides closely with a drop in
Western Pacific SSTs (Figure 3-10), similar to what was observed at 5.3 ka. Ocean cores from
the Soledad Basin off the coast of Mexico display a shift to warmer SSTs and a more EI Nifio-
like mean state after 4 ka (Marchitto et al., 2010). A more El Nifio-like mean state beginning in
the mid to late Holocene has been observed in multiple other oceanic records (Rein et al., 2005;
Stott et al., 2004). We suggest a connection between decreases in primary productivity at Xing

Yun and cooler Western Pacific SSTs due to more El Nifio-like conditions.

98



The otherwise slow decline in weight percent carbon, nitrogen, and C/N values at Xing
Yun may be due to a shift in the trophic state of the lake. These changes may be linked to
declining summer insolation values and a weaker ISM washing less terrestrial organic matter
into the lake. A plot of C/N versus 5!°N values shows a negative relationship and a similar
relationship can be seen for C/N versus 8*Corg after 3.8 ka (Figure 3-7). Changes in 6°N may
also be linked to increasing aridity since decreasing precipitation has been shown to increase
both soil and foliar $°N (Amundson et al., 2003; Craine et al., 2009). This phenomenon is still
being investigated but several explanations have been proposed including increased gaseous
nitrogen loss, less dependence on mycorrhizal fungi, and less efficient nitrogen recycling with

decreased moisture (Amundson et al., 2003; Craine et al., 2009).

3.4.4.4 SubunitlV-295to15Kka

The lowest average summer insolation values occur in the late Holocene resulting in a
generally weak monsoon and substantial aridity recorded in lake sediments throughout China
(Zhang et al., 2011). This subunit in Xing Yun is marked primarily by a noticeable decline in
813Ccarb values without a concomitant decline in §*3Ocar, Values as well as declining weight
percent organic matter, carbon, nitrogen, and C/N. This is indicative of a continued shift in the
trophic status of the lake without considerable drops in lake level. Continued low lake levels and
more eutrophic conditions may have accelerated the remineralization of organic matter in this
broad shallow lake, limiting organic preservation. Increased primary productivity is supported
by 8%3Corg and 5'°N values that increase at the beginning of this subunit.

Notably, biogenic silica from Paru Co declines and Western Pacific SSTs decrease during

this time (Figure 3-10). The relationship between Western Pacific SST and Xing Yun §3Corg is
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no longer present and some other variable began exerting a control on the isotopic composition
of the carbon pool of the lake. The sudden negative relationship between C/N and §**Corg during
this time suggests while previously, §3Corg values were controlled by factors other than organic
matter source, after 3.8 ka §*Corg values were being driven by variations in the proportions of
aquatic and terrestrial organic matter. While nearby archaeological sites consisting of shell
mounds, settlement structures, and rice remains date to 4 to 3 ka (Yao, 2010), there is no
definitive evidence of human activity perturbing the lake until 1.5 ka. However, anthropogenic
impacts may partially explain why Western Pacific SSTs and Xing Yun 833Corg Values suddenly

appear anti-correlated.

3.5 CONCLUSION

This sediment record from Xing Yun Lake is one of the oldest terrestrial records of the
ISM that is continuous through the Holocene. As such, it provides an unprecedented look into
what was driving hydroclimate variability associated with the ISM as expressed in southwestern
China. The Pleistocene portion of our record is limited by macrofossils that are too old to date
by means of AMS radiocarbon dating. Future work to establish a more reliable chronology may
include the use of paleomagnetic secular variation or U-Th dating of gastropods.

However, on the basis of relatively linear sedimentation rates, we demonstrate a
relationship between July insolation at 20°N and the weakly and strongly bound concentrations
of several lithogenic metals including Mg, Fe, and Ti over an estimated time period of 70,000
years. The ISM responded in a linear, rapid fashion to changes in summer insolation, causing

increased weathering and increased delivery of sediments derived from the catchment to the lake
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coring site. This is broadly similar to what other studies have found regarding the EASM and the
ISM over the Holocene and we have demonstrated that this relationship holds over much longer
time scales than previously investigated. This simple relationship weakens from 42 to 33 ka,
possibly due to large Northern Hemisphere ice sheets causing a muted response of the monsoon
system to solar insolation. Future work on sediment from this portion of the record will include
the analysis of the hydrogen isotopic composition of n-alkane leaf waxes (6Dwax) derived from
terrestrial and aquatic plants. While dDwax can be influenced by multiple processes such as
biosynthetic factors, when changes in vegetation can be constrained, these measurements are
well correlated with mean precipitation 6D values (Polissar and Freeman, 2010; Sachse et al.,
2012). Measurements of dDwax Will be a powerful tool for understanding variations in the
strength of the ISM as well as the impacts of evaporation on lake hydrology.

The Xing Yun sediment record is interrupted by a 9,000 year unconformity from 17 to 8
ka, which may be due to the desiccation of the lake resulting from exceptionally dry climatic
conditions, an erosive event resulting from tectonic activity, or some combination of both.
Further study including seismic surveys, transect cores, or longer sediment records from adjacent
lakes such as Fuxian may provide some context to the observed unconformity.

The resumption of sedimentation at Xing Yun occurs in the early to middle Holocene and
is marked by the sudden preservation of carbonate material. Isotopic analysis of this calcite
reveals substantial (4-6%o) changes in both carbon and oxygen. Oxygen stable isotopes suggest a
transition to lower lake levels beginning around 6.6 ka, similar to what other lake sediment
studies from the Tibetan Plateau record. Lake levels as reflected in 5'8QOcar, Values reach a steady
state by 4.7 ka even though other paleoclimate records show that the ISM continued to decline in

strength. Carbon stable isotopes of both carbonate material and organic matter are considerably
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more variable, particularly from 6.6 to 4.7 ka. These changes closely track weight percent
carbonate as well as weight percent biogenic silica from Paru Co Lake on the Tibetan Plateau.
This suggests that both carbonate precipitation and 5'3Cear, values are controlled by primary
productivity. Prior to 2.95 ka, decreased primary productivity at Xing Yun is linked to cooler
Western Pacific SSTs, demonstrating the importance of the tropics on controlling the climate of
southwestern China over multi-decadal timescales. Weight percent carbon, nitrogen, and C/N
show a slow, gradual trend towards lower values in concert with declining summer insolation.
Lower lake levels may have driven a shift towards more eutrophic conditions and shifts in
primary productivity can be seen in the §*Corg and 5'°N values with a notable increase at 2.95
ka. The Xing Yun record is one of the first continuous terrestrial hydroclimate records of the
ISM through the Holocene and shows broad agreement with previous paleoclimate studies from

the Tibetan Plateau.
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4.0 ERHAI LAKE

The Environmental Legacy of Copper Metallurgy and Mongol Silver Smelting Recorded in

Yunnan Lake Sediments

Lake Er (Erhai) is located in the northwest portion of Yunnan with the modern city of
Dali situated on the southern shores of the lake (Figure 4-1). Erhai is ideally situated to answer
questions about the history of mineral resource use in Yunnan since historically there were metal
smelting and production facilities in the vicinity of Dali (Cui and Wu, 2008) and modern day
nickel, copper, and platinum metal mining takes place on the eastern side of the lake at the
Huangcaoba mine (Kamitani et al., 2007). Today, a number of ore bodies are mined in western
Yunnan including the Mrchangjing and Zhacun gold mines, the Yongping copper mine, and the
lead and zinc mine of Jinding (Pirajno, 2013) (Table 4-1 and Figure 4-1). Here, we present a
4,500 year record of smelting and mining from Erhai using the concentrations heavy metals in
sediment. Lake sediment geochemistry has been used elsewhere in the world to reconstruct
metal inputs related to mining and metalworking (Bindler et al., 2012; Renberg et al., 1994), yet

relatively few records of this type exist in China (Jin et al., 2013; Lee et al., 2008).
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Figure 4-1- A- China with Yunnan Province shaded in gray. Erhai (square) with dominant wind direction;
B- Major ore bodies (see Table 4-1) and archaeological sites Haimenkou and Yinsuodao in relation to Dali
and Erhai; C- Erhai and coring locations A-09, B-09, and C-12. Previous coring locations by Dearing et al.,

2008 marked by Xs. Geologic map adapted with permission from Searle et al., 2010.
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Table 4-1- Ore bodies of northwestern Yunnan displayed in Figure 4-1 (Hou et al., 2007; Bureau of Geology

and Mineral Resources of Yunnan Province, 1990).

Number in figure 1 Name Deposit
1 Jinding Pb, Zn, Sr, Gypsum
2 Baiyangchang Co, Cu, Ag
3 Beiya Au
4 Heqing Mn
5 Baofengsi Pb, Zn, Pyrite
6 Huangcaoba Ni, Cu, Platinum Group Metals
7 Tiechang Sn
8 Mrchangjing Au
9 Shihuangchang As
10 Yongping Cu, Co
11 Zhacun Au

4.1 REGIONAL SETTING

Erhai (25°47’N, 100°11°E, 1964 m elevation) is a relatively deep (maximum depth: 21.5
m) lake with a catchment area of 2,560 square kilometers (Whitmore et al., 1997) (Figure 4-1).
The Diancang Shan Mountains, on the western side of the catchment, are composed of high-
grade metamorphic rocks such as gneiss and schist and are bound by a normal fault (Bureau of
Geology and Mineral Resources of Yunnan Province, 1990; Searle et al., 2010). The northern
and eastern sections of the catchment are composed of Quaternary sediments, Permian basic

volcanics and limestones, and Triassic sandstones and mudstones (Bureau of Geology and
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Mineral Resources of Yunnan Province, 1990; Searle et al., 2010). The lake receives inflow
from 38 streams and outflows through the Xier River to the south (Whitmore et al., 1994a). The
Erhai basin is connected to Southeast Asia via the Red and Mekong Rivers. Since 1980, algal
blooms, eutrophication, and other water and sediment quality issues have been noted (Liu et al.,
2012; Wang et al., 2012b). Previous research on Erhai sediment cores found that lake levels
varied by only 1-3 m over the late Holocene (Yu et al., 2001). While this is a tectonically active
region and several earthquakes have occurred historically (Allen et al., 1984), the small
fluctuations in lake level suggest that over the last several thousand years, tectonic activity had a
limited impact on water levels.

Previous research on sediment cores from Erhai by Dearing et al., 2008 included
palynological analysis and measurements of grainsize, magnetic properties, and geochemistry.
They identified a rise in metalworking at 1400 BC with an increase in the concentration of
copper from 12 to 14 pg/g (Dearing et al., 2008). Additionally, an increase in lead concentration
at 550 AD from 4 to 14 pg/g was inferred to represent a change from bronze to silver
metalworking. However, this previous study relied on an age model based on a combination of
radiocarbon measurements on bulk sediment and shell material, both of which are subject to
reservoir effects, and correlation with paleomagnetic features from three cores recovered from
different locations in the lake (Hyodo et al., 1999; Xu and Zheng, 2003; Yang et al., 2005)
(Figures 4.1 and 4.2). Shell material and bulk sediment are subject to radiocarbon reservoir
effects, where ancient carbon from carbonate rocks and soils is incorporated into samples,
making them appear older than the true age of deposition (Deevey et al., 1954). Other research
on Yunnan lakes has identified a pronounced reservoir effect of several thousand years from bulk

sediment dates (Brenner et al., 1991; Whitmore et al., 1994b). Because limestone exists in the
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Erhai catchment (Bureau of Geology and Mineral Resources of Yunnan Province, 1990), bulk
sediment and shell radiocarbon dates should be avoided. Additionally, several age reversals
appear in the sediment profile, but these were disregarded in the age model, which relied on a
polynomial line of best fit drawn through all of the dates (Figure 4-2). It should also be noted in
the Dearing et al., 2008 study that the three cores were separated by as much as 20 km and some
of the cores were collected from the deepest part of the lake while others were collected along
the shoreline where there are significantly different sediment accumulation rates (Figure 4-1).
Given the potential issues with the Dearing et al., 2008 age model there is a clear need to
reassess the findings using radiocarbon measurements on identifiable terrestrial macrofossils that

are unaffected by reservoir effects.
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Figure 4-2- Dearing et al., 2008 polynomial age model for Erhai sediment cores (collection locations marked
in Figure 4-1). Unpublished 2°Pb data (black square), paleomagnetic features from Hyodo et al., 1999
(purple circles), terrestrial macrofossil radiocarbon dates (blue triangles), bulk sediment radiocarbon dates
from Hyodo et al., 1999 (green inverted triangles), and shell radiocarbon dates from Hyodo et al., 1999 (red

diamonds).
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4.2 ARCHAEOLOGICAL AND HISTORICAL CONTEXT

The results of archaeological excavations and palynological analysis suggest that Erhai’s
lakeshores were occupied during the Neolithic (Wan, 2013). One of these Neolithic/Bronze Age
settlements is the Yinsuodao shell midden on the southeastern shore (Yunnan Provincial Institute
of Cultural Relics and Archaeology, 2009b) (Figure 4-1). Metal slag and complex copper and
bronze artifacts found there date to no later than 1200 BC (Yunnan Provincial Institute of
Cultural Relics and Archaeology, 2009b; Cui, 2014), suggesting that metal production existed in
the area during the middle of the 2"¢ millennium BC. Similar evidence of copper-based
metalworking as early as 2" millennium BC was found at the Haimenkou site (Yunnan
Provincial Institute of Cultural Relics and Archaeology, 2009b; Min, 2013), located near Lake
Jian, ~50 km north of Erhai (Figure 4-1). Elemental analyses of materials from these two sites
indicate that copper was the earliest metal to be used in western Yunnan (Cui, 2014). Alloyed
bronzes made of mixtures of copper and tin were later used, but pure copper items were used in
Yunnan throughout the Bronze Age (Chiou-Peng, 2011). Prior to the middle of the 1%
millennium BC, lead was usually a trace metal (<5%) in standard bronze recipes (Chiou-Peng,
2011). Archaeological materials from the Erhai region show influence from the Eurasian steppes
(Cui, 2014); however, due to the lack of archaeological data marking the transition between
Neolithic and Bronze ages in Yunnan, and the absence of geochemical records associated with
smelting activities near Erhai, the timing of the earliest metallurgical activities in Yunnan
remains unclear (Higham et al., 2011). The current interpretations of the beginnings of Yunnan
metallurgy are particularly relevant to ongoing debates about the onset of metallurgy in
Southeast Asia, a region that is geographically and culturally connected to Erhai through the

Great Mekong exchange system (Higham et al., 2011; Min, 2013; White and Hamilton, 2009).
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Similar metallurgical features and artifact types at Yinsuodao and Haimenkou indicate
that the metal industry was part of the 2" and 1% millennia BC technological complex in western
Yunnan, which had close associations with ore deposits along the Jinsha (upper Yangzi) valleys
north and east of Erhai (Min, 2013). Lead isotope studies of Yunnan ores suggest that the
Baiyangchang ore body (Figure 4-1) was a source for metal production at Haimenkou (Cui and
Wu, 2008). Many of these objects became the prototypes of bronze for the Dian culture (350
BC-100 AD) (Cui, 2014), located on the shores of Lake Dian, ~250 km southeast of Erhai.
Bronze artifacts remained in vogue in Yunnan even after iron was introduced into the region
towards the end of the 1%t millennium BC. Copper, tin, lead, and silver probably continued to be
extracted from these southern mines (Dai and Zhang, 1998) and used in parallel with other ore
deposits widely dispersed over Yunnan (Zhang, 2000). An immense silver industry arose during
the Nanzhao and Dali kingdoms of Yunnan (ca. 738-1253 AD) and during this time, silver
utilitarian and religious objects were produced in parallel with iron and bronze utensils and
weaponry (Zhang, 2000). With the invasion of the Yuan Dynasty (the Mongols) in 1253 AD, the
Dali Kingdom was conquered and Yunnan nominally became part of Chinese territory (Giersch,
2009). The Yuan administration’s mismanagement of Yunnan ore resources resulted in the
decline of the copper industry (Han and Ke, 2007). Silver materials from large-scale mining
activities in Yunnan were distributed nationwide, but the value of silver in Yunnan was severely
deflated due to over-production (Han and Ke, 2007). The Ming (ca. 1368-1644 AD) and Qing
(ca. 1644-1911 AD) Dynasties that followed heavily exploited the mineral resources of Yunnan
for copper and silver, but historical records are insufficient and the true extent of this activity is

unknown (Yang, 2009).
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4.3 MATERIALS AND METHODS

4.3.1 Core Collection

To characterize the impact that metallurgy has had on the lake over the past several
thousand years and attain more realistic estimates of the timing and scale of metalworking, we
recovered sediment cores from three different locations in Erhai (A-09, B-09, and C-12 coring
sites; Figure 4-1). We measured the sediment concentrations of a suite of weakly bound metals
including copper, lead, silver, cadmium, zinc, titanium, aluminum, and magnesium. We focus
our attention on lead because it has successfully been used to document early pre-industrial
anthropogenic metallurgical activities (Abbott and Wolfe, 2003; Renberg et al., 1994) and is
relatively immobile once deposited in lake sediments (Gallon et al., 2004); however, we
supplement our interpretation using other metals.

In 2009, three cores were collected from Erhai at 25°44°34°°N, 100°11°44°’E (core site
A-09) at a water depth of 11 m and one core was collected from 25°48°42°’N, 100°11°42”’E
(core site B-09) at a water depth of 20 m (Figure 4-1). At site A-09, a 62 cm long core with an
intact sediment-water interface was collected using a light weight percussion coring system (A-
09 surf) (Figure 4-3). The upper 20 cm were sliced in the field at 0.5 cm intervals and used for
geochemical analysis and 21°Pb dating. Deeper sediments (A-09 D-1 and D-2) were collected
using a steel barrel Livingston corer (Wright et al., 1984). At site B-09, a 74 cm long surface
core was recovered with an intact sediment-water interface using the percussion coring system
(B-09 surf) (Figure 4-3) and the upper 20 cm were sliced in the field at 0.5 cm intervals and used

for geochemical analysis and ?1°Pb dating.
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Figure 4-3- Total sediment depths of cores from sites A-09, B-09, and C-12 (locations marked in Figure 4-1)

and overlapping sections. Terrestrial macrofossil radiocarbon dates marked with white stars (see Table 4-2).

In 2012, five core drives were collected at 25°43°38°’N, 100°12°01"’E (core site C-12)
using a steel barrel Livingston corer (Figure 4-1) at a water depth of 11 m, forming a composite
record of 259 cm (C-12 D1-D5) (Figure 4-3). Overlapping sections at all coring sites were
identified based on field measurements and confirmed with stratigraphic correlation of
geochemical data. Since core sites A-09 and C-12 are separated by <1 km and have a similar
water depth, we combined the sediment cores from these two sites into one composite record

using field notes and stratigraphic correlation of geochemical data.
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4.3.2 Age Control

Eight radiocarbon ages of terrestrial macrofossils were measured on the A-09 and C-12
cores (Table 4-2). Terrestrial macrofossils, such as leaves and charcoal, were targeted for dating
because they are less subject to transport and reworking, and unlike bulk sediment and shells
they are not subject to hard-water effects (Taylor, 1978). These samples were pretreated using
the standard acid, alkali, acid procedure (Abbott and Stafford, 1996), measured at the Keck
Center for Accelerator Mass Spectrometry at the University of California Irvine, and calibrated
using Calib 7.0 (Reimer et al., 2013). The upper 8 cm of Core A-09 was dated using a constant
rate of supply (CRS) #°Pb age model (Appleby and Oldfield, 1983) (Table 4-3). A smooth
spline was used to produce an age model with the best fit using the clam 2.2 code (Blaauw,

2010) in the statistical software package “R”(R Core Development Team, 2008) (Figure 4-4).

Table 4-2- AMS radiocarbon dates for samples from Erhai Cores A-09 and C-12.

Composite
UClI Core Depth Median Probability 20 Calibrated Age Range
Number (cm) Material “C age (BP) Error + Calibrated Age (yr AD/BC) (yr AD/BC)
Cores A-09
99742 39.5 Leaf 375 20 1494 1624-1449
99743 75 Wood 700 30 1286 1386-1262
99744 117 Charcoal 1520 70 529 648-406
99873 178 Charcoal 1790 40 235 342-128
Cores C-12
131495 97.5 Charcoal 1135 20 926 779 -981
122329 150.5 Leaf 1635 15 414 528 - 355
131496 188.5 Charcoal 1915 20 87 -2472 - -2571
122330 254.0 Charcoal 4000 20 -2532 -2472 - -2571
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Table 4-3- Down-core 2°Pb activities, 2*Pb activities, cumulative weight, and CRS sediment ages from Core

A-09.
210pp Cumulative
activity, 1o Error 2°Pb  2PDb activity, 1o Error 2**Pb Weight, CRSage 1o Error
Depth (cm) Bg-g* activity Bg-g? activity gcm? (yr AD/BC)  Age
Cores A-09

0.0425

0.0-05 0.3800 0.0610 0.0826 0.0191 2003 1.64
0.1517

1.0-1.5 0.3630 0.0421 0.0514 0.0069 1998 1.79
0.2989

2.0-2.5 0.2990 0.0338 0.0509 0.0053 1993 2.02
0.5921

3.0-3.5 0.1800 0.0203 0.0431 0.0037 1985 2.38
0.8564

4.0-4.5 0.2240 0.0269 0.0509 0.0051 1974 3.05
1.1702

5.0-5.5 0.1350 0.0176 0.0400 0.0040 1963 3.94
1.4822

6.0-6.5 0.1230 0.0145 0.0404 0.0034 1950 5.63
1.8133

7.0-7.5 0.1110 0.0109 0.0460 0.0040 1932 9.18
2.1497

8.0-8.5 0.0866 0.0066 0.0345 0.0033 1910 17.83

4.3.3 Geochemistry

Water content, bulk density, and loss on ignition were measured at 2-cm intervals using 1
cm?® samples. Samples were dried at 60°C for 48 hours to remove water. Weight percent organic
matter and carbonate content was determined by loss-on-ignition (LOI) analysis at 550°C and
1000°C, respectively (Dean, 1974).

Half centimeter thick slices were sampled at 3 to 5 cm intervals on sediment cores from
all three core sites. Half centimeter thick slices from the upper 30 cm of the C-12 cores were
analyzed every 1 cm. All samples were lyophilized and homogenized. Elements were extracted

using 6 mL of 1 M HNO3 overnight, a standard method for extracting weakly bound trace metals
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from lake sediments (Graney et al., 1995). The supernatant was extracted and diluted before
being measured on a Perkin EImer NeXION 300X inductively coupled plasma mass
spectrometer (ICP-MS) at the University of Pittsburgh. Duplicates were run every 20 samples
and were generally within 10% of each other. Blanks were run every 20 samples to check for
memory effects and were consistently far below the detection limit of the instrument.

To account for changes associated with sediment delivery and source to the watershed,
we calculated anthropogenic enrichment factors based on the reference factors of aluminum (Al),
and magnesium (Mg), and organic matter. By normalizing metal concentrations to Al and Mg,
we can account for changes in erosion, runoff, and sediment source (Boés et al., 2011) since the
Erhai catchment includes mafic igneous rocks, sandstones, and mudstones (Figure 4-1), whose
weathering would result in high amounts of Al and Mg. Additionally, metals such as lead are
commonly sorbed to organic matter, so changes in organic matter must be accounted for (Bindler
etal., 2012; Boyle, 2002). The enrichment factor (EF) was calculated following the methods of

(Weiss et al., 1999). For example, calculating the lead (Pb) EF is in Equation 4-1:

Pb sample Pb background
Pb EF =

Reference sample/ Reference background

Equation 4-1 (Weiss et al., 1999)

where Pbpackground and Referencepackground 1S Site-specific and is defined as the average
concentration over the stable pre-anthropogenic period. The Pb EF is then used to calculate the

Pb anthropogenic EF in Equation 4-2:

Pb anthropogenic EF = Pb sample — (Pb sample/Pb EF)

Equation 4-2 (Weiss et al., 1999)
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44 RESULTS

Core C-12 is the focus of our discussion because it is closest to the old city of Dali and
has the longest recovered sedimentary record, but we use cores A-09 and B-09 to support our
conclusions. The results of the composite age model based on ?'°Pb dating and 8 AMS
radiocarbon dates on terrestrial macrofossils indicate that the C-12 cores span the last 4,500
years (Figure 4-4). Sedimentation rates from 2500 BC to 200 AD average 0.03 cm/year,
increase to 0.30 cm/year from 200 to 450 AD, and from 450 AD to present remain stable at 0.11
cm/year. Sediments from all three sets of cores are homogenous dark brown/black fine silt and
clay and are composed of 5-10% organic matter (Figure 4-5) with no detectable carbonate. We
see no sedimentological evidence in the cores to suggest substantial variations in water level,
thus we conclude that lake level changes have not played an important role in causing variations

in metal concentrations in the past 4,500 years.
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Figure 4-4- Age-depth model with 95% confidence intervals. 2!°Pb dates (green circles) and radiocarbon

dates (red squares), with 2 sigma error bars. 2°Pb dates with 2-sigma error bars in inset.

We focus our attention on the concentration of the metals copper (Cu), lead (Pb), silver
(Ag), cadmium (Cd), and zinc (Zn) as these display the most variation (Figure 4-5). The
concentrations of these metals, in particular Pb, are remarkably similar in terms of both

stratigraphic depth and magnitude from all three coring sites though core B-09 is much shorter

than A-09 and C-12 (Figure 4-6).
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Figure 4-5- Left panel: reference factors measured in the C-12 cores. A- weight percent organic matter, B-
concentrations of aluminum (Al), C- concentrations of magnesium (Mg). Right panel: concentrations of
metals measured in the C-12 cores. D- copper (Cu), E- lead (Pb), F- silver (Ag), G- cadmium (Cd), and H-

zinc (Zn).
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Figure 4-6- Lead concentrations by depth for Cores A-09, B-09, and C-12. The increase in Pb occurs at a

similar depth and is of a similar magnitude in all three cores, despite their different locations and depths in

From 2500 BC to 200 AD, the concentrations of Pb, Ag, Cd, and Zn are low and stable,
averaging 15.6, 1.2, 0.1, and 29.5 ug/g, respectively (Figure 4-5). From 200 to 450 AD,
concentrations double for all of the aforementioned elements. After 450 AD, the concentrations
remain stable until 1100 AD. Beginning at 1100 AD, concentrations of Pb, Ag, Cd, and Zn
increase and reach a peak at 1300 AD of 119.1, 3.8, 0.4, and 65.4 ug/g, respectively. From 1300
to 1980 AD, concentrations decline to 26.6 ug/g for Pb, 0.88 ug/g for Ag, 0.25 ug/g for Cd, and

35.7 pg/g for Zn. Over the last 30 years there are slightly higher concentrations of Pb, Ag, Cd,
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and Zn at 49.1, 0.8, 1.2, and 57.5 pg/g, respectively. Concentrations of Cu display different
variations- from 2500-2000 BC, Cu averages 26.8+1 pg/g and nearly doubles to 51.1 pg/g
beginning ~1500 BC (Figure 4-5). After a peak at 700 BC, concentrations decline to an average
of 41.4 ug/g. At 1000 AD, concentrations increase to a peak of 66.2 pg/g at 1650 AD before

declining to 49.5 pg/g in the last 10 years.

4.5 DISCUSSION

We calculated anthro EFs to account for changes in erosion, runoff, and sediment flux
that may have impacted the delivery of metals to the lake. We acknowledge that the weak acid
extraction performed on these samples does not represent the total lithogenic proportion of
elements such as Al or Mg (Reimann and De Caritate, 2000); rather, we seek to normalize the
concentrations of metals such as Pb to natural geogenic processes to account for variations in
sediment transport. The high correlation coefficient between the chosen reference factors and
metals of interest during the pre-pollution time period suggests that they can account part of
metal content in the sample (Table 4-4). On the basis of the relatively stable and low
concentrations of the reference elements (Figure 4-5), we define background levels as the time

period from 2500 BC to 200 AD.
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Table 4-4- Pearson product-moment correlation coefficient between metals and reference factors over the pre-
pollution time period (2700 BC-200 AD) (185-254 cm). The high correlation coefficients between Al, Mg,
organic matter and metals of interest demonstrates that Al, Mg, and organic matter are appropriate reference

factors from which to calculate EFs as they can explain some component of weathering.

Al Mg Organic Matter

Cu 0.9023  0.9426 0.8904

Pb 0.9579  0.8782 0.9660
Ag 0.8035 0.7448 0.5526
Cd 0.7270  0.6602 0.4702

Zn 0.9646  0.9914 0.9301

45.1 Early Metallurgy

From 2500 BC to 200 AD, the anthro EFs of Pb, Ag, Cd, and Zn were stable and less
than 2, representing our best estimate of background variations arising from natural, non-
anthropogenic sources (Figure 4-7). Natural sources of these metals include wind-blown dust,
sea salt, volcanic emissions, and forest fires (Nriagu, 1989). Approximately 40-50% of Cd and
20-40% of Pb arise from volcanic emissions and 20-30% of Pb and Zn can be attributed to soil-
derived dust; the remainder of natural emissions are primarily due to biogenic processes (Nriagu,

1989).
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Figure 4-7- A- Archaeological periods, Yunnan cultural periods in white boxes, and Chinese dynasties in
black boxes. Anthropogenic EFs for organic matter (solid line), aluminum (dashed line), and magnesium
(dotted line) for B- copper (Cu), C- lead (Pb), D- silver (Ag), E- cadmium (Cd), and F- zinc (Zn) from Cores
C-12. Shading from 1100-1400 AD corresponds to the increased concentrations of Pb, Ag, Cd, and Zn during

the time period of the Yuan Dynasty (the Mongols).

121



From 200 to 450 AD, the anthro EFs of Pb, Ag, Cd, and Zn increase to between three and
four. This is accompanied by a ten-fold increase in the sedimentation rate (Figure 4-7). We
attribute these increases to be the result of greater sediment influx to the lake reflecting land use
change that led to higher rates of erosion. Pottery models from grave sites on the shores of Erhai
dating to the Han Dynasty (ca. 206 BC-220 AD) depict irrigated farming practices (Elvin et al.,
2002), which suggests that Chinese-style agriculture first arose in these settlements beginning
~2,000 years ago. The initiation of this style of agriculture coincides closely with the land use
change inferred in our record.

The Cu anthro EF from 2500-2000 BC is less than one (Figure 4-7), likely recording
natural variability associated with biogenic emissions. Beginning at 1500 BC, Cu anthro EF
increases to between 6 and 12. While our age control in this portion of the record is limited by a
lack of a radiocarbon date directly at the increase, we performed age uncertainty analysis
(Figure 4-8) and found that the timing of this event is £400 years. Our interpretation is that this
is caused by the initiation of copper-based metalworking around the lake, which archaeological
research suggests began around this time (Yunnan Provincial Institute of Cultural Relics and
Archaeology, 2009a). The lack of an increase in either Pb or Sn at 1500 BC concurs with
archaeological records that initial metalworking techniques were primarily used for copper-
making and were not associated with the production of complex bronze alloys combining more
than two or three metals (Chiou-Peng, 2009). The absence of increases in other metals (e.g. Zn
and Cd) suggests that this increase in copper was linked to atmospheric emissions. Small
increases in Al, Mg, and organic matter (Figure 4-5) may be linked to the Cu increase, however
the magnitude of change is much less than that of the Cu. Given that the beginnings of copper-

based metallurgy during the 2" millennium BC in Yunnan remains an open question (Higham et
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al., 2011; Min, 2013; White and Hamilton, 2009), our results lend substantial support to the
initiation of this activity beginning by at least 1500 BC. These data not only add new
dimensions to the history of Yunnan metals in the context of Eurasian metallurgy, but they will
also be crucial for clarifying the much debated chronological issues related to the initiation of

copper-based metallurgy in adjacent Southeast Asia.
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Figure 4-8- Results of the age uncertainty analysis with 95% confidence intervals. Age uncertainties were
calculated using a 10,000 iteration Monte Carlo simulation varied between the radiocarbon 2-sigma
calibrated age uncertainties (Huybers and Wunch, 2004; Marcott et al., 2013). The uncertainty between the

age-control points was modeled as a random walk with a “jitter”” value of 200.

45.2 Peak in Lead Pollution

The Pb anthro EF increases after 1100 AD, reaches a peak of 100£2 at 1300 AD, and

declines to 30+2 by 1420 AD (Figure 4-7). Anthro EFs of silver, cadmium, and zinc follow
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similar trends (Figure 4-7). Argentiferous galena ((Pb, Ag) S) is a common ore in Yunnan and
there are a large number of ore bodies situated close to Erhai (Golas, 1999; Pirajno, 2013)
(Figure 4-1). The Baiyangchang ore body, 75 km northwest of Erhai, has rich deposits of silver
with impurities of lead and zinc (Hou et al., 2007) and mining and exploitation of this deposit is
a possible source of the observed increases in metals. Geochemical data that would allow us to
confidently attribute this increase in metals to a particular ore body currently do not exist;
however, this is a direction of future research. The peak of this enrichment corresponds to the
Yuan Dynasty (1271-1368 AD), the Mongols, within the 95% confidence intervals of the age
uncertainty (£30 years).

The Mongols established the first government operated silver mine in Yunnan in 1290
AD and by 1328 AD, taxes from silver production in Yunnan alone accounted for 47% of
national tax revenue (Xue and Wu, 2002). The process of purifying the silver ores relied on a
technique known as cupellation (Xue and Wu, 2002). The ores would be roasted in low
temperature fires in a furnace that ensures sufficient oxygen flow (Needham and Gwei-Djen,
1971). As wood is combusted, lead monoxide and other metal oxides form from ore impurities
and are volatized into ash, which can then be deposited on the land and water via wet and dry
deposition. Since this metallurgical procedure requires large amounts of wood, it is reasonable
to expect that deforestation would have occurred in the lake catchment. We see no
sedimentological evidence of this, however previous study by Dearing et al., 2008 found a
decrease in arboreal pollen coincident with the rise in lead. The sudden decline in lead pollution
at Erhai is likely related to the end of the Mongol Dynasty in 1368 AD. Since silver mining was
restricted during the beginning of the subsequent Ming Dynasty (Lu and Wang, 1998), this

further contributed to the decline in lead emissions.
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Our hypothesis is that these metals were primarily deposited in the lake via atmospheric
transport. There is no accompanying change in the concentration of organic matter (constant at
8-10%) (Figure 4-5) or bulk density of the sediments (constant at 0.6-0.7 g/cm?®). Additionally,
since metals such as Pb and Zn are generally not subject to remobilization from
oxidation/reduction changes during sedimentation and compaction (Hamilton-Taylor and
Davison, 1978), we do not believe that the increase in metals is not the result of variations in
water chemistry. In a lake such as Erhai that has a large surface area and catchment, it is
possible that sediment storage on floodplains and hillslopes can occur over several hundred years
(Trimble, 1983), and that the remobilization of contaminated sediment can create peaks in metal
concentration (Lecce et al., 2007). However, the narrow, high gradient fluvial systems in Erhai’s
catchment, especially on the western side near cores A-09 and C-12 (Figure 4-1), limits the
potential for floodplain sediment storage. There is no contemporaneous change in sedimentation
rate (Figure 4-4) or sedimentology, ruling out an increased influx of erosional material. While
we cannot definitively reject the possibility of floodplain sediment storage in this system, the
geochemical signal in the lake sediments seems more likely influenced by atmospheric
deposition than remobilization of stored, contaminated sediments.

Lee et al., 2008 measured metal concentrations in lake sediments in central China and
found an increase in lead from 1370-1470 AD, attributed to increased warfare and demand for
manufacturing of weapons associated with the beginning of the Ming Dynasty (Lee et al., 2008).
Yunnan has some of the largest zinc deposits in the world and the Ming Dynasty established at
least 20 zinc smelting operations in southwestern China (Zhou et al., 2012). However, most of
these activities took place in the latter half of the Ming Dynasty (~1500 AD) and many of the

zinc smelters are almost 1,000 km east of Erhai (Zhou et al., 2012). Moreover, we can
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confidently attribute the spike in metal pollution to the Mongols as we have a radiocarbon date
on a terrestrial macrofossil directly at the increase (Table 4-2- UCI#99743). Whatever zinc
distillation activities may have impacted the lake, they were not as large compared to the silver
smelting that was taking place during the time of the Mongols.

Our study differs significantly from previous work by Dearing et al., 2008 whose study of
Erhai sediment cores found increases in Cu at 400 BC from 12 to 14 pg/g and Pb from 550 to
950 AD from 4 to 14 pg/g (Figure 4-9). The timing of these geochemical changes in the
previous study is different, with the copper rise being at least 1000 years later and the lead rise
being 700 years earlier. The differences in timing of these increases is significant, because the
lead increase in the Dearing et al., 2008 study is incorrectly attributed to the Nanzhao and Dali
kingdoms. Our results provide a more accurate chronology allowing us to attribute the source of
the pollution to the Mongols, as well as pinpoint a specific process (silver smelting), that was
responsible for the observed increases in metal concentrations. Since it is our hypothesis that
these increases in metals are due to atmospheric emissions, this implies that deposition and metal
loading also took place on the surrounding landscape. As deforestation and land use change has
already led to soil loss within Erhai’s catchment (Wang et al., 2004), the mobility of this soil,
likely high in concentrations of lead, silver, zinc, and cadmium, may lead to further
contamination problems.

Another discrepancy between this study and the previous work by Dearing et al., 2008 is
the difference in magnitude of both copper and lead concentrations in the sediments. An
increase of 2 pg/g of copper in the previous study is within the range of natural variability of
sediment concentrations (Figure 4-9). The increase of 10 pg/g of lead is ten times less than the

observed increase in this study. This is due to differing extraction techniques; however, the
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details of the extraction methods were not documented in the Dearing et al., 2008 study and it is
unclear what strength and type of acid was used to measure the metals weakly sorbed to the
sediments. Our work shows that the increases in metal concentrations were actually much more
substantial. According to consensus-based sediment quality guidelines the concentrations of lead
at 1300 AD (120 pg/g) approached the probable effect concentration of 128 pg/g, above which
harmful effects are likely to be observed in freshwater organisms(MacDonald et al., 2000). A
study of Idaho wetland sites documented that the persistence of lead in sediments impacted
organisms several centuries after mining activity was reduced (Beyer et al., 1998). Similarly, we
suggest that the elevated concentrations of lead due to the environmental legacy of Mongol silver

mining has impacted the lake for several centuries.
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Figure 4-9- Comparison between this study and results from Dearing et al., 2008. A- Archaeological periods,
Yunnan cultural periods in white boxes, and Chinese dynasties in black boxes; B- concentrations of lead (Pb)
from this study (black dashed line); C- concentrations of lead (Pb) from Dearing et al., 2008 (blue solid line);
D- concentrations of copper (Cu) from this study (black dashed line); E- concentrations of copper (Cu) from
Dearing et al., 2008 (blue solid line). The timing and magnitude of geochemical changes differs significantly

between the two studies.
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45.3 Modern Pollution

Lead anthro EF declines from 30£2 in 1420 AD to 9+5 in 1980 AD (Figure 4-7). The Pb
anthro EF in the top sediments deposited in the last 20 years increases to 30+4. Silver and Zn
anthro EFs following similar trends of slowly declining at 1400 AD and increasing slightly after
1980 AD. Itis only the Cd anthro EF that displays values five to six times higher in modern-
day sediments than the past. Modern industrial activities near the lake include nickel, copper,
and platinum mining (Kamitani et al., 2007). While these activities may contribute to the
observed modern-day decline of sediment quality in the lake, the scale of these activities is small
in comparison to the historical ones; the Pb anthro EF at 1300 AD is almost four times greater
than modern pollution. This may be due to the larger scale of metallurgical operations in the
historical period or the low efficiency of metallurgical procedures, which caused greater amounts
of impurities to be volatized and delivered to the lake. Copper anthro EF reaches a peak of 25 in
1670 AD, during the Qing Dynasty (Figure 4-7). This roughly corresponds to the surge in
Yunnan copper production associated with the Qing Dynasty’s increase in the demand of copper
for coinage (Yang, 2009). It is notable that the 20™" and 21% century Cu anthro EF averages 8,

despite copper mining currently occurring within the lake’s watershed.

4.6 CONCLUSIONS

Our findings are unique- while pre-industrial pollution has been detected in lake
sediments over many time periods and regions of the world, only a few studies have found pre-

industrial pollution levels to be greater than modern (Abbott and Wolfe, 2003; Camarero et al.,
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1998) and none of these have been in China. The long slow decline of lead concentrations to
present day values may in part be influenced by the persistence of the historical lead pollution
being reworked from lake sediments. Therefore, we suggest that modern pollution issues rest on
a long history of decline in sediment quality at Erhai. This environmental legacy of silver
smelting creates complications in accurately attributing the accumulation of heavy metals to

specific modern-day processes as well as developing mitigation strategies.
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5.0 DIAN LAKE

A 17,000 Year Multi-Proxy Study of Lake Level Change and Human Settlement Patterns

in Southwestern China

This study focuses on Lake Dian in central Yunnan Province (Figure 5-1) next to the
modern city of Kunming. Here, we present a 17,000 year record of both natural environmental
change (pre-200 AD) and human impact to the lake (post-200 AD). To analyze changes in lake
primary productivity and sediment delivery, we rely on measurements of sediment composition
(% organic, carbonate, and mineral matter as well as magnetic susceptibility), the concentration
and isotopic composition of organic carbon and nitrogen (%C, %N, 53Corg, and 3*°N), and the
concentrations of both weakly and strongly bound metals (e.g. Al, Fe, P, Pb, and Ti) in sediment.
These measurements were taken from a set of cores in the northern end of Dian in deep water
conditions (Figure 5-1). We couple these proxy measurements with a series of transect cores

from the southern end of Dian moving from shallow to deep water conditions (Figure 5-2).
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Figure 5-1- A- Locations of other paleoclimate archives discussed in text. G = Guilya ice cap, D = Dunde ice
cap, AC = Ahung Co, PC = Paru Co Lake, DC = Dongge Cave, SC = Sanboa Cave, HC = Hulu Cave, TC =
Tianmen Cave, MC = Mawmluh Cave; B- Locations of Yunnan lakes discussed in text; C- Map of Dian with
bathymetry (1 m contours) adapted from Zhang et al., 1996. Coring locations A-12 and B-12 indicated by
black circle. Previous coring location in Sun et al., 1986 study denoted by the X. Coring locations of C-14

through F-14 in box at southern end of the lake. For more detail, see Figure 5-2.
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Figure 5-2- Details of the southern end of Dian shown in the box in Figure 5-1. A- Coring locations indicated
by black circles along X-X’ transect. Star indicates site of soil sampling location. B- Bathymetric profile of

lake water depth, coring locations, and approximate length of collected sediment along X-X’ transect.
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5.1 REGIONAL SETTING

Dian is a large (SA = 300 km?) and shallow lake (Zmax=5 M, Zavg = 4.4 m) (Li et al.,
2007) that formed on the edge of a rotating crustal block caught on a left lateral strike-slip fault
during the early Pleistocene (Wang et al., 1998). Estimates on the amount of rotation are 1-
2°/million years (England and Molnar, 1990). Since the fault has been active for roughly 4-5
million years, this would produce a maximum of 8-10° of rotation. As rotation has increased
through time, the size of Dian has been increasing, though not necessary at a gradual and/or
continuous rate. Drilling indicates that there are several sub-basins beneath the lake separated by
faults and there is evidence for active recent faulting along the western side of the lake (Wang et
al., 1998).

Dian was formerly two separate lakes- Dian Caohai and Dian Waihai. Caohai was a
small lake towards the north and Waihai was a much larger lake to the south (Li et al., 2007).
They are now connected to form one lake though an artificial water gate that still separates the
former barriers (Li et al., 2007). Dian has a large catchment area that includes the urban
watershed of Kunming as well as several large, flat portions of land used for urban and
agricultural activities (Figure 5-1). The catchment of Dian is composed mostly of Quaternary
alluvium with small portions of sandstone, limestone, and shale (Bureau of Geology and Mineral
Resources of Yunnan Province, 1990). Dian’s only outflow is the artificial Tanglang River to
the west (Whitmore et al., 1997) (Figure 5-1). Anthropogenic impact on the vegetation around
Kunming has been extensive, but in less impacted areas, subtropical conifer forests predominate
(Li and Walker, 1986).

Roughly 70% of precipitation in Yunnan falls between the months of June-September

associated with the Indian Summer Monsoon (ISM) (IAEA/WMO, 2014) (Table 1-2).
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Temperatures are generally mild, ranging between 9 to 20°C (IAEA/WMO, 2014) (Table 1-2).
The oxygen stable isotopic composition of water samples collected from Dian in the summer of
2012 and 2014 range between -2.82%o and -4.66%0 VSMOW, about 5-7%o higher than the
average weighted precipitation of Kunming (-9.5%. VSMOW) (Figure 1-3), strongly suggesting
that Dian loses the majority of water through evaporation. Previous research into the water
quality of Yunnan lakes observed a lake water isotopic composition of -6.4%. VSMOW for Dian
(Whitmore et al., 1997), demonstrating that in the last 20 years, Dian has become increasingly
enriched in heavy isotopes, likely due to evaporative modification. The average pH of Dian is
around 9 but can range between 6.2 and 10.6 depending on the season and location (Yang et al.,
2010).

Today the water quality of Dian is an increasingly pressing concern as it is a vital source
of water for the people around Kunming yet is hypereutrophic (Whitmore et al., 1997; Yang et
al., 2010) and contaminated with high levels of dichlorodiphenyltrichloroethanes (DDTSs),
polycyclic aromatic hydrocarbons (PAHSs) (Guo et al., 2013), and heavy metals such as lead,
mercury, and zinc (Zhang et al., 2008b). Despite its importance as an essential water resource,
relatively little work has been done to characterize hydrologic balance through time. Dian is
proximal to a number of other lakes (Yang Zong, Fuxian, Xing Yun, and Qilu) (Figure 5-1),
making it part of an ideal set for comparisons in the spatial and temporal variability of both
climate and the initiation of human impact.

Dian has been a population center for many thousands of years and archaeological
evidence suggests that people settled around the lake as early as 10,000 years BP (Sun et al.,
1986). Archaeological investigations on Neolithic and Bronze Age sites have been minimal, but

there is some evidence to suggest that ores were extracted from the Gejiu ore deposits, 200 km

135



south of Kunming, perhaps as early as 1,000-2,000 years BP (Cheng et al., 2012b; Cui and Wu,
2008). The Dian culture (ca. 400 BC-100 AD), known for their bronze artifacts (Chiou-Peng,
2008), was based around the lake and numerous archaeological sites have been found on the
shores of the lake (Higham, 1996). Following the Dian culture, terraced agriculture and
irrigation were introduced by the Han governor in 210 AD (Sun et al., 1986). The modern city
of Kunming was established in 764 AD and was subject to repeated flooding problems (Sun et
al., 1986). With the establishment of the Yuan Dynasty (ca. 1271-1368 AD), also known as the
Mongols, canals were constructed throughout Yunnan (Sun et al., 1986). In 1273 AD, the
Tanglang River was dug, causing lower lake levels and large flat areas of land to be exposed on
the eastern side of the lake (Sun et al., 1986; Whitmore et al., 1997). Historical accounts record
several episodes of drought that reportedly caused Dian to completely dry out by 1764 AD (Sun
etal., 1986).

Sediment core work on Dian has thus far been relatively limited. Previous study of
pollen in Dian sediments focused on analysis of two sediment cores from the northern end of the
lake (Figure 5-1) (Sun et al., 1986). On the basis of pollen and sedimentology, the authors
found that vegetation changed in response to monsoon intensity throughout the Pleistocene and
Holocene. From 16 to 10.5 ka, sediment accumulation in the northern end of the shallow part of
the lake increased. The authors interpreted this to reflect reduced water from inflowing rivers
due to less precipitation. By 10 ka, colder and more humid conditions existed, transitioning to
warmer conditions with a more equal distribution of rainfall throughout the year by 7 ka.
Between 7 and 4.5 ka, terrestrial vegetation changes were not discernable, but aquatic vegetation
changes suggested moderate swings in lake level between swamp and shallow open water

conditions. By 4 ka, conditions at Dian were similar to today. This study found evidence of
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human disturbance by 1.5 ka and noted that although human settlements likely dated to 10 ka,
there were no palynological indicators of this settlement. However, this study suffered from
several problems: 1) reliance solely on palynological analysis, which records shifts in terrestrial
vegetation but may not detect other land use changes associated with anthropogenic impact; 2)
reliance on bulk sediment radiocarbon dates, that are subject to hard-water effects (Deevey et al.,
1954); and 3) limited spatial coverage that focused solely on sediment cores from the shallow,
northern part of the lake where initial settlement population density was not high (Yao and
Zhilong, 2012).

An additional study that examined the mineralogy of Dian sediments found similar
changes in lake level as the Sun et al. study, though the sediment cores were not dated and
changes were noted on a total depth scale (Zhang et al., 1996). This study found that the surface
sediments of Dian had a large proportion of goethite (>4 weight %) as well as pyrite and
pyrrhotite (Zhang et al., 1996). Down core, additional minerals such as calcite and aragonite,
were especially abundant during a period that was inferred to be the Holocene. On the basis on
other sedimentological indicators, the authors believed that this indicated shallower lake levels
than the preceding time period. However, extremely low sampling resolution prevented any
further conclusions. This study aims to build upon the previous two studies with a more accurate
age model based on terrestrial macrofossil radiocarbon dates and a multi-proxy approach focused

on understanding within-lake environmental changes.
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5.2 MATERIALS AND METHODS

5.2.1 Core Collection

In 2012, two sets of cores (A-12 and B-12) were collected from the northern end of the

lake (Table 5-1 and Figure 5-1). In 2014, a series of four sets of transect cores were collected

from the southern end of the lake (Table 5-1, Figures 5.1 and 5.2). For cores B-12, D-14, and

F-14, a piston corer was used to collect surface sediments that preserved the water-sediment

interface. Below this level, a Livingston corer was used to collect deeper samples (Wright et al.,

1984). For cores A-12, C-14, and E-14, the upper 30 cm of sediment was not preserved due to

the high water content. In these locations, a Livingston corer was used to collect deeper samples

(Wright et al., 1984).

Table 5-1- Core collection details

Distance from

Composite length of

Core Latitude Longitude Water Depth (m) _
shoreline (km) record (m)

A-12 24°53’09’N  102°40°02"’E 5.0 1.14 3.96
B-12 24°53’09’N  102°40°02"’E 5.0 1.14 0.56
C-14 24°42°47°N  102°39’17’E 4.6 3.85 3.75
D-14 24°41°5’N  102°40°25’E 25 0.16 4.29
E-14 24°41°18'N  102°40°22"'E 3.9 0.54 3.14
F-14 24°41°39’N  102°40°10"’E 4.3 1.28 3.83

Soil samples were collected from approximately 24°42°25°°N, 102°41°22°’E at an

archaeological excavation pit (Figure 5-2). Sample 1 was taken 211 cm below the surface from
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a shell midden layer intermixed with red clay and archaeological artifacts, samples 2 and 3 were
taken 286 and 288 cm below the surface in a sterile, red clay, and sample 4 was taken 316 cm

below the surface in sterile, gley clay.

5.2.2 Age Control

Radiocarbon ages were measured on 26 terrestrial macrofossils (e.g. charcoal, leaves)
from the cores. Intervals targeted for dating were chosen on the basis of stratigraphy and
erosional features. Samples were analyzed at Keck Center for Accelerator Mass Spectrometry at
the University of California Irvine. Prior to analysis, samples were pretreated using a standard
acid, base, acid procedure (Abbott and Stafford, 1996). The resulting ages were calibrated using
CALIB 7.0 and the INTCALZ13 calibration curve (Reimer et al., 2013). The upper 20 cm of the
B-12 and F-14 cores was lyophilized and analyzed for 22°Pb and 2*Pb activities by direct gamma
(y) counting in a broad energy germanium detector (Canberra BE-3825) at the University of

Pittsburgh.

5.2.3 Geochemistry

Water content and bulk density were measured at 2 cm intervals using 1 cm?® samples
from all sets of cores. Weight percent organic matter and carbonate content within these same
samples was determined by loss-on-ignition (LOI) analysis at 550°C and 1000°C, respectively
(Dean, 1974). Sediment core magnetic susceptibility was measured on all split cores using a
Bartington® Instruments Ltd. ME2EI surface-scanning sensor equipped with a TAMISCAN-TSI

automatic logging conveyer.
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Weight percent nitrogen, weight percent organic carbon, §!°N, §'*Corg, and atomic C/N
ratio were measured at 2-cm intervals from the A-12 cores. Samples were covered in 1 M HCI
for 24 hours to dissolve carbonate minerals and rinsed. Samples were then lyophilized and
analyzed at Idaho State University using an ECS 4010 (Elemental Combustion System 4010)
interfaced to a Delta VV mass spectrometer through the ConFlo IV system. Organic carbon
isotopes are expressed in conventional delta (6) notation as the per mil (%o) deviation from the
Vienna Peedee Belemnite standard (VPDB) whereas nitrogen isotopes are reported relative to
atmospheric Na.

Weakly sorbed metal concentrations were measured at 3-5-cm intervals on the A-12
cores. All samples were lyophilized and homogenized prior to analysis. Elements were
extracted by reacting samples with 10 mL of 1 M HNOs for ~24 hours (Graney et al., 1995).
Concentrations of elements in the residual mineral matter portion was measured at 5 to 10 cm
intervals. Strong extractions were performed using aqua regia (3:1 mixture of hydrologic and
nitric acid) (Tokalioglu et al., 2000). Sediment was extracted overnight, evaporated down, and
re-dissolved in a 10% nitric solution. The supernatant from both weak and strong extractions
was diluted before being measured on an inductively coupled plasma mass spectrometer (ICP-
MS) at the University of Pittsburgh. Duplicates were run on every 10" sample and were
generally within 10% of each other. Blanks were run every 10 samples to check for bleed
through and were consistently below detection limits of interest.

Five samples were analyzed for organic biomarker compounds at the Lamont-Doherty
Earth Observatory Organic Geochemistry Lab from cores A-12 through intervals of interest,
following the methods outlined in Polissar and Freeman, 2010. Freeze-dried sediments were

extracted with a Dionex Accelerated Solvent Extraction (ASE) system. Two to 5 g of dried
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sediment were placed in the stainless-steel sample holders and extracted at 100°C and 1000 psi
with 10% (v/v) methanol/dichloromethane with a total volume of 50 mL. These total lipid
extracts (TLES) were evaporated to near dryness with N2 in a Turbovap solvent evaporator and
transferred to 4 mL borosilicate vials with Teflonlined caps. All remaining solvent was then
evaporated and the TLE stored in a few drops of hexane at 4°C. TLEs were separated into
aliphatic (F1), ketone/alcohol/acid (F2), and polar (F3) fractions with silica gel column
chromatography. Silica gel was transferred in hexane to the SPE column and the column then
rinsed twice with 6 mL hexane. The TLE was loaded on the column in 100 pL hexane and the
F1, F2, and F3 fractions eluted with 5 mL of 10% dichloromethane in hexane, 8 mL ethyl
acetate, and 5 mL methanol. Compounds were characterized by gas chromatography—mass
spectrometry (GC-MS) using an Agilent 6890 GC with a split/ splitless injector operated in
splitless mode at 300°C, a DB-5 column (0.25 mm i.d., 0.25 Im film thickness, 30 m length), 2.0
cm?® minl He flow and programmed heating of the oven from 60 to 170°C at 15°C/min, and to
320°C at 5°C/min, and an Agilent 5973 quadrapole mass spectrometer. Compounds were
identified by elution time, comparison with published spectra, and authentic standards.

Soil samples were sent to ALS Minerals Corporation where samples were dried and
successively digested with perchloric, nitric, hydrofluoric, and hydrochloric acids (Method ME-
ICP61). Samples were redissolved in hydrochloric acid and measured on an inductively coupled

plasma-atomic emission spectrometry (ICP-AES).
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5.3 RESULTS

5.3.1 Geochronology and Sedimentology of Transect Cores

Radiocarbon ages were measured on 26 terrestrial macrofossils (Table 5-2). We
attempted to date the upper 20 cm of the B-12 and F-14 cores using the constant rate of supply
(CRS) ?%Pb age model method (Appleby and Oldfield, 1983), however, excess 2°Pb never
reached background values in either core. We hypothesize this is because Dian is a shallow lake,
subject to a great deal of mixing, which can cause disequilibrium of 2°Pb (Binford et al., 1993).
Additionally, since we are not certain that sedimentation has been continuous (see section 5.4.1),
210ph age models may not be appropriate. Smooth spline age models were produced using the
calibrated macrofossil radiocarbon dates using clam 2.2 code (Blaauw, 2010) in the statistical

software package, “R” (R Core Development Team, 2008) (Figure 5-3).
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Table 5-2- AMS radiocarbon dates for samples from Dian cores

UCI Composite Core Median Probability 20 Calibrated Age Range
Material “C age (BP) Error =
Number  Depth (cm) Calibrated Age (yr BP) (yr BP)
Dian A-12 Dates
116862 36.5 Plants 795 35 713 672-810
Plants and
116863 97.5 1140 20 1027 974-1172
charcoal
Plants and
116864 1475 2940 35 3098 2976-3208
charcoal
122328 272.0 Charcoal 10285 50 12064 11827-12380
116865 351.5 Charcoal 13110 60 15736 15457-15985
116866 354.5 Charcoal 12670 40 15093 14855-15310
Dian C-14 Dates
152056 56.0 Charcoal 605 20 603 547-651
152057* 250.5 Leaf 3725 20 4064 3987-4149
Charcoal
152058 342.5 2530 20 2627 2502-2743
and wood
Dian D-14 Dates
152039 234.5 Charcoal 13180 100 15831 15457-16146
152040 2745 Wood 16790 60 20252 20045-20465
152041 316.0 Wood 20470 90 24627 24435-24811
Charcoal
152042 336.5 25950 360 30151 29342-30896
and wood
152043 380.25 Charcoal >47100
152044 385.5 Charcoal >47300
152045 400.75 Wood >48000
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Table 5-2 (continued)

Dian E-14 Dates

Charcoal
152046 124.0 1710 15 1606 1561-1692
and wood
152047 210.0 Wood 13010 40 15574 15339-15766
152048 270.5 Wood 23610 140 27725 27491-27954
152049 293.5 Charcoal 26610 190 30845 30522-31121
152050 307.0 Wood 26590 240 30817 30366-31154
Dian F-14 Dates
Charcoal
152051 92.0 585 50 598 526-657
and wood
152052 152.0 Wood 2260 15 2312 2183-2341
Charcoal
152053 285.0 9580 40 10934 10742-11122
and leaf
152054 320.5 Wood 10810 140 12726 12428-13038
152055 349.5 Wood 15275 50 18550 18395-18695

*denotes date excluded from age model
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Figure 5-3- Age-depth models with 95% confidence intervals, radiocarbon dates (blue circles) with 2 sigma
error bars, and excluded radiocarbon dates (red crosses). Moving left to right with decreasing water depth:

Cores A-12, D-14, E-14, F-14, and C-14.

The sediment from D-14, the shallowest coring site, spans beyond the limits of
radiocarbon dating and an estimated age of 40 ka can be assigned to a total depth of 368 cm,
though this is uncertain due to the lack of robust age control in this portion of the record (Figure
5-3). An unconformity at 385.5 cm is marked by coarse, yellow sand with pebbles transitioning
to brown silt with an uneven surface (Figure 5-4). The timing of this unconformity remains
unknown as radiocarbon dates taken on either side are older than 47 ka. The end of two coarser
sand deposits are dated to 20.3 and 25 ka and the deposition of a discrete silt layer at 234.5 cm is
dated to 15.8 ka.

The base of the E-14 cores is dated to around 31 ka and is marked by a discrete sand
layer (Figure 5-4). The deposition of two more discrete sand layers are dated to 31 and 28 ka.
Both the F-14 and C-14 cores have homogenous sedimentology with no sand or silt layers.
However, even though both F-14 and C-14 sediment cores are around 380 cm in length, the base
of the F-14 cores date to an estimated age of 23.3 ka.

The basal age of the C-14 cores is difficult to determine since we had to exclude the
deepest radiocarbon date from the age model due to it being younger than anticipated. It is
possible that this date was contaminated or that the radiocarbon age is a poor estimate of the true
age of the sediments due to it being comprised of mixed material (wood and charcoal). The
somewhat similar magnetic susceptibility profiles of the C-14 and A-12 cores (Figure 5-5)
suggest that the basal date is the one that should be excluded, rather than the date from the

middle of the C-14 cores (250.5 cm). The base of the C-14 cores date to an estimated age of 6.5
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ka (Figure 5-3), though this date is highly uncertain without a reliable radiocarbon date in this
interval.

The upper 200 cm of all sediment cores display more similarities with homogenous, fine-
grained gray/brown clay (Figure 5-4). Along the entire length of the brown/gray clay units,
there are abundant large gastropods of the species Margarya melanioides, which are endemic to
Yunnan lakes and have a slight preference for deep water conditions (Song et al., 2013). After
this unit, all cores have 50-100 cm of light, fine-grained clay that is roughly synchronous to an
increase in carbonate content to 20%. This layer is dated to around 580 years BP in the F-14
cores and estimated to be 4,000 years BP in the A-12 cores based on the age model. All of the
sediment cores also display 50-100 cm of red, fine-grained clay at the top (Figure 5-4) that is
dated to 600 years BP in the C-14 cores and estimated to be 1,800 years BP in the A-12 cores

based on the age model.
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Figure 5-4- Sedimentology and weight percent organic matter, carbonate material, and residual mineral

matter. Moving left to right with decreasing water depth: Cores A-12, D-14, E-14, F-14, and C-14.
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Figure 5-5- Magnetic susceptibility profiles for all cores on each individual age model (see Figure 5-3).
Moving top to bottom with decreasing water depth: Cores A-12, D-14, E-14, F-14, and C-14. Many of the
features of the magnetic susceptibility profiles are similar between coring sites- similarities are highlighted

with gray shaded bars.
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5.3.2 Geochemistry of A-12 Cores

The geochemical and isotopic data from the A-12 cores is divided into four units- Unit |
from 17-8.5 ka, Unit 1l from 8.5 to 4 ka, Unit 11 from 4 to 2 ka, and Unit IV from 2 ka to present

(Figure 5-6).
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Figure 5-6- Stratigraphic column of core A-12. For color key, see Figure 5-4 caption. A- Weight percent
organic matter (green circles) and calcium carbonate (blue solid line); B- Percent organic carbon (blue solid
line), percent organic nitrogen (black dotted line); C- Carbon to nitrogen ratio (blue solid line) of organic

matter, nitrogen to phosphorus ratio (black dotted line); D- Carbon isotope values of organic matter (blue
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solid line), nitrogen isotope values of organic matter (black dotted line); E- Concentrations of strongly bound
aluminum (blue solid line) and iron (black dotted line); F- Magnetic susceptibility; G- Average summer
(June, July, August) insolation at 20°N (Berger, 1978). The red shaded bar in Unit 1V represents the

initiation of anthropogenic impact on the lake.

5.3.2.1 Unitl-17-8.5ka

Sediments in Unit | are composed of homogenous, fine, dark gray clay with no visible
stratigraphy or lithologic changes (Figure 5-6). Most proxies in this unit are steady and low.
Organic matter, residual mineral matter, and carbonate average 8%, 91%, and 1%, respectively.
Organic carbon and nitrogen average 1.1% and 0.2%, respectively. C/N and N/P values are
stable at 8 and 4, respectively, and 53Corg and 5'°N values average -24.7%o and 3.8%o,
respectively. Both weakly and strongly bound Al and Fe as well as other metals (Mn, Cr- not
shown) show an increase of ~30% and decrease over the period of 14 to 11 ka. Slightly later,

magnetic susceptibility values roughly double from 13 to 11 ka.

5.3.2.2 Unitll-85to4ka

Sediments in Unit Il are the same as those of Unit I- homogenous, fine, dark gray clay
(Figure 5-6). Many of the proxies that were steady and low in Unit | continue to remain the
same. Organic carbon and nitrogen average 2.0% and 0.2%, respectively, and are not
significantly different from the previous subunit. Other proxies (C/N, N/P, and §*Corg) exhibit
shifts, particularly at 8.5 ka, though the timing of this transition is ill-constrained due to the lack
of a radiocarbon age in this interval (Figure 5-3). C/N and N/P values increase to an average of
11 and 4, respectively, while 8'3Corq values decrease to an average of -27.9%o and 3°N values

slightly increase to 4.2%o.
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5.3.2.3 Unitlll-4to2Kka

Sediments in this unit are slightly lighter in color and composed of between 15 and 20
weight percent carbonate (Figure 5-6). Scanning electron microscopy (SEM) images from the
D-14 cores show that this carbonate is calcite that is subhedral to anhedral (Figure 5-7). Since
this unit is homogenous and of a similar thickness throughout the entire basin, we infer that the
carbonate material from the A-12 cores is likely similar. N/P values increase to 7, primarily due
to an increase in weight percent nitrogen from 0.2 to 0.3%. Additionally, §*Corg and 8*°N values

decrease by about 2% and 0.5%o., respectively.
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Figure 5-7- Scanning electron microscopy (SEM) images of calcite from Dian D-14 cores. A) Calcite from D14

D1 130 cm showing massive anhedral cystal forms; B) Euhedral calcite from D14 D1 30 cm.
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5.3.2.4 Unit IV- 2 ka to present

This unit is primarily characterized by a sedimentological shift to the deposition of red,
iron-rich clays as carbonate content decreases from 15% to <1%, residual mineral matters
increases from 75% to 90%, and organic matter remains constant at 10% (Figure 5-8).
Sedimentation rates increase from a stable average of 0.02 cm/year to 0.07 cm/year.
Concentrations of weakly bound Al, Ti, and Pb roughly double and P increases by ~50% at 200
AD. These geochemical changes occur in conjunction with C/N values that halve and a +3%o
shift in 8*3C values. Magnetic susceptibility values increase by 5-fold approximately 300 years
later. The upper 30 cm of these sediment cores have higher proportions of carbonate material
(>10%) and organic matter (>20%). SEM images show that this carbonate is calcite that is
euhedral (Figure 5-7). These changes are accompanied by a two-fold increase in P, and a 4-fold
increase in weight percent carbon and nitrogen. §Corg and §'°N values increase by 3%o and 8%,

respectively. Concentrations of lead increase to a peak of 34ug/g.
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Figure 5-8- Proxies from A-12 cores over the last 2,000 years with significant historical events noted as well as

Yunnan cultural and Chinese dynastic transitions. A- Weight percent organic matter (green circles), calcium
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carbonate (blue solid line), and residual mineral matter (red dotted line); B- Percent organic carbon (blue
solid line), percent organic nitrogen (black dotted line); C- Carbon to nitrogen ratio (blue solid line), nitrogen
to phosphorus ratio (black dotted line); D- Carbon isotope values of organic matter (blue solid line), nitrogen
isotope values of organic matter (black dotted line); E- Concentrations of weakly bound lead (blue solid line),
phosphorus (black dotted line); F- Concentrations of weakly bound aluminum (blue solid line) and titanium
(black dotted line); G- Magnetic susceptibility. The gray bar indicates the initiation of human disturbance on

the lake and the red bar indicates the period of the most intense eutrophication and human impact.

5.4 DISCUSSION

5.4.1 Geochronology and Sedimentology of Transect Cores

The conclusions of the transect core study thus far are relatively limited without further
proxy data or additional radiocarbon dates from the C-14 and D-14 cores. Conclusions are
further complicated by an unclear understanding of the role that tectonics play in influencing
sedimentation rates throughout the basin. Faults surrounding Dian are presently active (Wang et
al., 1998) and the Yuxi fault runs directly through the southern part of the basin (Figure 1-1). It
is unknown if variable rates of slip on the multiple faults may have produced diachronous
sedimentation or erosion. Additionally, with tectonic lakes a rise in lake level may not
necessarily be indicative of changes in climate such as increased monsoon strength. The role
that tectonics may play in influencing basin morphometry and accommodation space is
particularly ill-constrained in Dian. Therefore, the discussion points that follow in regards to

sedimentation, lake level, and climate are tentative.
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Clear evidence for a low-stand in the D-14 cores occurs with the unconformity (Figure 5-
4), but without another dating method, we cannot definitively conclude when this might have
taken place. Extrapolating back to the base of the core assuming a constant sedimentation rate is
not reasonable given that this shallow core site has experienced highly variable sedimentation
rates through time, which the age model in the upper 300 cm shows (Figure 5-3). Evidence for a
weaker ISM coincident with minimum average summer insolation at 20°N at 43 ka was
tentatively found at Xing Yun Lake (see Chapter 3.0) and we speculate that low lake levels at
Dian may be coincident with this.

The deposition of coarser material in both the D-14 and E-14 cores suggests a low-stand
somewhere between 31 and 30 ka (Figure 5-4). However, this interpretation is complicated by
the radiocarbon dates from the bottom two silt layers in the E-14 cores being indistinguishable in
age (Table 5-2, Figures 5.3 and 5.4). The sample from 293.5 cm is charcoal and likely
represents the true age of deposition. The sample from 307 cm is wood that could have been re-
worked but would be expected to produce an older age if this were the case. The wood may have
been contaminated by modern carbon during sampling and pre-treatment but further radiocarbon
samples would be needed to confirm this. Therefore we tentatively suggest that lake level may
have dropped by several meters in order to produce the two successive silt layers. Summer
insolation reaches a peak at 33 ka and would be expected to produce a strong ISM and high lake
levels. However, an abrupt drop in monsoon strength was recorded in Hulu Cave (Figure 5-1) at
~30 ka that the authors interpreted to be a result of Heinrich Event 3 (Wang et al., 2001).
Additionally, even through this interstadial period, the persistence of Northern Hemisphere
glaciers may have dampened the response of the monsoon system to summer insolation

(deMenocal and Rind, 1993), which was also observed at Xing Yun Lake (see Chapter 3.0).

159



Finer sediments in between the top and middle silt layers in the E-14 cores imply a higher
lake level between 30 and 27 ka (Figure 5-4). However, this lake level rise was not high enough
to alter the continued deposition of coarse silt at the D-14 site. After 24.5 ka, sediments in the D-
14 cores gradually fine upwards, indicative of higher lake levels. This roughly corresponds to
the timing of the Last Glacial Maximum (LGM) at 21 ka, however the exact timing and nature of
the LGM in southwestern China is debated (Herzschuh, 2006). Due to lower sea levels, the
Sunda Shelf was exposed and likely led to a weaker Walker circulation cell in the Indian Ocean
(DiNezio and Tierney, 2013) and contributed to a weakened monsoon. However, a literature
review found that lakes in Western China show evidence of higher than present-day levels during
the LGM whereas lakes in Eastern China appear to be lower than present-day; records from
Yunnan lie along the geographic dividing line (Yu et al., 2003). On the basis of modeling, the
authors concluded that precipitation was likely decreased across much of China but that
evaporation was stronger in the east than the west. This may partially account for the
counterintuitive results that Dian lake levels rose during the LGM, but the possibility of tectonic
activity cannot be discounted.

At some point, this period of higher lake levels was terminated and is marked by the
abrupt transition from silt to sand at 290 cm in the D-14 cores (Figure 5-4). The timing of this
transition is unknown without a radiocarbon age in this interval. Another inferred lake level rise
occurs from 20 to 15 ka with the fining upwards of D-14 sediments from coarse sand to silt to
fine clay. Other lake sediment records from Yunnan also indicate climate amelioration with
warmer and wetter conditions prevailing at Lugu after 18 ka (Wang et al., 2014), at Shudu after
17.1 ka (Cook et al., 2011), and at Xing Yun after 17.6 ka (Chen et al., 2014). The Hulu,

Dongge, and Sanbao Cave records (Figure 5-1) show an abrupt drop in EASM strength at ~16
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ka associated with Heinrich Event 1 (Dykoski et al., 2005; Wang et al., 2008; Wang et al., 2001)
but there is no evidence of a rapid lake level drop associated with a weakening of the ISM in
Dian.

Following these sedimentological changes, there are no additional sand or silt layers in
either the D-14 or E-14 cores. One possibility is that sedimentation at these sites has not been
continuous due to their shallowness. Additional radiocarbon dates at the top of these cores may
answer this question. Alternatively, if sedimentation has been continuous, this implies that lake
level changes in the Holocene have been of a smaller magnitude that those in the Pleistocene.
The Pleistocene-Holocene transition at 11.5 ka is marked by a noticeable increase in monsoon
strength throughout Asia (Herzschuh, 2006; Morrill et al., 2003). However, there are no
sedimentological indicators in the transect cores that mark this transition. While these results are
promising, further work needs to be done to definitively constrain lake levels in the southern
Dian basin through the Pleistocene and Holocene.

Grain size in the upper 200 cm of all the cores is constant and clay-sized regardless of
water depth. Notable differences include a thicker sequence of both the carbonate-rich fine-
grained clay and the red, iron-rich clay in the D-14 and A-12 cores (Figure 5-4). This is not
unexpected at the D-14 site because of its proximity to the shoreline where more sediment may
be transported to the site and deposited. The A-12 site is at a water depth of 5 m, deeper than the
C-14 site, however it has a thicker package of sediments that also have older radiocarbon ages.
For example, the initiation of carbonate deposition is estimated to be 4,000 years BP in the A-12
cores but 580 years BP in the F-14 cores (Figure 5-4). This may be due to an erroneous
radiocarbon date from the F-14 core that was composed of charcoal and wood and may have

been re-worked material. Alternatively, this may reflect localized changes in the hydrologic
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balance of Dian. The A-12 and F-14 sites are approximately 20 km apart and while the
bathymetry of the basin is relatively simple (Figure 5-1), the large distance combined with the
uncertain role of tectonics in affecting diachronous sedimentation may account for the large
offset in ages.

The different ages in the initiation of the red clay deposition between the A-12 and the C-
14 sites may reflect subtle differences in land use history. Our interpretation is that the red, iron-
rich clay layer is the result of human activity (see section 5.4.2.4 below for further details). The
A-12 site is located at the northern end of the basin, closest to the city of Kunming, where land
use change likely was the most substantial and occurred the earliest with the introduction of
terraced agriculture (Sun et al., 1986). Therefore, it is not unreasonable to speculate that land use
change may have occurred earliest at the northern end of the lake and migrated down to the

southern end over a period of several hundred years.

5.4.2 Geochemistry of A-12 Cores

5.4.2.1 Unit I- Late Pleistocene and Pleistocene-Holocene transition

Since the A-12 cores span the last 17,000 years and multiple types of proxy data were
measured, we can make more firm conclusions about within-lake environmental changes.
Sediments in Unit | cover the late Pleistocene and the Pleistocene-Holocene transition at 11.5 ka
though there is no radiocarbon sample to date this transition (Figure 5-3). This unit is marked
by the gradual decline in 8*3Corg Values by -1.5%o. The carbon isotopic composition of organic
matter within lake sediments may be influenced several factors including the relative proportions
of C3 and C4 vegetation within the catchment. The decline of §3*Corg values at Dian may imply

a decrease in the relative proportion of C4 vegetation throughout this unit. CMIP5 modeling
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studies of vegetation changes in Southeast Asia found a higher abundance of C4 grasses during
the LGM that declined through the Holocene (Thomas et al., 2014). While palynological
analysis cannot distinguish between C3 and C4 plants, major vegetational changes were noted in
Dian sediments at 9.5 ka with decreases in deciduous and humid evergreen trees (Sun et al.,
1986). These changes in terrestrial vegetation over the Pleistocene and Pleistocene-Holocene
transition may have impacted §*3Corg values in Dian. However, the C/N values through this
interval are suggestive of a more aquatic source of organic matter dominating the sediments
rather than a terrestrial one (Meyers, 1994), suggesting that primary productivity may have
exerted more of an influence on the carbon isotopic composition of the organic matter. A plot of
5'3Corg and C/N values from 17,000 to 300 years BP (Figure 5-9) shows a negative relationship
demonstrating that more aquatic sources of organic matter have higher 83Corq values due to this

influence of primary productivity.
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N/P values are relatively low and close to the values expected for eutrophic lake
sediments (Downing and McCauley, 1992). The relatively constant 8*°N values prior to 300
years BP (Figure 5-9) suggests that the source of nitrogen was not highly variable or that any
fractionations were offset by complementary changes from different nitrogen sources. The Dian
catchment was dominated by Quercus, Pinus, and Tsuga in the late Pleistocene (Sun et al., 1986)
and expected N/P values for nutrient export in this deciduous/evergreen forest setting would be
60-70 (Downing and McCauley, 1992). Taken together, these results suggest that the majority of
organic matter being preserved in Dian sediments was autochthonous and that the lake was
relatively productive through this unit.

The increases in Al and Fe at 14 ka and later the increase in magnetic susceptibility at 13
ka roughly corresponds with the Younger Dryas, a global climate event that caused an abrupt
weakening of the entire Asian monsoonal system from 13 to 11.5 ka (Herzschuh, 2006). This
peak in magnetic susceptibility can be seen in several other Dian cores, most prominently in the
E-14 and F-14 cores (Figure 5-5). During the Younger Dryas the East Asian Winter Monsoon
(EAWM) became stronger (Yancheva et al., 2007) and increased aridity coupled with a stronger
EAWM likely resulted in increased dust transportation (Wang et al., 2012a). There are
potentially two sources of dust to Yunnan: the Tibetan Plateau to the west and the more northerly
Chinese deserts (i.e. - Qaidam, Tengger, and Badain Juran). Geochemically, dust from the
Tibetan Plateau tends to be enriched in aluminum, iron, and manganese oxides relative to other
sources of Asian dust (Ferrat et al., 2011). Thus the geochemical changes in the Dian sediment
cores may be due to increased dust delivered from the Tibetan Plateau.

On the other hand, increases in these metals may also result from increased lithogenic

material being delivered to the core site. Total acid digestions indicate that soils on the
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southeastern side of the Dian catchment (Figure 5-2) are rich in elements such as Al, Fe, K, Mg,
and Ti, particularly the red chromic luvisols that comprise the majority of the C soil horizon in
the Dian catchment (Fengrang, 1990). Weathering and erosion of this soil material to the lake
may explain the observed trace metal increases. A similar relationship between increased
summer insolation and higher lithogenic metal concentrations was found over the past 50 ka at
Xing Yun Lake (see Chapter 3.0). However, the timing of the increases in trace metals at Dian
and the peak in summer insolation is off by several thousand years (Figure 5-6). This may also
result from poor age control in the cores or more likely suggests that increased weathering
associated with a stronger monsoon cannot account for the increases in Al and Fe.

Thus we infer a relatively warm and wet climate at Dian during the late Pleistocene and
early Holocene was interrupted by a period of increased dust deposition arising from increased
aridity during the Younger Dryas. This interpretation agrees well with previous conclusions
from the palynological study of Dian (Sun et al., 1986) and has been observed in the Dunde and
Guilya ice core records from the Tibetan Plateau (Figure 5-1) (Thompson et al., 1989;
Thompson et al., 1998) and a variety of lake sediment records from central Asia (Herzschuh,
2006). The Pleistocene-Holocene transition at 11.5 ka is marked by a noticeable increase in
monsoon strength throughout Asia (Herzschuh, 2006; Morrill et al., 2003) but there are no shifts

in the Dian proxy data that show this transition.

5.4.2.2 Unit Il- Early to Middle Holocene

In the previous study of Dian sediments, major vegetational shifts were observed at 8 ka
with decreases in Pinus, Quercus, and other taxa associated with valley forests, that was
interpreted to result from warmer winter temperatures and more equal annual rainfall distribution

(Sun et al., 1986). The beginning of Unit Il at 8.5 ka in our study is marked by shifts in organic
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matter proxies. The decrease in §*Corg values suggests that primary productivity decreased
during this time (Schelske and Hodell, 1995). However, these changes may also result from soil
organic carbon being washed into the lake as the accompanying higher C/N values are suggestive
of a more terrestrial source of organic matter (Meyers, 1994). Increases in both weight percent
organic carbon and nitrogen support this interpretation. The timing of these changes is similar to
the 8.2 ka event, a global climate event marked by increased amounts of ice-rafted debris in the
North Atlantic (Bond et al., 1997), a weaker ISM (Neff et al., 2001), and a weaker EASM (Wang
et al., 2005). However there is not a subsequent recovery of the Dian proxies to pre-8.2 ka
conditions, marking a shift or threshold response in the lake. This suggests that the abrupt but
brief 8.2 ka event cannot account for the observed changes.

Instead we suggest that these changes are being driven by the gradual weakening of the
monsoon system that peaks in strength at 10 ka and gradually decreases around 8 ka in concert
with declining summer insolation (Figure 5-6). If lake levels gradually began dropping, more
terrestrial organic matter along the shoreline may have been exposed and transported into the
lake. Decreasing lake levels associated with a weaker ISM broadly agree with oxygen isotope
records from Qunf Cave in southern Oman (Fleitmann et al., 2003) and Mawmluh Cave
(Berkelhammer et al., 2012) (Figure 5-1) that both show increasing aridity by 8 ka. Lake
records from the Tibetan Plateau including Ahung Co (Morrill et al., 2006) and Paru Co (Bird et
al., 2014) (Figure 5-1) do not show evidence of arid conditions until 7.5 ka. Notably, the shifts
in the Dian proxies occur when summer isolation values are still relatively high and this possible
shift to drier conditions occurs earlier than would be expected. High effective moisture is found

in some regions affected by the ISM until 5.5 ka (Herzschuh, 2006). Without a radiocarbon date
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in this interval, we cannot definitively constrain the timing of these changes and determine if the

Dian limnological response leads or lags the peak in summer insolation.

5.4.2.3 Unit I11- Middle to Late Holocene lake level changes

The previous study of Dian noted substantial increases in organic matter content at 4 ka
(Sun et al., 1986). We suggest that the changes in organic matter proxies at 4 ka are the result of
lower lake levels. Lower lake levels can lead to increased evaporation and loss of CO2, which
causes the precipitation of authigenic carbonate minerals (Kelts and Hsu, 1978). SEM
photographs show that this carbonate is irregularly shaped aggregates of calcite approximately
10-20 pm in size (Figure 5-7). The subhedral shape does not necessarily imply that the calcite
was not precipitated authigenically; these crystal forms, especially ones of such large size, can
indicate either rapid growth or post depositional dissolution (Kelts and Hsu, 1978). Lower lake
levels may also have caused increased wind turbulence and water column mixing, promoting the
remineralization of organic matter and returning light isotopes to the surface, causing the
observed shifts in §*Corg and 8*°N values (Talbot, 2001). However, the increases in weight
percent carbon, nitrogen, N/P, and C/N are all indicative of a more terrestrial source of organic
matter washing into the lake (Meyers and Laillier-verges, 1999). The lower 83Corg and 5'°N
values may result from decomposing soil organic matter being transported into the lake due to
the increased exposure of shoreline area associated with lake level drops (Hammarlund et al.,
1997). However, without measurements of the carbon and nitrogen isotopic composition of soil
samples in the Dian watershed, we are limited in our ability to definitively conclude this.

The inferred period of lower lake levels agrees well with the findings of previous studies.

A synthesis of abrupt changes in the Asian monsoon system over the Holocene from a variety of
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proxy records found statistically significant aridity from 5 to 4.5 ka (Morrill et al., 2003). A
rapid (<20 years) shift in oxygen isotope values at Mawmluh Cave indicative of drier conditions
occurred at 4 ka with the cessation of calcite occurring at 3.5 ka (Berkelhammer et al., 2012) and
Ahung Co Lake on the Tibetan Plateau (Figure 5-1) was completely desiccated by 4 ka (Morrill
et al., 2006).

The cause of this aridity is still debated and may be linked to changes in tropical Pacific
Ocean dynamics. The Pallcacocha lake record in Ecuador, which has been interpreted to reflect
El Nifio Southern Oscillation (ENSO) variability through the Holocene, does not show anything
anomalous about 4 ka, though ENSO events become more frequent in the mid and late Holocene
(Moy et al., 2002). SST reconstructions from the Soledad Basin off the coast of Mexico display
a shift to warmer SSTs and a more El Nifio-like mean state after 4 ka (Marchitto et al., 2010). A
more El Nifio-like mean state beginning in the mid to late Holocene has been observed in
multiple other oceanic records (Rein et al., 2005; Stott et al., 2004). Additionally, coral records
from the Mentawai Islands off the coast of Sumatra show cooler SSTs from 5.5 to 4.3 ka
indicative of a persistently positive 10D phase (Abram et al., 2009). Both El Nifio and positive
10D events have the effect of weakening the ISM and combined, may account for the
widespread aridity in Asia at this time that previous researchers have suggested (Berkelhammer
etal., 2012; Bird et al., 2014; Morrill et al., 2003). Alternatively, multiple speleothem records
from the Arabian Peninsula show gradual drops in ISM strength as opposed to abrupt ones. The
authors hypothesized that the reason for this is that lake records are especially sensitive to small
alterations in P-E balance and that abrupt drops in lake level are not necessarily indicative of

abrupt drops in monsoon strength (Fleitmann et al., 2007).
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5.4.2.4 Unit IV- Late Holocene intensive human disturbance

The transition into Unit 1V coincides closely with the introduction of terraced agriculture
and irrigation according to historical records (Sun et al., 1986) as well as the establishment of the
Cuan regional kingdom (ca. 320 AD) within the errors of the age model (Figure 5-8). The
deposition of this layer takes place across the entire lake basin with the thickest and earliest dated
deposits occurring in the A-12 cores (Figure 5-5). Previous study of Dian sediment cores noted
similar changes and interpreted them as evidence of human impacts on the landscape (Sun et al.,
1986). The timing of this transition in the previous study was thought to be around 500 AD, very
close to the results presented here, despite bulk sediment radiocarbon measurements used in the
previous study. Our interpretation is that this transition was caused by anthropogenic activities.
Sedimentation rates increase at all coring sites and increase by almost 4-fold in the A-09 cores.
Sediments exhibit many of the same characteristics noted in previous studies of Yunnan lake
sediment cores: Xing Yun (Chapter 2.0), Qilu (Brenner et al., 1991), and Chenghai (Chapter
6.0). Previous work attributed these changes to the onset of intensive land-use and noted that the
low organic carbon and high residual mineral matter content composed primarily of catchment
soils is similar to what was found in Guatemalan lakes known to have been impacted by human
deforestation and erosion (Binford et al., 1987; Brenner, 1983). The geochemical composition of
these sediments matches closely with the composition of the red chromic luvisols in the C
horizon from the soil profile on the southeastern side of the lake (Figure 5-2).

Additionally, similar to previous studies of Yunnan lakes, many of the shifts seen in the
organic proxies beginning around 1560 AD can be attributed to cultural eutrophication. The
increase in phosphorus, which limits phytoplankton growth in many lakes, is contemporaneous

with increases in weight percent organic matter, carbon, nitrogen, §*Corg, and 3*°N. Lakes
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heavily impacted by eutrophication typically have high fertilizer and sewage inputs, that are
characterized by higher 8'°N values (Brenner et al., 1999) and high sediment §**Corg values
(Schindler et al., 2008). Plots of 3*3Corg and 5°N as well as §'°N and C/N (Figure 5-9) show
that this is an anomalous period in the context of the entire 17,000 year record.

Our conclusion is further supported by analysis of fecal 5p-stanols, including coprostinol
and epi-coprostanol, which show an increase in concentration beginning around this period
(Figure 5-10). These compounds can be used as indicators of fecal contamination in modern
aquatic environments (Leeming and Nichols, 1996), and have been used as evidence of human
occupation of a watershed (D'Anjou et al., 2012). Increases in these compounds suggest inputs
of sewage to the lake, that is further supported by §'°N values reaching as high as 11.5%o in the
uppermost sediments.

0.1 4
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Figure 5-10- Concentrations of fecal 5p-stanols from Dian A-12 cores that begin to increase around 500 years
BP.

The timing of these changes coincides closely with the initiation of the Qing Dynasty
within the 95% confidence intervals of the age model (x160 years). This contrasts with previous
study of a Yunnan lake, Xing Yun, which found an intensification of eutrophication beginning at

1400 AD with the Ming Dynasty, and a reduction in eutrophic conditions at 1700 AD with the
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Qing Dynasty (see Chapter 2.0). However, the age of the upper portion of the Dian sediment
cores is not as well constrained as the Xing Yun sediment cores due to fewer radiocarbon dates
and the lack of a 21%Pb chronology (Figure 5-3).

Increases in carbonate precipitation of uniform thickness at all coring locations begins
around 1560 AD, similar in timing to the other changes noted above. SEM photographs confirm
that this is euhedral calcite around 2-3 um in size and is unaffected by dissolution or etching
(Figure 5-7). The largest increases in carbonate content from 13 to 23% take place from 1720 to
1820 AD. Historical documents from Kunming record that the lake completely dried out in 1764
AD (Sun et al., 1986). There are no indications in our proxy data or our transect cores (Figure
5-4) of a complete desiccation of the lake, however the increased amounts of carbonate material
precipitated during this time may suggest a drop in lake level (Kelts and Hsu, 1978). Historical
records suggest that the driver of this lake level change was due to natural climate variability
although no other lake records in this region of Yunnan record desiccation or significant aridity

during this time (see Chapters 2.0 and 5.0).

5.5 CONCLUSIONS

The results from Lake Dian provide 1) a new perspective on the climate in Southeast
Asia as influenced by the ISM and 2) regional context for the spatial distribution of
anthropogenic changes in watersheds in Yunnan. Though limited in our ability to definitively
reconstruct lake levels with the series of transect cores from the southern basin, we tentatively
find evidence for lower lake levels at 31 ka, similar to evidence of a weakened ISM from the

Hulu Cave record. Additionally, there is evidence for a series of higher lake levels between 30
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and 27 ka, 24.5 ka, and 20 to 15 ka. However, these results necessitate further investigation with
additional radiocarbon dates and a wider range of proxy data.

The multi-proxy record from the A-12 cores show evidence for a relatively warm climate
with enhanced lake primary productivity prior to 8.5 ka, likely associated with high summer
insolation values and a strong ISM. Additionally, trace element geochemistry suggests a dry
Younger Dryas event characterized by increased dust deposition from the Tibetan Plateau. By
8.5 ka, there is evidence for declining lake productivity and potentially lower lake levels
associated with lower summer insolation values and a weak ISM. Further drops in lake level
take place at 4 ka due to a drop in ISM strength that is observed in several other paleoclimate
records. While this study is not of high enough resolution to capture rapid shifts in moisture or
differentiate between the timing of shifts in the ISM and the EASM, this work adds to the spatial
coverage of lake sediment paleoclimate records in Southeast Asia and broadly agrees with
previous studies from the Tibetan Plateau (Berkelhammer et al., 2012; Bird et al., 2014; Morrill
et al., 2006).

After 2 ka, changes in the Dian sediment record are characterized by anthropogenic
impacts and largely correspond with recorded cultural and historical events. The initiation of
human disturbance within the lake catchment matches closely to the introduction of terraced
agriculture as well as other regional records that indicate the initiation of human disturbance
around this period (see Chapter 2.0). The beginning of a trophic status shift in the lake is
recorded ~1,000 years later and is likely associated with increased population pressure and rice
agriculture. The modern-day impacts associated with intensive agriculture, fertilizer use, and

sewage runoff from the city of Kunming are observed in the uppermost sediments. This study
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adds to a growing number of records that show early human impacts on the Yunnan Plateau that

are equal in magnitude to post-industrial impacts.
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6.0 CHENGHAI LAKE

The Isotopic Response of Lake Chenghai to Hydrologic Modification from Human Activity

The human modification of lake system hydrology is a widespread feature of the
industrial era; however, these anthropogenic impacts have existed for thousands of years in
regions of the world with long histories of human occupation. Here, we document the isotopic
and geochemical response of a lake in southwestern China to the construction of a dam using
geochemical analyses of lake sediment. The Chenghai record shows evidence of land use
change by at least 1100 AD characterized by an increased flux of terrestrial organic matter and
sediment rich in metals such as lead, copper, and iron. Landscape stabilization occurred from
1360 to 1700 AD. The stable isotopic composition of authigenic aragonite shifts toward higher
values indicative of lower lake levels in response to the intentional manipulation of natural
hydrology at 1690 AD. Trace element geochemistry and organic matter proxies also reveal rapid
limnological variations. Similar to what has been observed in other lakes in this region of the
world, we find that these changes closely coincide with shifts in natural climate variability,
highlighting the complex, interconnected nature of human-environment interactions. This study
demonstrates the importance of historical and cultural context in the interpretation of lake

sediment records with substantial human settlement proximal to the lake system.
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To reconstruct changes in land-use and lake-level management, we rely on measurements
of the oxygen and carbon isotopic composition of authigenic aragonite (30 and §*3C), the
concentration and isotopic composition of organic matter (C/N, 8'3Corg, 5!°N), the concentrations
of weakly bound metals in sediment, and magnetic susceptibility. We use these analyses to
investigate the timing and magnitude of environmental changes at Chenghai in the context of
coincident anthropogenic activities. This multi-proxy approach allows us to characterize the
nature of pre-industrial human disturbance to watersheds in southwestern China as well as the

isotopic response of a lake to the intentional manipulation of hydrologic balance.

6.1 REGIONAL SETTING

Chenghai is located in Yunnan Province of China (Figure 6-1) where the closest city
with meteorological records is Lijiang (Figure 6-1), approximately 50 km to the northwest. The
climate is heavily influenced by the Asian Summer Monsoon (ASM), with 80% of precipitation
falling between the months of June-September (Table 6-1). Temperatures are generally stable,
ranging between 6 and 18°C (Table 6-1). Chenghai is a large and deep lake (maximum depth of
35 m) that was formed as a pull-apart basin during the Pleistocene (Figure 6-1) and sedimentary
deposits in Chenghai are estimated to be 1,000 m thick (Wang et al., 1998). The bedrock in the
Chenghai catchment is primarily Permian basalt with extensive deposits of Quaternary alluvium
to the south (Dearing et al., 2008; Bureau of Geology and Mineral Resources of Yunnan
Province, 1990).

Chenghai is less than 100 km away from the town of Jianchuan, the home of the

Neolithic and Bronze Age site Haimenkou (Chiou-Peng, 2009). Haimenkou is the largest
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Neolithic (ca. 1500 BC) site in China and has the largest Neolithic wooden structure ever
discovered (Yao, 2010). Wheat, millet, and rice remains have also been found at this site,
suggesting a wide range of agricultural practices in conjunction with large, permanent
settlements (Yao, 2010). Haimenkou is also possibly the earliest site of copper-based metallurgy
in western Yunnan, dating to ~1500 BC; a study of nearby Erhai Lake found evidence to support
the advent of copper-based metallurgy at around this time (see Chapter 4.0). Further historical
records pertaining to human activities around Chenghai are relatively limited; however, in 1690
AD, a dam was constructed upstream of Chenghai which led to lower lake levels. In 1942 AD
the population around Chenghai increased and was accompanied by an expansion of agricultural
activities and fertilizer use (Jinglu et al., 2004).

Chenghai is a closed basin, meaning that it is only fed by precipitation and has limited
groundwater throughflow (Jinglu et al., 2004). The stable isotopic composition of the lake water,
as well as high concentrations of ions such as Mg?* and Na*, suggests that the lake primarily
loses water through evaporation (Whitmore et al., 1997). Stable oxygen isotopic composition of
the lake water samples collected in the summer of 2012 average -1.58%. VSMOW (Figure 1-3),
~8%o higher than the average weighted oxygen isotope composition for Lijiang (Table 6-1).
While Lijiang is the city with the closest weather station to Chenghai, it is situated 1000 m
higher than the lake and the oxygen isotopes in precipitation may have lower values than the
precipitation that actually falls on Chenghai. Nonetheless, the water samples collected from
Chenghai plot far to the right of the Global Meteoric Water Line (GMWL) (Figure 1-3) and

strongly suggest that Chenghai lake water is heavily modified by evaporative enrichment.
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Table 6-1- Monthly average temperature, precipitation, and oxygen isotope values at Lijiang (26°53’N,

100°14°E, 2400 m).
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Figure 6-1- A- Locations of Chenghai Lake (square) and Dongge Cave (circle); B- Locations of Yunnan lakes
mentioned in text as well as the city of Lijiang and the archaeological site Haimenkou; C- Map of Chenghai
Lake with shaded topographic relief from ASTER Global DEMs. Coring locations indicated by black circles.

Bathymetric data (10 meter contour intervals) from Wan et al., 2005.
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ASTER global digital elevation maps (DEMs) indicate that the topographic relief around
Chenghai is quite steep, making it prone to lake level change in response to hydrologic forcing
(Figure 6-1C). A bathymetric map of Chenghai shows that dramatic changes in lake level (10-
20 m) occur over very small distances (<0.5 km) (Figure 6-1C). A change in bathymetric
characteristics (such as surface area to volume ratio) will change the proportion of water lost
through evaporation, thus changing the isotopic composition of the lake water (Steinman and
Abbott, 2013). Historical records suggest that prior to 1690 AD the lake was a throughflow
system, linking the Haikou River with the Jinsha River (Wan et al., 2005). After 1690 AD, dams
were built upstream of the lake and the Haikou River stopped flowing (Jinglu et al., 2004; Wan
et al., 2005) (Figure 6-1). Historical records indicate that between 1690 and 1980 AD, Chenghai
dropped 38 m due to the dam construction (Wan et al., 2005). More recent observations have
recorded drops in lake level of 5 m from 1960 to 1990 AD (Whitmore et al., 1997). While a
drop of ~40 m over the span of 300 years is both substantial and rapid, DEMs confirm that if the
lake were 30 m higher than present day levels, Chenghai would be an open basin lake, with
significant throughflow to the south. Additionally, substantial deposits of Quaternary alluvium
extend several kilometers to the south of Chenghai (Bureau of Geology and Mineral Resources
of Yunnan Province, 1990), further evidence that the lake was once likely much higher and an
open basin.

There have been multiple previous studies of Chenghai, though many of them have
suffered from several limitations: most notably, limited chronologies relying only on 2*°Pb ages
to constrain the age of the sediments (Chen et al., 2002; Jinglu et al., 2003; Wang et al., 2002;
Zhu et al., 2011). One study had a single AMS radiocarbon date from deeper sediment, but a

single date makes it hard to constrain the timing of abrupt changes in isotopic geochemistry as
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well as sedimentation rates (Jinglu et al., 2004). Despite these limitations, these records
demonstrate substantial variation in the stable isotopic composition of both organic matter and
authigenic carbonates over less than a meter of sediment (Chen et al., 2002; Jinglu et al., 2004;
Wang et al., 2002). An additional limitation is that the stable isotopic composition was measured
on bulk carbonate material, which likely contained shell fragments subject to vital or biological
effects (Leng and Marshall, 2004), and sampling was performed at a low resolution (~5 cm). Of
further concern, the oxygen stable isotopic composition of this carbonate material shifts towards
lower values over the last 120 years, which is unexpected due to observations that lake levels
have dropped over this time period (Whitmore et al., 1997). A previous study also included an
analysis of the concentrations of blue-green algae pigments and concluded that following the
construction of the dam upstream in 1690 AD, slight increases in primary productivity took place
(Jinglu et al., 2004). However, the most substantial changes and the switch from oligotrophic to
eutrophic lake status took place more recently, around 1940 AD and this eutrophication
intensified by 1984 AD (Jinglu et al., 2004). Our study expands upon this previous work with a
longer sediment core of 123 cm, an improved radiocarbon chronology, and a higher-resolution,
multi-proxy dataset that demonstrates the limnological consequences associated with the

construction of an upstream dam.
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6.2 MATERIALS AND METHODS

6.2.1 Core Collection

Two cores were collected from Chenghai using a UWITEC coring system with
removable polycarbonate tubes. The A-12 core was collected at a water depth of 27 m and
measures 123 cm (26°32°01°’N, 100°40°06°’E) (Figure 6-1). The upper 30 cm were extruded in
the field at 1 cm intervals and used for 2°Pb dating. The B-12 core was collected at a water
depth of 20 m and measures 108 cm (26°29°18°’N, 100°39°05"’E) (Figure 6-1). The upper 10
cm were extruded in the field at 1 cm intervals and used for 21°Pb dating. We focus our analysis
on the A-12 core as it is the longest recovered sedimentary record and is closest to the deepest

part of the lake.

6.2.2 Age Control

Radiocarbon ages were measured on four terrestrial macrofossils, including charcoal and
leaves. Samples were analyzed at Keck Center for Accelerator Mass Spectrometry at the
University of California Irvine. Prior to analysis, samples were pretreated using a standard acid,
base, acid procedure (Abbott and Stafford, 1996). The resulting ages were calibrated using
CALIB 7.0 and the INTCAL13 calibration curve (Reimer et al., 2013). The upper 19 cm of the
A-12 core was lyophilized and analyzed for 21°Pb and ?**Pb activities by direct gamma ()
counting in a broad energy germanium detector (Canberra BE-3825) at the University of

Pittsburgh.
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6.2.3 Geochemistry

Water content and bulk density were measured at 2 cm intervals using 1 cm? samples.
Weight percent organic matter and carbonate content within these same samples was determined
by loss-on-ignition (LOI) analysis at 550°C and 1000°C, respectively (Dean, 1974). Sediment
core magnetic susceptibility was measured on split cores using a Bartington® Instruments Ltd.
MEZ2EI surface-scanning sensor equipped with a TAMISCAN-TSI automatic logging conveyer.
Samples for X-ray diffraction (XRD) analysis were taken every 50 cm, lyophilized, and ground
by hand. The samples were prepared as back-filled cavity mounts and analyzed using a Phillips
X’Pert MPD diffractometer.

Cores were sampled continuously at 0.5-cm intervals for analysis of the oxygen and
carbon isotopic composition of aragonite minerals. Samples were disaggregated with 7% H.O>
and sieved through a 63-um screen to remove biological carbonates derived from ostracod and
gastropod shells. Samples were soaked in a 50% bleach and 50% DI water mixture for 6-8
hours, rinsed, and lyophilized. Aragonite samples were reacted in ~100% phosphoric acid at
90°C and measured using a dual-inlet GV Instruments, Ltd. (now Isoprime, Ltd) IsoPrime™
stable isotope ratio mass spectrometer and MultiPrep™ inlet module at the Regional Stable
Isotope Laboratory for Earth and Environment Science Research at the University of Pittsburgh.
Oxygen and carbon isotope results are expressed in conventional notation as the per mil
deviation from the Vienna Peedee Belemnite standard- 580 (%o VPDB) and &3C (%o VPDB).
One sigma analytical uncertainties are within £0.10%o. for both isotopes. Replicate
measurements of 5180 and 3!3C had an average standard deviation of 0.10%o and 0.05%o,

respectively.
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Weight percent nitrogen and carbon, nitrogen and carbon isotopic composition, and the
atomic C/N ratio were measured at 4-cm intervals. Samples were covered in 1 M HCI for 24
hours to dissolve carbonate minerals and rinsed with water. Samples were then lyophilized and
analyzed at the Regional Stable Isotope Laboratory for Earth and Environment Science Research
at the University of Pittsburgh using a Eurovector Elemental Analyzer and Isoprime Dual Inlet
Isotope Ratio Mass Spectrometer. Organic carbon isotopes are expressed in conventional
notation as the per mil deviation from the Vienna Peedee Belemnite standard- **Corg (%0 VPDB)
whereas nitrogen isotopes are reported relative to atmospheric N2- §*°N (%o). One sigma
analytical uncertainties are within +0.14%o for §**Corg and +0.20%o for 5'°N. Replicate
measurements of §3Corg and $*°N had an average standard deviation of 0.30%o and 0.5%,
respectively.

Weakly sorbed metal concentrations were measured at 3-cm intervals. All samples were
lyophilized and homogenized prior to analysis. Elements were extracted by reacting samples
with 10 mL of 1 M HNOgz for ~24 hours (Graney et al., 1995). The supernatant was extracted
and diluted before measurement on an inductively coupled plasma mass spectrometer (ICP-MS)
at the University of Pittsburgh. Blanks were run every 10 samples to check for bleed through
and concentrations arising from memory effects were consistently below detection limits.

Duplicates were run every 10 samples and were generally within 10% of each other.
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6.3 RESULTS

6.3.1 Geochronology

Radiocarbon ages were measured on four terrestrial macrofossils, with one excluded from
the age model (Table 6-2). This date was excluded since it was an age reversal- it is older than
would be expected on the basis of the three other radiocarbon ages. This may be because the
date was comprised of mixed material (charcoal and a leaf). Given that this date is older than
would be expected on the basis of the three other radiocarbon ages, we have chosen to exclude
this date. The large age ranges on the radiocarbon dates from 55.5 and 107.75 cm are due to
uncertainty in the radiocarbon calibration curve (Reimer et al., 2009). The upper 19 cm of the
core were dated using the constant rate of supply (CRS) 2!°Pb age model method (Table 6-3)
(Appleby and Oldfield, 1983). On the basis of 21°Pb dating as well as three AMS radiocarbon
dates, a smooth spline age model was produced using clam 2.1 code (Blaauw, 2010) in the
statistical software package, “R” (R Core Development Team, 2008) (Figure 6-1). Uncertainty

in the age model is generally £150 years. The 123 cm of collected core spans the last 900 years.
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Table 6-2- AMS radiocarbon dates for samples from Chenghai Core A-12.

UCI Composite Core Median Probability 20 Calibrated Age Range
Material “C age (BP) Error =
Number  Depth (cm) Calibrated Age (yr AD) (yr AD)
Charcoal
116867 55.5 185 20 1769 1952-1663
and leaf
Charcoal
*116868 67.5 425 20 1450 1482-1434
and leaf
Wood and
122326 107.75 400 15 1462 1609-1444
charcoal
Grass and
122327 119 845 20 1198 1252-1161
charcoal

*denotes date excluded from age model

Table 6-3- Down-core 2°Pb activities, 2*Pb activities, cumulative weight, and CRS sediment ages from

Chenghai Core A-12.

210pp Cumulative
1o Error 2°Ph  2%Pb activity, 1o Error 2**Pb CRSage 1o Error

Depth (cm)| activity, Weight,
activity Bg-g* activity (yr AD/BC)  Age

Bg-g* g cm?
2.0-3.0 0.1410 0.0165 0.0433 0.0035 0.3465 2008 1.94
4.0-5.0 0.1170 0.0131 0.0421 0.0032 0.8142 2004 211
6.0-7.0 0.1110 0.0138 0.0330 0.0030 1.3284 1999 2.38
8.0-9.0 0.0946 0.0107 0.0284 0.0022 1.9650 1991 2.80
10.0-11.0 | 0.0843 0.0107 0.0300 0.0027 2.7930 1981 3.63
12.0-13.0 | 0.0755 0.0090 0.0314 0.0023 3.7985 1966 5.27
14.0-15.0 | 0.0509 0.0075 0.0367 0.0028 5.1036 1957 6.17
16.0-17.0 | 0.0564 0.0083 0.0347 0.0028 6.3755 1935 10.39
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Figure 6-2- Age-depth model with 95% confidence intervals. 2!°Pb dates (green circles), radiocarbon dates
(blue squares), excluded radiocarbon date (red circle), all with 2 sigma error bars. 2°Pb dates with 2-sigma

error bars in inset.

6.3.2 Geochemistry

The entire 123 cm of the core is composed of reddish, fine-grained clay, similar in
composition to what has been found in the upper sections of sediment cores from other Yunnan
lakes (see Chapters 2.0 and 5.0). These sediments have relatively high concentrations of iron
(between 1-2%) and quartz. Scanning electron microscopy (SEM) and X-ray diffraction (XRD)
samples taken evenly spaced down the core indicate that the primary carbonate mineral is

authigenic aragonite (Figure 6-3) that ranges between 5 and 10% down the length of the core.
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Jinglu et al., 2004 found calcite in the Chenghai cores via XRD analysis; however, we have both
XRD peaks and SEM pictures down the entire length of the core confirming the presence of
aragonite and the absence of calcite. Moreover, given the high magnesium concentrations
observed in the Chenghai surface waters (Mg/Ca ratio ~ 12) (Whitmore et al., 1997), the

presence of aragonite is not unexpected.
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A- Chenghai A12 Core, 40 cm

Figure 6-3- Scanning electron microscopy (SEM) images of euhedral aragonite from Chenghai A-12 cores.
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6.3.2.1 Unit I- 1150-1360 AD

Between 1150 and 1360 AD, sedimentation rates are stable at 0.06 cm/year. Oxygen and
carbon isotopes exhibit high covariance, with an R? value of 0.80 (Figure 6-4). Additionally,
oxygen and carbon isotopes of aragonite show a gradual trend towards higher values, from -
7.0%o t0 -6.4%o0 and 0.0%o to +1.7%o, respectively (Figure 6-5). Carbon isotope values shift
towards lower values from +1.7%o to +0.3%eo in the last 50 years of Unit I. The composition and
isotopic signature of the organic matter is relatively stable with an average C/N ratio of 6.8,
513Corg Value of -24.4%o, and 8*°N value of +3.7%.. Concentrations of copper are highest at the
base of the core peaking at 61 pg/g, as do several other metals (Al, Co, Fe, Ti, and Zn- Figure 6-
6). Magnetic susceptibility values display similar trends with a maximum of 543 10° m®kg at
the base of the core. Concentrations of Pb exhibit different variations, remaining low and
averaging 14+0.2 pg/g. Weight percent organic matter and aragonite are relatively constant

throughout the entirety of the record, ranging between 7-10% and 5-10%, respectively.
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Figure 6-4- Isotopic covariance of Chenghai for three time periods; Unit I (1100-1360 AD) in red, Unit 11

(1360-1700 AD) in green, and Unit 111 (1700-2012 AD) in blue.
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line); F- Magnetic susceptibility.

192



Year AD

1200 1400 1600 1800 2000
AS L | 1 1 L 1 1 L " 1 L L I | L L L |
.62 A
547 -
2
=3 -
<
2 : I 45
B
- 10 S
1 L 58
2 — 1 I !
3 C
% i B
- 2
=
o - B
L
0 D - _—_a,§E--: bt 1100
- - 80 -
i - 60
©
i L 40g
20
} 1 1 L 1 U
40 E
530 -
2
=20 -
N
107 B
0 i T T T y T T y y T g ' v T y T y T
1200 1400 1600 1800 2000
Year AD

Figure 6-6- Concentrations of weakly bound metals from Chenghai. A) Al, B) Co, C) Fe, D) Ti, E) Zn.
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6.3.2.2 Unit I1- 1360-1700 AD

Sedimentation rates increase slightly to 0.10 cm/year and the most substantial changes
during this unit occur in the 880 and §*3C values. Carbon isotope values slowly increase to
+2.0%0 and oxygen isotope values continue to slowly increase by ~1%o from -6.4%o t0 -5.5%0
(Figure 6-5). Oxygen and carbon isotopes exhibit slightly lower covariance, with an R? value of
0.65 (Figure 6-4). Organic carbon isotope values are stable at -24.6%.. Other variables in Unit 1l
decline to a minimum at 1570 AD including C/N (4.5), copper (Cu) concentrations (27 pg/g),
and magnetic susceptibility (between 150 10° m®kg), while 8*°N values increase to a maximum
of +5.1%o0 and remain generally high during the middle of this time unit. Lead (Pb)
concentrations decrease slightly and become more variable during this interval, declining to an

average of 12+2 ug/g.

6.3.2.3 Unit I11- 1700 AD-present

From 1700 to 1830 AD, there are shifts of +1.5%o in 80, -2%o in 313C, -2%o in §*Corg,
and -1.5%o in 8*°N (Figure 6-5). Sedimentation rates also increase 3-fold to 0.30 cm/year. After
1700 AD, the isotopic variability in the aragonite isotopes increases, with high year-to-year
variability. Covariance between oxygen and carbon isotopes decreases slightly to an R? value of
0.42 (Figure 6-4). A negative isotopic excursion occurs from 1890-1930 AD; §'80 values shift
by -1.5%o, 83C values shift by -2.5%o, 53Corg Values shift by +4%o, and 5'°N values shift by
+1%o. By 1940 AD, these isotopes return to their pre-excursion values, with the exception of
5'°N which increases to +5%o. Magnetic susceptibility and concentrations of both Cu and Pb

remain roughly the same. Carbon to nitrogen ratios steadily increase throughout Unit Il to a
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maximum of 7.9. Concentrations of Pb increase to 18 pg/g within the last 40 years consistent

with the use of leaded gasoline.

6.4 DISCUSSION

6.4.1 Isotopic Interpretation

Chenghai water samples suggest that a large portion of lake water is lost through
evaporation (Figure 1-3), so lake water isotope values should reflect the balance between
precipitation and evaporation (P/E). One challenge with this approach is in differentiating
between changes in lake level due to human modification as opposed to changes in precipitation-
evaporation balance from natural variability associated with the ASM. Variations in the isotopic
composition of precipitation are recorded in speleothem carbonate stable isotopes at Dongge
Cave in the Guizhou province, ~500 km east of Chenghai (Wang et al., 2005) (Figure 6-1) and
can be used as a comparative dataset for this study to control for lake water isotope changes that
are due to monsoonal variation. We use the Dongge Cave record as our primary comparative
dataset because of the cave’s proximity to Chenghai, the similarity in climate (Tables 6.1 and
6.4), and the well-dated, high-resolution nature of the record. The difference between Lijiang
and Dongge Cave annual weighted 580 means of modern rainfall are offset by ~1.5%o (Tables

6.1 and 6.4).
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Table 6-4- Monthly average temperature, precipitation, and oxygen isotope values at Dongge Cave (25°17°N,

108°50’E, 680 m) (Dykoski et al., 2005).
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We calculated the theoretical 580 value of aragonite using Equation 6-1:

1000lna(Aragonite-H,0) = 17.88(103T1) — 31.14

Equation 6.1 (Kim et al., 2007)

where T = 31.2°C, the maximum August water temperature of Chenghai (Wan et al., 2005).
Given the observed §'80 value of -1.63%. VSMOW from the water sample collected in 2009, the
580 value of aragonite precipitated in or around August should be -5.34%o. VPDB. This value is
very close to the §'80 value of aragonite in the surface sediments (-5.55%o). Since the images
obtained using the SEM display euhedral aragonite down the entire length of the core and these

calculations suggest that the aragonite is precipitating in equilibrium with the water column, we

interpret the §*80 values to primarily reflect changes in lake water balance.

6.4.2 Unit I- Anthropogenic Disturbance

The geochemical and isotopic shifts in Unit | can be primarily attributed to anthropogenic
rather than natural factors. The color, composition, and geochemical variations observed in these
sediments are similar to both catchment soils and those of sediment cores from other Yunnan
lakes such as Qilu, Xing Yun, and Dian (Figure 6-1) that have been heavily impacted by
anthropogenic activities (Brenner et al., 1991; Hillman et al., 2014; Sun et al., 1986; Whitmore et
al., 1994a). While our sediment core does not extend back far enough to capture low, stable,
background inputs of variables such as Cu or magnetic susceptibility, we interpret the high
values of these parameters at 1150 AD to indicate human disturbance within the catchment.

Given the long history of activities such as copper metallurgy at nearby archaeological sites
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(Chiou-Peng, 2009; Hillman et al., 2015; Yao, 2010), it is likely that these activities contributed
to a variety of metal loadings on the landscape through atmospheric transport that later entered
the lake system via erosion. There are few historical records in this region of Yunnan that aid in
the interpretation of these variables, and thus the timing of the initial anthropogenic impact on
the lake is unclear. We hypothesize that a major change in land-use, such as clearance for
agricultural activity, may have occurred sometime prior to 1150 AD leading to erosion and
transport of a large amount of clastic material into the lake. This interpretation is supported by
slightly higher C/N ratios than subsequent units (Figure 6-5), suggesting an increased proportion
of terrestrial organic matter in the sediments (Meyers, 1994).

Previous studies of the Chenghai oxygen and carbon isotope record did not extend back
as far as our Unit I interval (Chen et al., 2002; Jinglu et al., 2004). We interpret the $'20 and
513C values in Unit | to indicate that the lake was a closed basin system during this period.
While historical observations suggest that Chenghai was not a closed basin until dams were
constructed in 1690 AD (Wan et al., 2005), we suggest an alternative hypothesis that Chenghai
has been hydrologically closed since at least 1150 AD. The high degree of isotopic covariability
between §'80 and §'3C values (R?=0.80) (Figure 6-4) is usually interpreted to represent
hydrologically closed conditions (Li and Ku, 1997; Talbot, 1990). Additionally, the §*80 values
of Chenghai at 1150 AD (-7.0%o) are very close to the 880 values of the Dongge Cave record at
1150 AD (-7.2%o) (Figure 6-5), but the annual weighted §*0 means of modern rainfall are
offset by ~1.5%o (Tables 6.1 and 6.4). This suggests that if Chenghai were an open basin, §'80
values should actually be 1.5%. more negative than what we observe based on modern

meteorological data.
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While DEMs indicate that Chenghai was once likely a throughflow system, linking the
Jinsha and Haikou Rivers, it is not clear how long ago this may have been. It is possible that the
Haikou River throughflow was restricted prior to 1690 AD and that Chenghai had been lowering
for some time beforehand; historical records before 1690 AD are lacking on such details.
Alternatively, if Haikou River throughflow was not limited, Chenghai may have behaved as a
closed basin system dominated by evaporation due to minimal surficial outflow. In closed basin
lakes, shifts in oxygen isotopes towards higher values are traditionally interpreted to represent
increased evaporation and/or less precipitation (Talbot, 1990). The Little Ice Age (LIA) is a time
period of known aridity (Morrill et al., 2003) and cooler temperatures (Mann et al., 2009)
Southwestern China; however, the timing of the LIA does not match closely with the observed
changes in Unit I. While the initiation of the LIA in Asia is spatially and temporally variable
(Morrill et al., 2003), changes are usually observed beginning ~1300 AD, by which time
Chenghai 580 values already display a significant positive trend. Furthermore, the sustained,
long-term trend towards higher §*20 values throughout the entire 900 year record suggests that
climatic variability is not the primary cause of this shift.

Analysis of authigenic calcite and other proxies from Xing Yun lake sediment, also in
Yunnan Province (Figure 6-1), found that a long-term gradual trend towards lower lake levels
beginning at 500 AD also could not be explained by climate variability and was the result of
human modification of the catchment, which had a substantial influence on water balance (see
Chapter 2.0). The Chenghai record does not extend back in time far enough to determine when
the initial change in water balance occurred nor how abrupt this transition might have been.
However, both the geochemical and isotopic variations throughout Unit I suggest the primary

driver of change was anthropogenic activity, possibly related to the expansion of agriculture.

199



Future work is required to extend this sediment core record further back in time to capture the

timing and magnitude of the initiation of this human disturbance.

6.4.3 Unit I1- Landscape Stability

The slow and steady decrease in §'80 values suggests the continued, gradual lowering of
lake level (Figure 6-5) which may have resulted in part from catchment water diversion for
agriculture. This time period does encompass the LIA, which resulted in increased aridity due to
reduced monsoon strength (Morrill et al., 2003), and may have contributed to lower lake levels
as well as the need for freshwater resources to sustain agriculture. Without a more regional
paleoclimate record or more extensive historical records, it is difficult to more confidently
attribute these changes to any one variable, highlighting the challenges of disentangling the roles
of climate variability from anthropogenic manipulation. Small decreases in 5'3C values take
place, causing the covariability to slightly drop through this interval (Figure 6-4). The 20,
513C, and 8™Corg values through Unit 11 agree with previous work done on Chenghai in the

context of age model uncertainty (Jinglu et al., 2004) (Figure 6-7).
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Figure 6-7- Comparison between our study (blue circles) and Jinglu et al., 2004 (red squares). A) $°0, B)
3%3C, C) 8Corg. There is good relatively agreement between this study and the previous study prior to 1900

AD.
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Magnetic susceptibility, Cu, and C/N values, which were high, begin to decline in Unit |
with further, more substantial declines in Unit Il. This suggests less erosional input and less
terrestrial organic matter delivery to the lake. We hypothesize that this resulted from a period of
landscape stabilization from the previous intensive land use change of Unit I, though the
sedimentology (color, grain size, etc.) does not noticeably change. These changes may have
been balanced by an increase in aquatic primary productivity, demonstrated by lower C/N ratios
and higher 5'°N values, though the absolute values of these changes are relatively small (2 and
1.5%o, respectively). Notably there is no accompanying change in §**Corg values. While 8*°N
and C/N are negatively correlated with an R? value of 0.53, §*Corg and C/N display no
relationship (Figure 6-8). This implies that §*°N values are influenced by the source of organic
matter with more positive values occurring when the aquatic flux of organic matter is high.
Conversely, 83Cqrg values are controlled by more factors than simply the source of organic
matter, perhaps explaining why there is no concomitant shift in 53Corg values with §*°N and
C/N. The 8%Corg values may be more strongly influenced by variables such as carbon cycling

within the lake and primary productivity.
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Figure 6-8- A) C/N versus 8'°N with a linear regression (R2 = 0.53, p < 0.001). Data from 1980-2010 AD has
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no relationship.

6.4.4 Unit I11- Hydrologic modification

The substantial increase in sedimentation and the isotopic shifts that take place at 1700
AD (Figure 6-5) coincide closely with the construction of a dam upstream of the lake at 1690
AD (Jinglu et al., 2004; Wan et al., 2005). After the dam was constructed, historical records
indicate the Haikou River stopped flowing through the lake (Wan et al., 2005), causing Chenghai
to receive water only from precipitation as groundwater throughflow is limited (Jinglu et al.,
2004). Our record shows that this hydrologic modification caused the lake level decline to
temporarily accelerate and changed the lake water budget such that an even larger proportion of
water loss occurred via evaporation, causing higher oxygen isotope values. The high variability

in both §*0 and §*C values throughout Unit 111 suggest that lake levels fluctuated over short
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periods of time (Steinman et al., 2010). It is difficult to assess the validity of the historical
observations that suggest that Chenghai dropped by 40 m from this period at ~1690 AD to
present (Wan et al., 2005). While our oxygen isotope record certainly suggests that substantial
water loss occurred, a considerable, sustained drop of 40 m seems unlikely. If such a large lake
level decline did occur, a shift larger than +1.5%. in oxygen isotope values should be present in
the sediment record, and 2) a long-term, monotonic trend towards higher §'80 values throughout
the whole of Unit 111 should be present. The high variability and the return to lower oxygen
isotope values later in Unit 111 (ca. 1890 AD) suggests that while lake levels did decline, they did
not do so continuously throughout after the dam was constructed.

The trend toward lower §*3C values beginning at 1700 AD may be due to the oxidation
and dissolution of organic matter at the shoreline influencing the dissolved inorganic carbon
(DIC) pool. Both terrestrial and aquatic organic matter, being relatively depleted in **C, would
have been exposed due to lake level decline. This organic matter could have oxidized and
produced isotopically light CO2 which then percolated into the lake and became incorporated
into the DIC pool (Hammarlund et al., 1997). Although groundwater throughflow is limited in
the Chenghai system, plant respiration and CO. exchange within the soil may still influence the
carbon isotopic signature of inputs to the lake. The covariance of aragonite 5'3C and &80 values
in Unit 111 is lower (R? = 0.42) than the Unit | (Figure 6-4), which is likely a result of the above
explained mechanism rather than a wetter climate resulting in hydrologically open basin
conditions.

It is also at 1700 AD that §**Corg and 5*°N values decrease and C/N ratio increases, both
suggesting a slightly increased proportion of terrestrial organic matter delivery to the lake

sediments (Meyers, 1994). While these C/N ratios are still well within the range of values
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expected for aquatic organic matter, the small change does suggest that more terrestrial organic
matter was transported to the coring site due to lake level decline. Newly exposed sediment at
the shoreline would have consisted of both terrestrial and aquatic organic matter, thus explaining
why C/N ratios do not display a larger shift. Small increases in metal concentrations (Cu-
Figure 6-5, Al and Fe- Figure 6-6) may also indicate increased clastic input associated with this
lake level change.

Taken together, the isotopic shifts in both organic matter and aragonite that take place at
1890 AD suggest increased primary productivity and higher lake levels, possible due to the
precipitation and warmer temperatures associated with the termination of the LIA. Since there
are no historical indications of anthropogenic manipulation of lake hydrology at this time, we
believe that the observed changes at 1890 AD in the Chenghai record are primarily driven by
natural climate variability. In light of the potential for substantial spatial heterogeneity in
precipitation due to orographic effects, the decline at 1890 in §'80 values at Chenghai may
represent the local expression of the overall return to wetter conditions for the Southwestern
Yunnan region exhibited by the Dongge Cave record (Wang et al., 2005) (Figure 6-5). The lack
of a concomitant change in C/N ratios or §'°N values suggests that the source of organic matter
did not change and that the shift in §**Corg values may be due to increased productivity
associated with warmer temperatures. Weight percent organic matter does begin to increase

around this time (Figure 6-9).
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Figure 6-9- Weight percent organic matter estimated from LOI 550 (green circles) and weight

percent aragonite estimated from LOI 1000 (dashed blue line).

The oxygen and carbon isotope records presented here are largely consistent with a
previous study of Chenghai (Jinglu et al., 2004), albeit the resolution of our record is higher and
consequently exhibits greater high frequency variability (Figure 6-7). For example, this
previous study of Chenghai also recorded a shift in 580 of +1%. at 1700 AD, a shift of -2%o at
1900 AD, and a shift in 813C of -3%o at 1900 AD. However, there are notable differences in the
carbon isotopic composition of organic matter reported by our study and this prior investigation,
in that Jinglu et al. (2004) only observed a -2%o shift in §*Corg values at 1600 AD instead of the -
4%o shift we measured. Additionally, while we observe a +5%o shift beginning at 1840 AD,
Jinglu et al., 2004 observed a -3%o shift. They noted that this was inconsistent with an increase
in blue-green algal pigments, such as oscillaxanthin and myxoxanthophyll, which were
interpreted to represent a more eutrophic phytoplankton assemblage (Jinglu et al., 2004).
Reasons for the difference between the results presented here and the previous one are unclear;
the broad agreement of oxygen and carbon isotopes of aragonite suggest that it is not due to
disparity in age models. The sediment core analyzed in Jinglu et al., 2004 was taken closer to

the deepest part of the lake, which may have had differing amounts and types of organic matter
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than our coring location. Given the dramatic lake level fluctuations that have taken place within
the last several hundred years, the remobilization of organic matter from the shoreline and
catchment may, in part, contribute to some of these differences.

Lastly, the higher nitrogen isotope values after 1930 AD are due to the expansion of
agriculture and increased fertilizer use in the lake catchment, which was documented by Jinglu et
al., 2004. This precipitated a shift in the trophic status of the lake as well as lower lake levels
due to catchment water diversion for rice agriculture. Further increases in weight percent
organic matter also occur around the same time (Figure 6-9). Our data through this interval
differs significantly from the previous studies of Chenghai, which documented lower 580 and
S13C values of 1-2%o in the upper 10-15 cm of the sediment core (Chen et al., 2002; Jinglu et al.,
2004). This is unexpected given that lake level has recently declined (Whitmore et al., 1997),
which should have driven §'80 and §!3C values towards higher (rather than lower) values. This
assertion is further supported by the increase in the concentration of dissolved ions such as Mg?*,
Na*, and Fe*" and the overall lake salinity. The highest §'80 values of the entire record occur in
this last 50 years, signifying the lowest lake levels of the past 900 years and the sensitivity of the

lake to recent climate change.

6.5 CONCLUSION

This study records substantial anthropogenic impacts to Chenghai Lake as a result of land
use changes and catchment modification beginning by at least 1150 AD. The observed changes
in 880 of authigenic aragonite demonstrate that the isotopic response of a lake to intentional,

anthropogenic modification is similar to what would be expected for lower lake levels due to
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natural climate variability, that is, a shift towards higher 580 values due to evaporative
enrichment resulting from negative precipitation-evaporation balance anomalies. The
consequences of this anthropic activity can also be seen in the organic carbon cycle of the lake,
as more terrestrial organic matter washed into the lake resulting from lake level lowering. This
study underscores the idea that accurate interpretations of records of environmental variability in
regions of the world where humans have settled in large numbers require historical and
archaeological context. Furthermore, in such a setting where environmental geochemistry can be
influenced by a myriad of factors, a multi-proxy approach can aid in disentangling the impacts of
anthropogenic changes from more “natural” climate variability. This study adds to a growing
number of paleolimnological studies in Yunnan that document substantial human-induced
changes to lakes and their watersheds throughout the last several thousand years (Brenner et al.,

1991; Whitmore et al., 1994a).
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7.0 CONCLUSIONS

7.1 THE NATURE OF ANTHROPOGENIC IMPACTS TO YUNNAN LAKES

In answer to research question 1- ““To what extent can modern industrial pollution,

eutrophication, land use change, and hydrologic modification of lakes on the Yunnan

Plateau be regarded as a continuation of earlier human activities?”, we find substantial

evidence that the four Yunnan lakes investigated in this study have been influenced by

anthropogenic activity for millennia. Moreover, the scale of such pre-industrial modifications

are either equal or greater in magnitude than modern-day impacts.

Based on the geochemical nature of the observed anthropogenic impacts, we can divide

the four Yunnan lakes into two groups: 1) Xing Yun, Dian, and Chenghai; 2) Erhai. Broadly

speaking, the changes recorded in lake sediments from Group 1 include:

Increased deposition of fine-grained, iron-rich, red clay
Increased concentrations of elements such as iron and aluminum
Increased magnetic susceptibility values

Increased weight percentage of organic carbon and nitrogen

Higher 8'3Corg and 5'°N values
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These characteristics arise from two processes associated with land use change: 1)
increased soil erosion from the lake catchment and subsequent sediment accumulation in the lake
basin and 2) increased nutrient loading arising from agriculture and sewage causing cultural
eutrophication of the lake.

The timing of these changes in similar at both Xing Yun and Dian- between 200 and 500
AD. Unfortunately, the sediment core from Chenghai does not extend far enough to capture the
initiation of these sediment changes. At the very least we can conclude that since 1150 AD,
substantial anthropogenic impacts have occurred at Chenghai. While the timing of changes at
Xing Yun and Dian is similar, the shifts seen in Dian are not as dramatic or dynamic as the ones
seen in Xing Yun. Dian is a much larger lake than Xing Yun with a surface area and catchment
area approximately 10 times larger. Dian likely responds less sensitively to changes occurring in
the watershed and perturbations must be of a larger magnitude to be recorded. Alternatively, the
observed differences in the variables may be due to lower sedimentation rates in Dian (averaging
0.07 cm/year over the last 1,800 years in the A-12 cores) compared to Xing Yun (averaging 0.13
cm/year over the last 1,500 years) and consequent lower sampling resolution.

Erhai is the only lake in Group 2 where the anthropogenic impact is generally
characterized only by an increased concentration of heavy metals such as lead, zinc, cadmium,
silver, and copper. These impacts arise from a combination of two processes: 1) land use change
arising from agriculture and 2) atmospheric pollution associated with silver smelting. Initial
disturbance in the form of increased sediment accumulation and concentrations of metals takes
place between 250 and 400 AD associated with agricultural activities. However, from 1100-

1300 AD, the increased concentrations of metals likely occurs due to atmospheric pollution.
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Unlike the lakes in Group 1, the timing of these two processes do not appear to be directly
connected.

The division of these two groups does not fall out along geographic boundaries
(east/west) or physical lake characteristics (Table 1-1). This is contrary to the initial hypothesis
that the magnitude and/or timing of anthropogenic impacts might span a geographic gradient
since archaeological and historical records suggest that the eastern and western parts of Yunnan
have had differing cultural traditions (Elvin et al., 2002; Higham, 1996). Additionally, the
hypothesis that Xing Yun and Chenghai would be the most disturbed lake-catchment systems
was disproven since all lakes appear to be equally impacted by human activity.

The difference between Group 1 and 2 is likely due to the differing catchment soil types
since Erhai is surrounded by lithosols whereas Xing Yun, Dian, and Chenghai are surrounded by
chromic luvisols (Fengrang, 1990) (Figure 7-1). Lithosols are shallow and underdeveloped soils
comprised mostly of rock fragments (Canarache et al., 2006) that limits the potential for
catchment soil accumulation within the Erhai basin. By contrast, chromic luvisols are
characterized by clay accumulation due to moderate amounts of weathering of limestone and are
often reddish in color (International Soil Reference and Information Centre). The defining

characteristic of Group 1 lakes is the accumulation of these chromic luvisols in the lake basin.
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Figure 7-1- Soil map of A) Western Yunnan and B) Eastern Yunnan. Adapted from Fengrang, 1990.

A key finding of this research is that pre-industrial land use change has dramatically
altered the geomorphology of southwestern China; this has important implications for the
mobilization of sediments contaminated with heavy metals. As deforestation and land use
change has already led to soil loss within many lake catchments in Yunnan, the mobility of this
soil, likely high in concentrations of lead, silver, zinc, etc., may lead to further modern
contamination problems.

Despite documented land use change, both pre-industrial (Elvin et al., 2002; Shen et al.,
2006) and modern (Wang et al., 2004), Erhai does not display signs of cultural eutrophication
like the Group 1 lakes. While the isotopic composition of organic matter was not measured,

Erhai sediments do not display increased concentrations of phosphorus like Xing Yun, Dian, and
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Chenghai. This may be due to the lack of fine-grained clays in the Erhai catchment that can
contribute a significant portion of bioavailable phosphorus to lakes through adsorption and can
result in nutrient loading and eutrophication (Nowlin et al., 2005).

The timing of initial human disturbance at lakes Xing Yun, Dian, and Erhai appears to be
quite similar (between 200 and 500 AD). However, the intensification of this disturbance occurs
at slightly different times and matches closely with known historical and cultural changes-
between 1100 and 1300 AD at Erhai and Xing Yun with the establishment of the Yuan Dynasty
(the Mongols) and between 1500 and 1700 AD at Dian and Chenghai with the establishment and
decline of both the Ming and Qing Dynasties. Both these periods encompass significant cultural
changes and political upheaval.

The Mongols (ca. 1271-1368 AD) invaded Yunnan and formally annexed it, nominally
making it part of Chinese territory (Giersch, 2009). This was accompanied by extensive
building, land reclamation, and water works projects such as canals that fundamentally altered
Yunnan lake hydrology (Herman, 2002; Sun et al., 1986). When the Mongol Dynasty declined
and the Ming Dynasty (ca. 1368-1644 AD) replaced it, mining activity increased in Yunnan and
Han immigrants began settling in the province (Yang, 2009). These Han immigrants brought
iron plows with them and began extensively clearing land for the expansion of agriculture
(Marks, 2012). Adding to the political upheaval, water shortages were noted during the early
Ming Dynasty followed by slope instabilities and erosional problems in the late Ming (Elvin et
al., 2002). These environmental problems intensified during the Qing Dynasty (ca. 1644-1911
AD) (Elvin et al., 2002) as Han immigrants were able to push into mountainous areas previously
only accessed by the native populations, began practicing slash and burn agriculture with new

crops, and expanded mining activity (Giersch, 2009; Yang, 2009). We suggest that the observed
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intensification of anthropogenically-driven lake-catchment changes is tightly coupled to the

political and social changes taking place.

7.2 ISM VARIABILITY RECORDED IN YUNNAN LAKES

Only sediments from Xing Yun and Dian are old enough to extend beyond the influence
of human modification, record natural environmental change, and address research question 2-
“What is the timing and nature of abrupt shifts in moisture associated with Indian Summer
Monsoon (ISM) variability in the Pleistocene and Holocene?””. These records have extended
the spatial resolution of terrestrial hydroclimate variability of the ISM, that was previously
limited to mostly short, non-continuous speleothem records (Berkelhammer et al., 2010;
Fleitmann et al., 2003; Neff et al., 2001; Sinha et al., 2007) and ice caps (Thompson et al., 1989;
Thompson et al., 1998).

Elemental concentrations of Xing Yun sediments, which are at least 50,000 years old,
track changes in insolation, suggesting that the geochemical signal is primarily driven by
weathering and erosion resulting from precipitation associated with monsoonal variability. This
simple relationship breaks down from 42,000 to 35,000 years BP during Marine Isotope Stage 2
when Northern Hemisphere glaciers were extensive and likely caused the monsoon system to
weaken significantly (deMenocal and Rind, 1993). The preliminary results of the transect core
study at Dian also indicate low lake levels at 31-30 ka possibly due to a weakened ISM.

One of the most abrupt events in the past 20,000 years was the Younger Dryas cold event
that caused a weakening of the entire monsoon system (Sinha et al., 2005; Wang et al., 2005;

Wang et al., 2001) and was recorded in Dian sediments as an increase in dust arriving from the
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Tibetan Plateau. An unconformity in Xing Yun sediments prevented this event from being
recorded. The Holocene portion of the Xing Yun and Dian records are somewhat similar- both
records suggest a sustained gradual trend towards lower lake levels beginning around 8,000 to
7,000 years BP. Further drops in lake level take place at 5,500 years BP in Xing Yun and 4,000
years BP in Dian associated with declining summer insolation. Other studies have suggested the
possibility of this abrupt shift in aridity being linked with either North Atlantic cooling (Bond et
al., 1997) or more frequent ENSO events (Moy et al., 2002), that has the general effect of
weakening the ISM.

One notable difference between Xing Yun and Dian is the limnological response to
declining summer insolation throughout the Holocene. At Xing Yun, C/N gradually declines
while 813Corg and 5'°N values gradually increase, suggesting less terrestrial organic matter input
as lake levels steadily dropped. However at Dian, we observe the opposite trend with gradually
increasing C/N and decreasing 8**Corg and 8°N values indicative of more terrestrial organic
matter being delivered to the lake as shelf areas became exposed. This may be due to the large
differences in limnological characteristics. Dian is much larger in lake surface area, catchment
surface area, and shoreline distance and has more potential shelf area exposure as lake levels
drop.

All of these findings agree well with numerous previous findings that Northern
Hemisphere monsoonal systems respond to forcing from average summer insolation (Cheng et
al., 2012a) and that several abrupt shifts in monsoon strength took place over the Holocene in
conjunction with North Atlantic cooling events (Morrill et al., 2003). Other lake sediment
records from the Tibetan Plateau such as Paru Co (Bird et al., 2014) and Ahung Co (Morrill et

al., 2006) appear to agree particularly well with the Xing Yun record. What Dian and Xing Yun
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reveal in the context of previous paleoclimate studies is that changes in the strength of the entire
Asian Summer Monsoon system are broadly coherent from the Tibetan Plateau, through Yunnan,
and across to central and eastern China. This geographic extent covers not just the ISM but also
the EASM and yet changes in the two systems appear to be mostly coherent in terms of both
character and timing, as has been noted by other researchers. The initial hypothesis was that
differences in the timing of shifts between the ISM and EASM would be apparent. However, at
this time, our records are neither well-dated enough nor sampled at a high enough resolution to

determine this and this is a direction of future research.

7.3 LINKING HUMAN AND ENVIRONMENTAL CHANGE

We can learn from these four Yunnan lakes that an appropriate historical and
archaeological context must be applied to the interpretation of lake sediment records in regions
of the world with long histories of human occupation. Lacking this context, the analysis of
variables such as oxygen isotopes of carbonate materials, carbon and nitrogen isotopes of organic
matter, and trace element geochemistry becomes challenging, if not impossible. How much
weight should be assigned to natural climate change to account for shifts in these variables? If
shifts in these variables can be attributed to human activity, what type of activity can account for
the nature of the observed changes? These questions can only be approached with an integrated,
interdisciplinary framework (Figure 7-2). For example, previous work at Xing Yun by Hodell et
al., 1999 observed many of the same shifts in lake hydrologic balance that this study found.
However, they were incorrectly attributed to natural climate variability rather than anthropogenic

manipulation. Furthermore, lacking an appropriate historical context, the shifts in hydrologic
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balance observed at Chenghai may appear to be climatically driven when instead they are the
result of dam construction. A recognition and understanding of how human activities may

impact and/or bias paleoclimate records requires further work using this integrated framework.

A
N
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HUMANS ENVIRONMENT
| |

\/ N

Figure 7-2- The conceptual framework integrating humans, climate, and the environment (Brenner et al.,

2002).

In regards to research question 3- “What role has hydroclimatic change played in
human settlement and subsistence practices?””, we determined that anthropogenic
modification of lake hydrological balance prior to the 20" century was substantial. We may
speculate that this was driven by the need for control of vital freshwater resources for agriculture,
possibly in response to hydroclimate variability, but we cannot definitively make this link due to
the lack of appropriate archaeological and historical context. Similar to previous researchers
(Binford et al., 2000; Buckley et al., 201; Cullen et al., 2000; Hodell et al., 2001; Zhang et al.,
2008a), we find that making the connection between climate change and social change is often

limited by a lack of unambiguous proxy data wherein anthropogenically driven shifts can be
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straightforwardly separated from natural climate variability. As climate, especially monsoonally
driven climate, is spatially variable, we also find that a lack of nearby paleoclimate records
presents chronological control challenges that other past human-environmental studies have been
challenged by. The possibility of new, independent lines of evidence, such as the abundance of
fecal 5p-stanols (organic compounds deriving from feces of higher mammals) as an estimate for
human populations (D'Anjou et al., 2012) or the use of the hydrogen isotopic composition of
terrestrial leaf waxes, unaffected by human influence but abundant in lakes as recorders of the
isotopic composition of precipitation (Sachse et al., 2012), may resolve these challenges in the
future.

Future work beyond this dissertation is to enhance regional models of human-
environmental interactions by increasing the spatial resolution of sediment cores to other lakes
such as Qilu, Yang Zong, or Lugu (Figure 1-1) and extend the temporal resolution in lakes such
as Chenghai. Additionally, the possibility of utilizing techniques such as the abundance of fecal
5B-stanols coupled to estimates of hydroclimate change in the same sediment sequence offers
great potential to make a direct link between drivers of eutrophication and hydrologic change.
The ultimate aim of future research is to develop widely applicable analytical frameworks that

can be employed in other regions around the world.
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