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Abstract
Analysis of pollen, charcoal, and stable carbon and nitrogen isotopes (S^C and
515N) from a sediment core of Mongolian Lake Terhiyn-Tsagaan show increases
in moisture availability coincident with mid- to late Holocene expansion of the
Asian monsoon. The lake is freshwater and located in an intermontane
depression on the flanks of the Hangai Range of north-central Mongolia. The site
lies within the forest-steppe biome -400 m below tree line. The low C:N of the
sediments indicates that organic matter is primarily composed of autochthonous
material.
Artemisia and Chenopodiaceae pollen are indicators of dry steppe and semidesert vegetation, whereas Poaceae pollen is more abundant in humid meadowsteppe or forest-steppe assemblages. An aridity index, calculated by dividing
Artemisia + Chenopodiaceae by Poaceae pollen, is used to identify changes in
moisture availability. High aridity indices and spikes of charcoal influx record
relatively humid conditions at the site between 8.0 and 5.5 k years BP. Low
charcoal influx rates and peak values of the aridity index between 4.5 and 4.0 k
years BP correspond to a documented interval of drought in southern Asia and
northern Africa attributed to a weak Asian monsoon. A decrease in charcoal
influx since 7.5 k years BP combined with progressive increase in

indicates

increasing aridification from the mid-Holocene to nearly the present. Intervals of
humidification at Lake Terhiyn-Tsagaan are thus synchronous with the waxing
and waning of the Asian monsoon and out of phase with humid intervals

recorded at Lake Telmen, approximately 250 km to the northwest. It is possible
that the Terhiyn-Tsagaan drainage lies at the northern and/or western edge of
the region that received precipitation from an expanded Holocene summer
monsoon.
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1
Ch apter

i

• I n t r o d u c t io n

l.l Objectives and Research Questions
A primary objective of this study is to use lake sediments to extend the climate
records generated by Mongolian instrumental and tree-ring data in order to
assess the spatial and temporal range of natural climate variations throughout
the mid- to late-Holocene. Environmental changes for the past 8.4 k years,
specifically warming and aridification trends, are inferred from pollen, charcoal,
and stable isotope data extracted from Mongolian Lake Terhiyn-Tsagaan, a
freshwater lake located in northwestern Mongolia (Figure 1.1). Studying these
proxies made it possible to better understand how factors such as temperature,
fire frequency, and precipitation interact in a relatively arid continental setting.

Figure 1.1 Location o f Lake Terhiyn-Tsagaan

2
Mongolia is an important study region with regard to world climate for a
number of reasons. Some of the Earth’s most endangered biomes, such as
steppes, forest-steppes and desert-steppes are wide-spread in Mongolia, due to
low population density and preservation of a traditional herding and grazing
economy. In other areas these biomes have been decimated by anthropogenic
uses (Gunin et al., 1999). Mongolia’s climate is unique because the country is
deep within the Asian continent and, therefore, not directly influenced by ocean
temperatures or ocean circulation. Relatively few paleoclimate studies have been
completed for Mongolia, especially relative to neighboring China. Due in part to
the extreme continentality of the climate, Mongolia lies in an area where several
different monsoon systems, the Indian, Asian, Siberian and Pacific monsoons,
converge. Depending upon the exact location in the country and the time of year,
an area could be affected by one or more of these monsoon systems (An, 2000;
Heusser and Morley, 1997). The complex interactions of different circulation
patterns that occur in Mongolia not only make it a challenging and interesting
area to study, but also amplify the importance of understanding these
interactions.
1.2 Mongolian History
Mongolia is sparsely populated, with approximately 2 million inhabitants,
about one inhabitant per square kilometer (Hilbig, 1995). Population is not
evenly distributed throughout the country, as 1/3 of all Mongolians live in
Ulaanbaatar, the country’s capital, and half live in urban centers (Hilbig, 1995).

Historically, Mongols were a pastoral and tribal people, made up of a group of
disunified tribes. They were nomads who moved about on the steppe, herding
livestock, and they lived primarily on mutton or beef, and game (Alan, 1989).
Historically the Mongols depended upon their horses to herd livestock, and, later,
to ride into battle; they were taught from very young ages how to ride (Alan,
1989). Mongolian people today are still extremely dependent upon their livestock
(Gunin et al., 1999).
The Mongols were brought together in the early 13th century by a powerful new
leader named Timuchin, later renamed Genghis Khan, meaning universal ruler
(http://www.wsu.edu/~dee/CHEMPIRE/YUAN.HTM; Alan, 1989). Genghis
Khan unified the tribes, organizing an army of elite horseman to conquer an
empire that spread from Poland in the west to Siberia in the east and from
Moscow and Siberia to the north to the Arabian Peninsula and Vietnam in the
south (http://www.wsu.edu/~dee/CHEMPIRE/YUAN.HTM). Genghis Khan
died in 1227, but by 1241, the Mongols had conquered all of northern China
(http://www.wsu.edu/~dee/CHEMPIRE/YUAN.HTM) (figure 1.2).
It has been suggested that the motivation behind leaving Mongolia and
conquering neighboring lands was to take over rich agricultural regions, because
Mongolia’s pastures were inadequate (Alan, 1989). However, D’Arrigo et al.
(2001a) suggest that the extended warm period that prevailed in the early-middle
13th century may have been instrumental in the travels of Genghis Khan and his
followers, allowing for longer riding days and extended campaign seasons.

4

1.3

Climate

1.3 .1 Monsoon Circulation
Monsoons are seasonal transfers of heat between the ocean and land; they
arise because water responds much more slowly than land to seasonal changes in
solar heating due to its large heat capacity and high thermal inertia. Regional
differences in air temperature cause large-scale land-sea circulation (Ruddiman,
2001). There are two different patterns of monsoon circulation, the summer and
the winter monsoon. During summer, the dry air that is heated by the continent
rises; the upward movement of this mass of air produces a low pressure system
(figure 1.3A.). Cooler air is then drawn from the oceans toward the lower
pressure system. As the moist air flows inland, it joins the prevailing upward
motion. As it rises, the air cools and the water vapor contained within it
condenses, causing heavy precipitation and the release of large amounts of latent
heat trapped within the water vapor (Ruddiman, 2001). The most intense
summer monsoon circulation occurs over India, where heating of southern Asia
focuses a strong wet summer monsoon against the Himalaya Mountains
(Ruddiman, 2001).
The winter monsoon is essentially the opposite of the summer monsoon.
Because of the lower thermal inertia of the land, it cools far quicker than the
ocean. The cooled air sinks toward the land surface, creating a high pressure
system which forces cold, dry air to flow outward toward the oceans. This results
in seasonal changes in aridity (figure 1.3B.) (Ruddiman, 2001).

6

Figure 1.3 Large-scale monsoon circulations in summer (A) and winter (B).
Precipitation is heaviest in regions of low pressure (Pr) and upward movement of
air (modified from Ruddiman, 2001).

Seasonal circulation systems that influence Mongolian weather during the
summer months are the East Asian Monsoon, the Indian Summer Monsoon, the
north Pacific High, and El Nino Southern oscillation (ENSO) (Samel et al., 1999;
Yatagai and Yasunari, 1994; Yatagai and Yasunari, 1995). The summer low
pressure cell delivers precipitation from these monsoonal systems. Because
Mongolia lies near the edge of the summer monsoon circulation cells, no single
system dominates the climate throughout the year (Zhang and Lin, 1992).
Mongolia lies where the mid-westerly jet converges with monsoonal airflow from
the southwest (Zhang and Lin, 1992; Yatagai and Yasunari, 1995). The effect of
converging atmospheric circulation patterns is further complicated by variations
in regional topography (Yatagai and Yasunari, 1995).
During winter months Mongolian climate is dominated by the Asian Winter
Monsoon. Low land surface temperatures create a zone of high pressure, the
Mongolian High, the strongest cold anticyclone in the Northern Hemisphere
(Zhang and Lin, 1992). The Mongolian High causes cold, dry air to flow south
from Mongolia into China (Zhang and Lin, 1992).
1.3 .2 Modern Climate
Located in the interior of the Asian continent, Mongolia occupies a region of
extreme continentality. Annual temperatures in northern Mongolia range from a
mean summer maximum of 15°C to a mean winter minimum of -20°C.
Mongolian climate is extremely continental, with enormous temperature
fluctuations daily and annually. In the low elevation regions of the Gobi desert

minimum temperatures may reach -40°C. Winter is a still time of year, with long
intervals of clear skies and no wind. Winters are also extremely dry, and snow
cover is quite uncommon. Springtime remains dry, but there are strong air
movements, caused by rapid increases in temperature at the beginning of the day.
This rapid air movement commonly leads to dust and sand storms, which dry out
soil, reducing early plant growth and increasing fire danger. Summer is the least
arid season with about 70% of the annual precipitation. Temperatures in the
warmest month are around 15°C in the mountains, and range from 20 to 30°C in
the semi-deserts and deserts. The weather changes often in the summer months,
with periods of cool afternoon rainstorms punctuating otherwise warm sunny
days (Hilbig, 1995). Autumn is marked by a significant decrease in precipitation,
and an increase in sunshine (Hilbig, 1995).
The Mongolian high, also known as the Siberian high pressure cell or Asiatic
high, is often centered over northern Mongolia from winter through late spring
(Yatagai and Yasunari, 1995; Zhang and Lin, 1992), resulting in average snow
accumulations of 20 mm. Rainfall occurs primarily during the summer, when the
climate is influenced by the northern edge of the Asian low-pressure cell;
however Mongolia lies too far from the oceans to receive heavy monsoonal rains.
North of the Gobi Desert, summer precipitation averages -3 0 0 mm/year
(Tuvdendorzh and Myagmarzhave, 1985). Gobi desert precipitation is less than
100 mm/yr (Hilbig,

1 9 9 5 )-

Precipitation to this region is blocked by the Tibetan

Plateau and a series of mountains, the Himalayas, between the desert and the

source of precipitation (the ocean) (Chao and Xing, 1982, Yatagai and Yasunari;
1 9 9 5 )-

Between 1940 and 1975, at least half of Mongolia’s provinces experienced a
severe summer drought once every 3 to 5 years. In addition, there have been 11
severe spring droughts between 1940 and 1975 (Tuvdendorzh and
Myagmarzhave, 1985). General circulation models suggest that mid- to highlatitude droughts may become more frequent or extreme under conditions of
elevated temperature (Kattenberg et al., 1996). High temperatures increase
evaporation rates, which can lead to drought conditions, making it difficult to
sow crops and graze livestock. Amplified evaporation also takes water from
streams that are necessary for drinking (Karoly et al., 2003).
1.3 .3 Holocene Climate
Records from around the world reveal the Holocene as a time of unstable,
oscillating climates (Yafeng et al., 1993; Feng et al., 1993; Guo et al., 2000; Gasse
and VanCampo, 1994; deMenocal et al., 2000; Cullen et al., 2000; Drysdale et al.,
2006; Magny, 2004; Denton and Karlen, 1973; Guiyun and Dongsheng, 2002;
Chen et al., 1999; Marchant and Hooghiemstra, 2004). Though records differ
from region to region, several events are recognized on a global scale. Evidence
of a cool/dry interval around 8.2 k years ago is found in the Greenland Ice cores
(Ellison et al., 2006; Barber et al., 1999; Alley et al., 1997; von Grafenstein et al.,
1998; Stager and Mayewski,

1 9 9 7 ) ; as

well as sedimentary records from

Antarctica (Stager and Mayewski, 1997), East Africa (Gasse, 2000; deMenocal et

al., 2000), Sweden (Karlen, 1976), Canada (Fisher et al., 1995), Tibet, northwest
India, the Arabian Peninsula (Gasse and Van Campo, 1994), and the Laurentian
Great Lakes region (Rea et al., 1994). Greenland temperatures dropped by 4-8°C,
while decreases of i.5-3°C are recorded at marine and terrestrial sites around the
north-eastern North Atlantic Ocean (Barber et al., 1999). This change may have
been brought about by reduction of the North Atlantic Deep Water circulation,
caused by the catastrophic drainage of the Laurentide glacial lakes Aggasiz and
Ojibway (Ellison et al., 2006; Barber et al., 1999; Alley et al., 1997). In the
subpolar North Atlantic, this climate perturbation is marked by two distinct
cooling events at 8490 and 8290 years BP (Ellison et al., 2006). The 8490 event
is recognized through sedimentological evidence in the Hudson and James Bay
lowlands; the abrupt drainage of Lakes Aggasiz and Ojibway introduced
freshwater into the North Atlantic, depositing glacial-marine sediments directly
above proglacial lake sediments (Barber et al., 1999). Ellison et al. (2006) also
see evidence for this separate earlier event in their surface ocean proxies, % N.
pachyderma s. and the 8 l80 composition of the planktonic foram Globigerina
bulloides; they postulate that the 8200 event was not isolated, but a culmination
of the change that was initiated 200 years earlier.
The Holocene climatic optimum or Holocene thermal maximum began around
7.5 k years BP and lasted until approximately 3.5 k years BP, though it was
punctuated by many cooler phases (Tarasov et al., 2000b; Yafeng et al., 1993;
Zhou et al., 1991). This warm epoch is considered to be of global scale.

Simulations suggest that insolation increases raised summer temperatures to 24°C warmer than today, most notably in central Eurasia, Alaska and west-central
North America (Webb et al., 1993), evidence of a northward shift of forest
between 9 and 5 k years BP is found in northwest Canada (Nichols, 1975; Ritchie
et al., 1983), and temperatures in the Arctic were ~2°C warmer than present
(Kaufman et al., 2004). During this time period areas of China were 2-4°C
warmer than present (Winkler and Wang, 1993). Many Mongolian records show
high lake levels throughout this period, suggesting wetter conditions. Evidence
links Mongolian climate at this time to a strengthened summer monsoon,
therefore this was likely coupled with a warm interval as well (Tarasov et al.,
2000b). During this period an enhanced summer monsoon advected warm,
moist air from the ocean into the interior of Asia (Zhou et al., 1991). Simulations
using climate models show enhancement of land-temperature gradients due to
orbital forcing to be the cause of the strengthening of the mid-Holocene Northern
Hemispheric summer monsoon (Kutzbach and Liu, 1997).
A little more than 6 k years ago, warm and wet conditions prevailed in many
areas, including Africa (Gasse, 2000), Europe (Magny, 2004), and parts of China
(Yafeng et al., 1993). In areas that receive monsoon precipitation, precipitation
increases during periods of increased warmth (Roberts and Wright, 1993; Yafeng,
1993). Magny (2004) suggests a connection between the mid-European lake
level changes during the Holocene and changes in solar activity determined by
proxy using '^C. The production rates of cosmogenic nuclides are affected by

solar activity. Reduced irradiance is implied by increased *4C production rates
(Masarik and Beer, 1999). Increased solar radiation will result in higher
temperatures over continents, leading to lower pressure and increased airflow
from the ocean, greatly enhancing the monsoon circulation (Bradley, 1999).
Though Central Europe was not under the influence of the East-Asian monsoon,
it is clear that solar radiation changes had a profound effect on the climate of the
region during this time (Magny, 2004).
An epoch sometimes referred to as the neoglacial followed the mid-Holocene
warm phase, though the timing differs according to location. Cooling began
around 5 to 4.5 k years BP in parts of Asia (Yi et al., 2003), Europe (Deline and
Orombelli, 2005), North America (McFadden et al., 2005) and Antarctica (Hodell
et al., 2001; Noon et al., 2003). In other areas, such as Svalbard and East
Antarctica, neoglacial cooling began around 2.5 k years BP (Hodgson et al.,
2005). All accounts report this to be a time of decreased temperatures, renewed
glacial advances (Deline and Orombelli, 2005; Noon et al., 2003), and sea-ice
expansion (Noon et al., 2003). In general, it is believed that this neoglacial
period was brought on by a long-term decrease in summer insolation (McFadden
et al., 2005; Hodell et al., 2001), though there is evidence that sea-ice growth in
the South Atlantic sector of the Southern Ocean may have also provided positive
feedback that augmented cooling (Hodell et al., 2001).
Between 4.2 to 4.0 k years BP a large-scale cool/dry event took place in areas
of Asia, Africa, and the middle-east (Guo et al., 2000; Gasse and VanCampo,
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Cullen et al., 2000; Zhou et al., 1991; Chen et al., 1999; Marchant and

Hooghiemstra, 2004). A dry interval has been reported throughout China at ~
4.0 k years BP, based on pollen records and archaeological evidence (Guo et al.,
2000). This event was likely cool as well as dry, because arid conditions in China
tend to be associated with cooling events (Guo et al., 2000). Gasse and Van
Campo (1994), in a review of pollen and lake records from West Asian and North
African monsoon domains, found a major dry interval at ~4.2 k years BP in all of
their records, which include sites in Western Tibet and Rajasthan, Ethiopia,
Western Sahara, Sahel and subequatorial Africa. Russel and Johnson (2005)
studied lacustrine geochemistry from Lake Edward, Uganda-Congo, tropical East
Africa and found evidence of drought ~4 k years BP.
4.2

k years BP climate perturbations are also recognized in regions beyond the

influence of the monsoons. Jalut et al. (2000) identified changes in vegetation
that record the onset of aridification in the western Mediterranean, from south
east France to south-east Spain at approximately 4.3 k years BP.
By 4.3 k years BP the Akkadians had formed the world’s first empire, reaching
from the Persian Gulf (present day Iraq), to the headwaters of the Euphrates
River in Turkey (Kerr, 1998; Cullen et al., 2000). At -4.2 k years BP their
occupations were abruptly abandoned; evidence of expansive populations did not
appear again in this region until one thousand years later (Kerr, 1998; Cullen et
al., 2000; Weiss et al.,

1 9 9 3 )-

Examination of sedimentary facies from the

occupation sites reveals aridification and intensification of wind circulation at the

time of abandonment (Weiss et al., 1993).
The Medieval Warm Epoch (MWE), also known as the Medieval Warm Period,
began between 1.6 and 1 k years BP, and lasted until 0.7-0.8 k years BP
(Broecker, 2001; deMenocal et al., 2000; Lamb, 1965). During this period, the
Vikings established colonies in Greenland (Broecker, 2001) and temperatures in
England were i.2-i.4°C higher than in the subsequent period, which is known as
the Little Ice Age (LIA) (Lamb, 1965). Enhancement of thermohaline circulation
and Northern Hemisphere solar insolation have been cited as possible
mechanisms behind the climate change that brought about the Medieval Warm
Period (Broecker, 2001; Bradley, 2000; Nesje and Johannessen, 1992).
The LIA was one of the coldest periods in the last 12,000 years (Bradley et al.,
2003). LIA cooling is generally considered to have culminated between 0.5 and
0.3 k years BP (1500 through 1700 A.D.) (Castiglia and Fawcett, 2006; Broecker,
2001; Lamb, 1965), lasting until about 1900 A.D. (Winkler and Wang, 1993), with
temperatures ~i°C colder than today globally (Imbrie and Imbrie, 1979).
Evidence for LIA cooling is found throughout the northern hemisphere, in the
form of glacial advances recorded by moraines (Bradley et al., 2003; Broecker,
2001). The cooling of climate that led to the LIA is possibly due to a reduction in
solar energy at this time, known as the Maunder Minimum (Houghton, 2005).
The Maunder Minimum was a consequence of a slowing of the sun’s rotation
(Vaquero et al., 2002).
The Holocene has clearly been a highly variable time with respect to climate

change, and promises to continue along the same path, with rising temperatures
and increased drought exacerbated by global warming (Houghton, 2005). It is
important to study records of climate changes in order to understand the
interactions between different systems and anticipate the changes that may be in
store for us. In an agrarian society like Mongolia, where agricultural grazing
practices are central to the economic activity of much of the population, climate
changes could have profoundly detrimental effects on livelihood (Gunin et al.,
1999). Given the current warming trend, it is particularly important to
understand the consequences of increased warmth on vegetation distribution. In
this context, regional records of intervals such as the Holocene climatic optimum
are especially valuable.
1.3.4 Mongolian Climate Change Records
Mongolia’s climate has been reconstructed using a variety of proxies, including
lake status records (Harrison et al., 1996; Tarasov and Harrison, 1998; Tarasov et
al., 2000a), tree ring records (D’Arrigo et al., 2000; D’Arrigo et al., 2001a;
D’Arrigo et al., 2001b; D’Arrigo et al., 2005; Pederson et al., 2001; Jacoby et al.,
1996; Jacoby et al., 1999; Esper et al., 2002), pollen and/or plant macrofossil
data (Tarasov and Harrison, 1998; Tarasov et al., 1999; Tarasov et al., 2000a;
Tarasov et al., 2000b; Dorofeyuk and Tarasov, 1998; Fowell et al., 2003), diatom
records (Dorofeyuk and Tarasov, 1998; Tarasov et al., 2000b), and historical
records (Fang and Liu, 1992).

1.3 . 4*1 Lake Status Records
Past lake levels, along with pollen and macrofossil evidence from 13 lakes
throughout Mongolia (figure 1.4) show that conditions were generally drier than
present at 9.5 k years BP, wetter than present by 7.5 k years BP, and slightly drier
than present conditions around 7 k years BP. Between 2 and 2.5 k years BP
conditions were generally wetter than at present, thereafter becoming similar to
today. The investigators concluded that the most probable cause of Holocene
climate change in Mongolia is insolation induced strengthening of the summer
monsoon and the westerly flow (Tarasov et al., 2000a).
1.3 .4 .2 Lakes Telmen and Dood
Lakes Telmen and Dood are both located in northwestern Mongolia. Lake
Dood is a freshwater oligotrophic lake located in the Darhad Basin at 5i°2 o ’N,
99°23’E (figure 1.4), and 1538 meters above sea level (m.a.s.l.) (Wang, 2004).
Lake Telmen is located in an intermontane depression between the Hangai Range
to the south and the Bulnay Mountains to the north, at 48°50’N, 97°2o’E (figure
1.4) and 1789 m.a.s.l. (Fowell et al., 2003).
Wang (2004) used pollen analysis of Lake Dood sediment to reconstruct a 4.2
k year record of vegetation and climate in the Darhad Basin. Following a basal
period of warm, moist conditions, from 4.2 to 2.9 k years BP, aridity began to
decrease. Between ~i.9 k years BP until -1.4 k years BP the region experienced
maximum aridity. Temperature and humidity then increased until ~930 years
BP, when another arid interval occurred. A third pulse of aridity occurred 550
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Figure 1.4 Mongolian lakes included in lake status study (Harrison et al., 1996;
Tarasov and Harrison, 1998; Tarasov et al., 2000a). Also location of Lake
Telmen, studied by Fowell et al. (2003) (modified from Hilbig, 1995).

years BP, following a return to more humid conditions. Since that time humidity
has been increasing in the Darhad Basin region.
Vegetation and climate of the Lake Telmen basin were reconstructed by Fowell
et al. (2003). An arid phase between 7.0 k years BP and 4.5 k years BP was
followed by an interval of maximum humidity that lasted until -1.6 k years BP.
At this time, the region underwent a brief, 400-year aridification. Humid
conditions returned at ~i.2 k years BP and persisted throughout the MWE.
Humidity decreases slightly at the onset of the LIA, then increases to the present
day.
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i- 3 *4*3 Tree-Ring Studies
1.3 .4 .3 .1 Solongotyn Davaa
The Solongotyn Davaa study site is located at tree-line in the Tarvagatay
Mountains in northwestern Mongolia, approximately 120 km from the site
examined in this thesis, Lake Terhiyn-Tsagaan (figure 1.5). Because the samples
are from a tree-line site, temperature is the major factor that limits growth of
trees, and determines ring widths (Jacoby et al., 1996). The most recent 450
years of record are based on living trees (Siberian pine), while the older part of
the record is based on relict wood material (D’Arrigo et al.,
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Figure 1.5 Map of Mongolia with location of tree-ring sites and Lake TerhiynTsagaan. MATRIP sites are marked by orange stars, while magenta sites are from
Pederson et al., 2001. Sol Dav is marked by a purple star (modified from Hilbig,
1 9 9 5 ).

2001a). Tree-ring based temperature reconstructions for the last 1738 years
reveal the 20th century to be a period of unusual warmth (D’Arrigo et al., 2001a;
Jacoby et al., 1996). Periods of notable warmth around 1.2 k years BP and in the
early 1400s seem to correspond to the Medieval Warm Epoch (D’Arrigo et al.,
2001a). The most pronounced, sustained cooling event at this site is in the
1800s, during the LIA (D’Arrigo et al., 2001a). This chronology has
demonstrated that 20th century warming and 19th century cooling are the most
pronounced features of the entire record (D’Arrigo et al., 2001a).
In addition to ring widths, the samples were examined for wood breakage due
to frost (D’Arrigo et al., 2001a), indicative of extreme and/or unseasonal cold
(Zhang et al., 1996). One of the most significant such occurrences is in AD 536
(1470 years BP), which happens to be at the onset of an unusually cold decade,
brought about by the eruption of an unknown volcano (D’Arrigo et al., 2001b).
1.3 .4 .3 .2 Northeastern Mongolia
Reconstruction of precipitation and stream-flow from a 345 yearlong tree-ring
record from 2 sites in northeast Mongolia, Urgun Nars and Zuun Mod (figure 1.5)
reveals bidecadal periodicity, possibly indicative of solar influence on
precipitation. However, the authors determined that temperature and
precipitation are negatively correlated in this part of Mongolia implying that
Northeast Mongolia does not receive precipitation from an expanded Asian
summer monsoon (Pederson et al., 2001).

1.3 .4 -3-3

Mongolian-American Tree-Ring Project (MATRIP)

The Mongolian-American tree-ring project (MATRIP) includes twelve sites
throughout Mongolia (figure 1.5), including two sites at elevational tree-line,
lower forest border sites where the trees and grasslands begin, and several
intermediate sites. Three of the sites are at or very near the lower forest border,
where moisture is the dominant limiting growth factor. The main species used
are Siberian pine (Pinus sibirica), Scots pine (Pinus Sylvestris), and larch (Larix
sibirica); with a few very young Siberian spruce (Picea Obovata) (Jacoby et al.,
1999). Living trees were as old as 500 years. The study concluded that there is
evidence of a warming climate in Mongolia during the 20th century, accompanied
by an increase in precipitation in recent decades. Precipitation variations
observed from these records appear to have a periodicity that is related to solar
variability (Jacoby et al., 1999), at the same scale as the periodicity found by
Pederson et al. (2001).
1.4 Proxies o f Past Environments
As a source of multiple climate proxies, lake sediments provide evidence of
ecosystem change over longer temporal scales than can be obtained from treerings or historical records. For studies concerning the terrestrial realm, only lake
sediments have the spatial distribution and temporal resolution necessary to
capture the full range of climate change (PARCS, 1999). Lake cores can yield
high-resolution paleoclimate records when sediment accumulates rapidly in a

central depositional basin. Pollen assemblages from lakes located near an
ecotone are particularly sensitive recorders of climate change.
Lake Terhiyn-Tsagaan is located within the Tariatskaya Depression, in the
Hangai Range in north-western Mongolia. The lake lies near tree-line within the
forest-steppe biome (Sevast’yanov et al., 1989;
http://wwi.ncdc.naoo.gov/pub/data/paleo/paleolimnology/lakelevels/formeruss
r/lake_descriptions/textfiles/terkhiin.txt). In this thesis, charcoal analyses,
values, and C/N from total organic matter in lake sediments are compared to
more conventional palynological proxies to augment vegetation and paleoclimate
reconstructions based on pollen analysis.
1.4 .1 A M S Radiocarbon Dating
Accelerator mass spectrometry (AMS) radiocarbon dating differs from
conventional radiocarbon dating. Rather than measuring the amount of

in a

sample by counting p-particle emissions, the concentrations of the individual
carbon ions (12C, 13C, and 14C) are measured. AMS utilizes an accelerator coupled
to a mass spectrometer, in which ions are accelerated to very high velocities and
sent through a magnetic field that separates the different ions, which are then
counted. AMS dates are not reported as a single date, but as a probable date with
an error of ± x number of years (Bradley, 1999).
1.4 .1.1 Advantages o f A M S Dating
The advent of accelerator mass spectrometry (AMS) radiocarbon dating has
simplified radiocarbon dating. Only 1 mg of carbon is required for AMS dating,

as opposed to the 100 g required by conventional radiocarbon dating techniques
(Bradley, 1999). The small sample size allows more precise dating of sediment
intervals.
The chronology for the Terhiyn-Tsagaan core is based on pollen separates.
Pollen concentrates can be separated from bulk sediment samples and dated;
these results have proven to be more consistent and precise than radiocarbon
dates on bulk sediment samples (Brown et al., 1989, Brown, 1994). This
procedure is especially useful in palynological studies, since the dating procedure
is being performed directly on the proxy climate indicator being studied (Brown,
1994). Brown et al. (1989) found dates derived from pollen concentrates to be
statistically indistinguishable from established dates for a particular interval. In
the same study, dates of bulk sediment showed much less internal consistency
than dates of pollen concentrate, meaning that dating duplicate bulk sediment
samples is more likely to return dissimilar dates. These results provide evidence
that bioturbation and contamination can be a significant source of error when
dating bulk sediments. In addition, the use of

dates from pollen fractions

eliminates the “hard water” effect as a cause of

dating errors. The hard water

effect is caused by inclusion of a significant fraction of total organic carbon from
the remains of aquatic plants that consumed
dissolved C0 2 derived from
1 9 9 4 ).

depleted bicarbonate and/or

depleted geological carbonate materials (Brown,

1.4 .1.2 Limitations o f AM S Dating
AMS has improved many aspects of radiocarbon dating. However, some of the
limitations of conventional radiocarbon dating remain. The limitations discussed
here include only those relevant to this study. Materials younger than 150 years
old cannot be reliably dated with radiocarbon techniques, because they are
affected by carbon input from the burning of fossil fuels. In addition, dates older
than 45,000 years should be questioned because the amount of

remaining in

the sample is extremely low, increasing errors introduced by small amounts of
modern carbon (Bradley, 1999).
Contamination is a constant issue when considering the validity of
radiocarbon dating results. Bioturbation of sedimentary layers is a common
source of contamination, especially in productive lake-bottom environments.
Carbonate materials within samples can also be a source of contamination,
because they are susceptible to contamination from modern carbon during
interaction with rainwater or groundwater. Carbonate materials can be removed
with hydrochloric acid (HC1) to avoid potentially contaminated carbonate
materials (Bradley, 1999).
1.4.2 Palynology
Palynological analysis is a well-documented proxy for vegetation
reconstructions (Moore et al., 1991; Traverse, 1988). The composition of fossil
pollen and spore assemblages provides a record of past vegetation (MacDonald,
1989; Prentice, 1986). Vegetation composition is determined largely by

temperature and/or moisture availability, depending upon the site. Changes in
abundance of taxa in the pollen record imply a change in vegetation, and hence
change in climatic conditions. In many cases the long term records that can be
produced from palynological studies are unavailable from any other source
(MacDonald, 1989).
1.4 .2 .1 Semi-quantitative Indices
Changes in vegetation cover caused by climatic changes can be assessed by
applying an index. Semi-quantitative palynological indices are sensitive to
climate variations, and are extremely easy to calculate (Gasse and Van Campo,
1994). One such index is the arboreal/non-arboreal pollen ratio (AP/NAP), the
ratio of tree pollen to all other types, such as shrubs and herbs. This index is
useful for study sites that are located at tree-line, where lower ratios would reflect
tree-line retreat (Gasse and Van Campo, 1994). Similarly, a forest-steppe index
(FSI) reflects the prevalence of either tree-dominated forest or grass- and herbdominated steppe taxa. This index is calculated by dividing the sum of forest
types (Pinus, Picea, Betula, Alnus, etc.) by the sum of steppe pollen types
(Chenopodiaceae, Poaceae, Artemisia, and Larix) plus the numerator, and
multiplying the result by 100. The FSI is an indicator of cold (steppe vegetation)
vs. warm (forest vegetation) conditions, first used by Traverse in the Black Sea
region (1988).
For an index to be useful, it should use at least two pollen taxa that have
identical preservation conditions, close climatic requirements, close flowering
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periods, and high relative representation (Gasse and Van Campo, 1994). The
aridity index employed by Fowell et al. (2003) uses the relative abundance of
Poaceae, Artemisia, and Chenopodiaceae pollen to distinguish between dry and
humid steppe vegetation. Chenopodiaceae and Artemisia are strong indicators of
dry steppe and semi-desert regions, while Poaceae is typical of relatively moist
steppe environments. The ratio of Artemisia + Chenopodiaceae to Poaceae has
been shown to be an effective proxy for moisture availability in north-central
Mongolia through comparison with sedimentological data and lake level proxies
from the Lake Telmen basin (Fowell et al., 2003). This index is applicable to
pollen records from Terhiyn-Tsagaan because the three taxa are relatively
abundant.
1.4 .2 .2 Limitations of Palynological Analysis
A major problem with palynological analysis is the possible misidentification
of palynomorphs by an inexperienced investigator; this could seriously alter the
outcome of the analysis. Misidentifications were avoided by using type slides for
reference during counting. Another problem that arises is the difference in the
quantity of pollen produced by different plant taxa (Faegri and Iverson, 1989;
Moore et al., 1991). This difference is more or less linked to the mode of
pollination utilized by the plant. Plants that are anemophillous (wind-pollinated)
such as pine and spruce trees produce relatively large amounts of pollen, whereas
plants that are autogamous (self-fertilizing) rarely release any pollen into the
environment and therefore are under-represented in the pollen record (Faegri
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and Iverson, 1989). Zoophillous (insect-pollinated) plants also tend to produce
considerably less pollen than those that are wind-pollinated, and therefore these
plants will be underrepresented in the pollen record as well (Faegri and Iverson,
1989). A related consideration is the extent of pollen distribution, which can also
affect fossil concentrations; anemophillous pollen is better suited for wide
distribution, therefore it may be found great distances from the point of origin
(Faegri and Iverson, 1989).
Studies of atmospheric pollen rain indicate than Artemisia and
Chenopodiaceae are both high pollen producers, while Poaceae pollen production
is comparatively low (Van Campo et al., 1996; Gunin et al., 1999). Therefore,
pollen percentages are not directly representative of the abundance of actual
plants, but are proportional to the floral composition. Pinus is also an extremely
high pollen producer (Traverse, 1988). Additionally it has extremely buoyant
grains, due to its bisaccate morphology, that allow it to travel long distances
(Faegri and Iverson, 1989).
In addition to the production and dispersal of pollen grains, abundance
within fossil assemblages can also be affected by preservation potential. Some
pollen types, such as Larix (larch) pollen, are rarely preserved, as these grains are
easily destroyed by oxidation, mechanical abrasion during transport, and
chemical treatment of sediment during pollen analysis (Gunin et al., 1999). In
addition to its poor preservation potential, Larix has a very short dispersal area
(usually less than 200-350 m from the tree). Because of its poor preservation

and small dispersal area, Larix is not likely to be proportionally represented in
the pollen record, despite its high pollen productivity (Gunin et al., 1999).
Therefore, Larix found in the pollen record from a lake core is highly indicative of
it’s presence in the immediate vicinity of the lake.
1.4 .3 Charcoal Analysis
Analysis of charcoal from lake sediments is used to reconstruct fire histories
and evaluate the link between climate and fire frequency (Patterson et al., 1987;
MacDonald et al., 1991; Umbanhowar, 2002; Umbanhowar, 2004a;
Umbanhowar, 2004b). Length to width ratio (L/W) and charcoal influx are
taken into consideration during analysis (Patterson et al., 1987, MacDonald et al.,
1991; Ritchie, 1995; Umbanhowar, 2004a; Umbanhowar 2004b). L/W is greater
for charcoal fragments from burned grass than for charcoal from burned wood or
leaves (Umbanhowar and McGrath, 1998). Therefore, the length/width ratios
give an estimate of dominant vegetation type being burned. Charcoal influx is an
indicator of fire frequency, which is linked to moisture availability (Umbanhowar,
2004a; Umbanhowar, 2004b; Millspaugh et al., 2000). Increased charcoal influx
could be correlative to dry conditions in an ecosystem in which trees are
prevalent. Conversely, high charcoal influx may indicate moist conditions in an
herb/grass dominated environment; when productivity is high due to increased
moisture, large amounts of fine fuels are available (Umbanhowar, 1996; Clark et
al., 2001). The Terhiyn-Tsagaan region is dominated by herb/grass vegetation;
therefore the latter relationship is expected.
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1.4 .3*1 Charcoal

Identification

Larger particles of charcoal (>125 |am) are thought to reflect local history;
smaller (< 125 pm) particles likely represent charcoal that has been corroded
during extended transport (Umbanhowar and McGrath, 1998). Through an
experimental study in which grasses, leaves, and wood were burned under
controlled conditions, Umbanhowar and McGrath (1998) found that different
materials produced distinctive shapes (figure 1.5); grass and wood particles are
relatively rectangular in shape, whereas leaf charcoal particles tend to be more
polyhedral. Charcoal fragments from leaves also have a more reflective surface
(figure 1.6). Based on these observations, it is possible to identify the burned
material and infer general local vegetation type from charcoal fragments.
While determination of charcoal shape and concentrations permits
reconstruction of fire history and aids in identification of bulk local vegetation, it
is also used as a proxy for moisture availability. In a study of fire frequency and
climate over the last 17 k years in Yellowstone National Park, Millspaugh et al.
(2000) linked greater fire frequency, implied from increased charcoal influx, to a
warmer, drier climate. On the other hand, Umbanhowar (2004a; 2004b; 1996)
and Clark et al. (2001) suggest positive correlation between fire frequency and
moisture in grass-dominated ecosystems. During wetter years, increased
moisture enhances grass productivity, leading to higher loads of fine, easily dried
fuel for fires (Umbanhowar, 2004a). Therefore, depending upon the dominant

Figure 1.6 Different types of charcoal. Clockwise from top left: Grass charcoal,
leaf charcoal, wood charcoal (pictures by Umbanhowar:
http://www.stolaf.edu/people/ceumb/research/Mongolia).
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vegetation, peaks in charcoal influx could imply increased humidity or increased
aridity.
The Terhiyn-Tsagaan drainage has been covered with a combination of steppe
and forest steppe taxa throughout the Holocene
(http://www.esd.ornl.gov/projects/qen/). The dominant vegetation type in the
charcoal fragments can be determined from the L/W ratio. A small L/W
combined with low charcoal influx implies a time of low grass productivity. By
comparing L/W ratios and influx data to palynological analyses, it may be
possible to link vegetation, productivity, fire history and moisture availability.
1.4.4 Stable Isotope Analysis
Carbon and nitrogen stable isotopes of lacustrine sedimentary organic matter
are often used as environmental proxies (Meyers, 1994; Herczeg et al., 2001).
They can be used along with C/N to reconstruct past productivity, temperature,
and humidity/aridity (Meyers, 1994, Herczeg et al., 2001; Muzuka et al., 2004;
Wang et al., 2002; Watanabe et al., 2004). In this study the stable isotope results
are used largely as a measure of productivity.
When interpreting the results of the stable isotope analyses the actual value is
not always important. Rather, shifts that indicate increasing input from other
sources, or increased or decreased productivity within the environment are
emphasized.

l. 4 -4-1 C/N Ratios
Organic matter in sediments is derived from two sources: matter produced
within the lake by photosynthesis (autochthonous); and organic matter from
outside the lake delivered either by stream transport or from the air
(allochthonous) (Herczerg et al., 2 0 0 1 ) . These two sources of organic matter have
distinctive C/N ratios. Terrestrial organic matter is characterized by extremely
variable C/N ratios, ranging from
greater than
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(Herczerg et al.,

fall between 4 and

10

10 -4 0 ,

2 0 0 1).

though the majority of the values are

C/N ratios of lacustrine algae typically

(Meyers and Horie,

19 9 3 ).

Thus, C/N ratios of sediment can

be used to determine the dominant source of organic matter within an aquatic
system (Meyers and Horie,

19 9 3 ;

Wetzel,

19 8 3 ).

Relative proportions of

terrestrial vs. lacustrine organic matter can also be used as a proxy for
precipitation; increased input of allochthonous material (implied by a higher C/N
ratio) implies substantial precipitation events, leading to increased runoff from
terrestrial sources (Bernasconi et al.,

19 9 7 ) .

1.4 .4.2 S ^C
8 ' 3C values

of plants differ according to a number of factors, including

photosynthetic pathway, temperature, lake productivity, input by macrophytes
and atmospheric CO2. Plants that use the C3 pathway generally require humid
conditions and a large amount of water for growth, and tend to have S^C values
around -2 4 % o to -3i%0 (Muzuka et al., 2 0 0 4 ) . Plants that use the C4 pathway are
adapted to higher temperatures, are often drought resistant, and use water more

efficiently; this group includes many tropical and temperate grasses (Muzuka et
al.,

2 0 0 4 ) . C 4 plants

have

values ranging from - 8 % o to -i6 % o (Meyers,

19 9 4 ) .

The majority of terrestrial plants in Mongolia today use the C3 photosynthetic
pathway (Pyankov and Black, 1998). In fact, the proportion of C4 species in the
Mongolian flora is only -3.5% (Pyankov et al., 2000). Of the C4 species in
Mongolia, 70% belong to Chenopodiaceae and Poaceae. The occurrence of C4
species increases with decreasing latitude, and the majority of Mongolian C4
chenopod species inhabit the Gobi desert (Pyankov and Black, 1998). The largest
proportion of C3 grasses is present in areas with relatively cool and moist climates
in the north and central mountain ranges (Pyankov et al., 2000). Lake TerhiynTsagaan lies in the foothills of the north central Hangai Range, so it is safe to
assume that the majority of plants in this region employ the C3 photosynthetic
pathway.
In addition to photosynthetic pathways, temperature, lake productivity, and
input by aquatic macrophytes can affect 8 ’3C values in lacustrine sediment
(Hakansson, 1985; Meyers and Horie, 1993). Biota in lakes selectively
incorporate 12C rather than *3C during formation of organic matter. The amount
of discrimination against ^C depends upon the concentration of dissolved C0 2
available. If the atmospheric concentration of C0 2 is low, higher demand for C0 2
can lead to less discrimination against ^C, and more enriched S^C values
(Hakansson, 1985; Neumann et al., 2002; Stuiver, 1975).
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Increasing productivity leads to a decrease in the availability of C0 2,
weakening discrimination against
an increase in sedimentary

in aquatic photosynthesizers, and causing

values (Myers and Horie, 1993; Teranes and

Bernasconi, 2005; Jinquan and Jinling, 2000). An increase in aquatic
productivity is likely to accompany an increase in temperature. Aquatic
productivity can also be enhanced by increased runoff, which can wash large
amounts of nutrients into the basin. In this case, increased productivity again
decreases the availability of C0 2, leading to a decrease in discrimination against
J3C in aquatic photosynthesizers (Myers and Horie, 1993; Teranes and
Bernasconi, 2005). Therefore, an increase in sedimentary

values can be

indicative of increased productivity due to a warmer and/or moister climate
(Jinquan and Jinling, 2000).
1.4 .4 .3

8 »5N

Nitrogen stable isotope values can be used to determine the source of organic
matter in aquatic environments (Muzuka et al., 2004). Stable isotope
compositions of terrestrial material are depleted in ^N relative to aquatic plants
by a minimum of 4%o (Letolle, 1980). During times of greater moisture
availability and higher rates of nutrient input, primary productivity will be
increased, enriching the ^N of the lacustrine organic matter (Muzuka et al.,
2004). This occurs because phytoplankton are forced to use all available N 0 3,
decreasing discrimination against ^N. Changes abundances of N-fixing and nonN fixing phytoplankton taxa will also lead to variations in nitrogen isotope
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abundances in the sediment; nitrogen fixing species are able to fix atmospheric
nitrogen when dissolved inorganic nitrogen concentration is low, resulting in
lower

values (Herczeg et al., 2001).
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Ch apter 2 • Backgro und
2.1 Physiography
Mongolia is a relatively high, mountainous country, with most of the land area
at 1500 m or more above sea level (figure 2.1) (Gunin, 1999). South-facing slopes
tend to be steep and stony, whereas North-facing slopes are much gentler; this
asymmetry is due to underlying structure of the region (Gunin, 1999). The
topography throughout the majority of Mongolia is controlled by large-scale
block faulting and brittle deformation (Tapponnier and Molnar, 1979). The
overall tectonic regime of Mongolia is related to the convergence of India and
Eurasia, beginning with their collision in the Eocene, and continuing to the
present time. This same collision caused the uplift and evolution of the
Himalayas (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979;
Tapponnier et al., 1982; Molnar and Qidong, 1984). Since the initial suturing of
the two continents, India has, for the most part, remained rigid, penetrating at
least 2,000 km into Asia (Molnar and Tapponier, 1975; Molnar and Tapponier,
1981). A large part of the active deformation of the central Asian continent can be
attributed to giant (up to thousands of km long) strike-slip faults that allow
extrusion of the Asian crust and lithosphere sideways, mostly to the east (figure
2.1) (Taponnier et al., 1982).
Mongolia is characterized by large lakes often located between mountain belts
and within intermontane depressions (Gunin et al., 1999). Lake Terhiyn
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Figure 2.1 Tectonics of central and eastern Asia (modified from Molnar and
Tapponier, 1975).

1

Tsagaan is located within the Tariatskaya Depression, which is a graben-like
structure on the northern side of the Hangai Range (figure 2.2). A graben is
defined as a down-dropped and un-rotated block bounded on either side by
inward dipping normal faults (Davis and Reynolds, 1996). The Hangai Range is a
dome-like shield that is tectonically complicated by block faulting. The
Tariatskaya depression formed during the Tertiary, probably coincident with the
rifting in the Baikal region (Press et al., 1986).
Just north of Lake Terhiyn-Tsagaan, around 490 N, is the Bolnai Fault, which
extends in an east-west direction for 500 km, from ~92°3o’E to ~99°2o’E
(Tapponnier and Molnar, 1979). The Bolnai Fault is a remarkably linear,
continuous, active, left-lateral strike slip fault (Tapponnier and Molnar, 1979).
East-northeast trending normal faults are evident near the eastern end of the
fault, while at the western end some active reverse faulting is apparent
(Tapponnier and Molnar, 1979).
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Figure 2.2 Elevation map of Mongolia, illustrating major mountain ranges and
drainage basins in north-western Mongolia (modified from Gunin et al., 1999).
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2.2 Rivers
Rivers are concentrated in Northern Mongolia, indicating an increase in
aridity from north to south (Gunin et al., 1999) (figure 2.3). The largest
Mongolian river system is formed by the Selenge River, with the tributaries Ider,
Orkhon and Khara-Gol. This system drains nearly 1/3 of the country, ultimately
emptying into Lake Baikal, just north of the Mongolian Border (Gunin et al.,
1 9 9 9 ).

Southern Mongolia’s aridity is a product of its geographic location, the
prevailing atmospheric circulation, and geomorphic features surrounding the
area (Sung-Chiao, 1981). Specifically, the Gobi desert in southwestern Mongolia
is a long distance from moisture sources (oceans). Precipitation is also blocked
from the south, east and west by large physical features, such as Greater Hinggan
Mountain, In Shan, Helan Shan, Gelin Mountain, Tian Shan, Kunlun Mountain,
and others (Sung-Chiao, C., 1981).
2 .3 Vegetation of Present Day Mongolia
The geobotanical diversity of Mongolia is exceptionally high, with an extremely
wide range of vegetation zones from the northern part of the country to the south
(figure 2.4b) (Gunin et al., 1999). About 4% of the country is covered by boreal
forest, or taiga, dominated by Pinus sibirica (Siberian pine), Larix sibirica
(larch), and Abies sibirica (fir). 25% is covered by forest-steppe, which is
dominated by larch, Siberian pine, Betula (birch), and Populus (aspen) (Hilbig,
1 9 9 5 )-
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Figure 2.3 Major Mongolian rivers (modified from Gunin et al., 1999).
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The northern half of Mongolia is dominated by steppe and forest-steppe
vegetation, with small areas of desert-steppe, taiga, and alpine plant
communities. Steppe vegetation consists of forb-sedge-grass assemblages (Gunin
et al., 1995). A comparison of precipitation gradients and plant biome
boundaries (Figure 2.4a and b) suggests that there is a strong correlation between
annual precipitation and vegetation cover. In addition to precipitation levels, the
topography of Mongolia has a profound effect on the distribution of vegetation
types. The mountainous relief creates an altitudinal differentiation of vegetation,
which leads to numerous sharply contrasted vegetation zones in relatively small
areas (Gunin et al., 1999).
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Figure 2.4 Total annual precipitation (A) and vegetation zones (B) of Mongolia
(modified from Hilbig, 1995).

2.4 Wind Patterns
Prevailing wind-direction is predominantly westerly (Tuvdendorzh and
Myagmarzhav, 1985). Air masses are somewhat blocked from entering Mongolia
by the mountain ridges of the Baikal region in the north, Sikote Alin and
Dzhugdzhur in the Far East, and the Caucasus, Pamir and Tien Shan to the South
(figure 2.5). This leaves the west, which is generally flat, with the exception of the
Ural Mountains, which are not sufficiently high to block the westerly airflow into
Mongolia. Air masses from the Arctic region are often able to make it past the
mountains in the north and can strongly influence regional climates (Tarasov and
Harrison, 1998). Winds are generally stronger in the spring and summer
months, with winter months being very still (Gunin et al., 1999).
2.5 Lake Terhiyn Tsagaan
2 .5 .1 Location
Lake Terhiyn Tsagaan is located at 48° io 'N latitude and 99°43'E longitude
(figure 2.6), at 2060 m above sea level. It lies within the Tariatskaya Depression,
on the northern slope of Hangai Range (Press et al., 1986) (Figure 2.2).
2.5.2 Vegetation
The lake sits within the forest-steppe biome, approximately 400 meters below
treeline. Steppe vegetation in the Terhiyn-Tsagaan region includes forb-grasses.
Forest vegetation includes Larix sibirica (Siberian Larch), pinus

West/Northwest from Atlantic Ocean
North From Arctic Ocean
Hast from PacificOcean

Figure 2.5 Major wind directions over the Eurasian continent. Mongolia receives
air masses from the Atlantic Ocean, the Arctic Ocean, and to a lesser extent, from
the Pacific Ocean (modified from Tarasov and Harrison, 1998).
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Figure 2.6 Location of Lake Terhiyn Tsagaan, showing topography; star marks
location of core (modified from Defense Mapping Agency, 1989).

sibirica (Siberian pine), and Pinus sylvestris (Scots pine). Areas of tundra
vegetation lie within 20 km of Lake Terhiyn-Tsagaan; the predominant
vegetation in such regions is moss-sedge meadows, in combination with tundra
communities. Terhiyn-Tsagaan lies 30 km north of a belt of taiga that traverses
the northern flanks of the Hangai range. Taiga taxa in the region include Larix
sibirica and Pinus Sibirica (Gunin and Vostokova, 1995).
2 .5.3 Lake Basin
Lake Terhiyn Tsagaan is a fresh-water overflowing oligotrophic (low nutrients
and sparse vegetation) lake (http://www.ilec.or.jp/database/asi/dsasio47.html).
The lake covers an area of 61 km2, it is 16 km long, with a maximum width of 4.5
km, a maximum depth of 20 m (Sevast’yanov et al., 1989), and a catchment area
of 5,800 m2 (http://www.ilec.or.jp/database/asi/dsasio47.html). Sources of
input to the lake include small streams and rainfall. Outflow is through the
Sumein River which flows into the Orkhon River, which in turn flows into the
Selenga River (figure 2.3).
(http:wwwi.ncdc.noaa.gov/pub/data / paleo/paleolimnology/lakelevels/former_u
ssr/lake-descriptions/textfiles/terhkiin.txt).
2.5 .4 Lake Formation
2 .5 .4 .1 Volcanism
There are presently six volcanic cones in the Taraiatskaya Depression
(Whitford-Stark, 1987). Volcanic flows in the Depression are of three general
ages (figure 2.7). The oldest flows in the area are Miocene in age (not shown in
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figure) and basaltic. Pliocene flows consist of pyroxene trachybasalts, trachitic
andesite basalts, potassic liburgites and augitites, along with zenoliths of
sanidine, peridotite, and spinel-lherzolite (Whitford-Stark, 1987). Lower
Pleistocene basalts are comprised of potassic basanites, while upper flows are
limburgites. Holocene volcanic deposits in the Tariatskaya Depression consist of
leucite basanites, leucite tephrites, potassic hawaiites, and augites (WhitfordStark, 1987). The widespread occurrence of alkali basalts in the region implies
extensional tectonics and normal faulting (Tapponnier and Molnar, 1979).
Of the six volcanic cones in the area, Khorog volcano, 1.5 km west of Lake
Terhiyn-Tsagaan (figure 2.7), is the source of the flow that dammed the Sumein
River and created Lake Terhiyn-Tsagaan around 7 k years ago (Whitford-Stark,
1987; Sevast’yanov et al., 1989). The date of eruption and lake formation was
obtained by radiocarbon dating of lake-bottom sediments lying directly on basalt
(Sevast’yanov et al., 1989; http:wwwi.ncdc.noaa.gov/pub/data/paleo/
paleolimnology/lakelevels/former_ussr/lake-descriptions/textfiles/terhkiin.txt).
However, this study suggests an older date of formation.
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Figure 2.7 Volcanic deposits of the Tariatskaya Depression (modified from
Whitford-Stark, 1987).

Ch apter 3 • M eth o ds
3 .1 Sediment Core
In the summer of 1998,, a 3.9 76 m core was taken from 10.06 Mm of water on
the northeast side of Lake Terhiyn-Tsagaan (figure 2.5) using a Livingstone
piston corer. In addition to the core, grab samples of the water-sediment
interface were collected for dating. The core was taken in 4 drives; drive 1 is 83
cm long, drive 2 is 94 cm long, drive 3 is 99 cm long, and drive 4 is 100 cm in
length. The core site is 5 km from the outlet river, and 6 km, 11 km and 12 km
from the 3 main inflowing rivers (figure 2.5) (Defense Mapping Agency, 1989).
The site was chosen in order to diminish direct influence from inflowing streams
(Fowell, Pers. Comm.).
3 .2 Chronology: AM S Radiocarbon Dating
Accelerator mass spectrometry (AMS) radiocarbon dates of pollen
concentrates and one seed were used to determine the age of the sediment in this
core. Pollen separation was completed in the UAF pollen laboratory by Andy
Krumhardt. Sample preparation for this procedure employs many of the same
techniques and chemical treatments used in palynological analysis. Preparation
generally followed that of Brown et al. (1989). The first step was to sieve the
sediment through a 180 pm sieve; 2-3 cc of sediment is required. The finer
fraction was retained and treated to a hot 10% KOH bath for approximately 10
minutes. The samples were then washed with distilled water until the

supernatant was clear to weak-tea-colored. Each sample then received a 10% HC1
wash, followed by another distilled water wash.
Heavy liquid separation was employed to remove the silty portion. The heavy
liquid used for this procedure is sodium polytungstate (SPT). It is vital to use
fresh SPT for this step, as SPT picks up organics from samples with each use.
These extraneous organics are acceptable in palynological analysis, since the SPT
is filtered to remove any pollen or spores, but unacceptable in AMS dating, since
foreign organic matter would contaminate the sample with carbon of a different
age. SPT must be at a specific gravity of 2.0 in order to separate minerals from
organic matter. Distilled water is added to the SPT to achieve the required
specific gravity. The samples were thoroughly mixed with the SPT and stirred
every 15 minutes over the course of one hour in order to break up any chunks of
material. At the end of the hour, the samples were centrifuged at high speed,
approximately 2500 RPM, for five minutes to concentrate inorganic sediment at
the bottom of the test tube. The lighter portion which contained pollen, the
majority of the SPT, and other organic materials, rose to the top of the tube. The
organic portion was filtered through 1 pm fiberglass filters in buchner funnels
with vacuum assistance. The fiberglass filter was placed into a 15 ml
polypropylene test tube, to which enough hydrofluoric acid (HF) was added to
facilitate dissolution of the filter. Once the reaction appeared complete, a bit
more HF was added to ensure dissolution. The samples were then centrifuged,
and placed in a warm HC1 bath for 5 minutes at 60°-70° C. They were then

centrifuged again, and the HC1 bath was repeated, followed by three distilled
water washes.
Following the heavy liquid separation, the samples were checked to determine
what kind of matter was in the sample along with the pollen. Sieving through
nested 20, 45, and 90 |nm screens concentrates most pollen in the 45 jam screen.
For these particular samples, the size fraction dated was 20-90 pm, although a
sample from drive 4 (373-375 cm) contained such a large fraction of pollen
greater than 90 pm that two size fractions were dated, one on the 20-90 pm
fraction, and for the >90 pm fraction. The final samples were mixed with a very
weak solution of HC1 (0.01 N) and pipetted into a small glass vial with a Teflon
lid. Samples were dated at Woods Hole Oceanographic Institute.
Nine dates were obtained from the core site, seven from horizons throughout
the core and a grab sample of the sediment/water interface. Dates were
calibrated using CALIB radiocarbon calibration program, version 5.0.2 (Stuiver
et al., 2005). The ages of intermediate horizons were determined using linear
interpolation of the lo values returned by the program (see appendix).
3 .3 Palynology
3 .3 .1 Sample Preparation
Samples are designated by core drive number, followed by depth interval (in
cm). For example, Di 0-1 would be the very top of the core: drive one, 0 - 1
centimeters depth. The core was sampled for pollen analysis at 8 cm intervals
wherever possible to produce a significant but manageable record.

Sample preparation generally followed the standard procedures described in
Faegri and Iverson (1989), with a few exceptions. The final residue was not
treated with stain, and glycerin jelly was used as a mountant. Instead of
conventional zinc chloride (ZnCl), sodium polytungstate (SPT) was used for
heavy liquid separation.
Each sample was weighed, and the volume was determined by submerging the
sediment in a graduated cylinder containing a known volume of water. The
sediment was then treated with 10% HC1 (hydrochloric acid), and each sample
received tablets containing approximately 12,542 Lycopodium clavatum spores
to allow calculation of pollen concentrations. This practice was introduced by
Stockmar (1971). Initial samples, from Di 76-77 through D2 50-51, received one
Lycopodium tablet, while the remainder of the samples were given 2 tablets each
due to the low concentration of Lycopodium spores found on the first suite of
slides.
Following the addition of Lycopodium tablets, samples were sieved through a
250 pm mesh, and the larger fractions were set aside for possible macrofossil
analysis. The <25opm fraction was treated with 10% KOH (potassium hydroxide)
in a boiling water bath for 10-15 minutes in order to remove humic acids. Heavy
liquid separation was then performed in SPT, as described in section 3.2.
Prior to mounting, samples were acetolysized in a hot water bath. Since acetic
anhydride reacts violently with water, the organic residue was first dehydrated in
glacial acetic acid. After two minutes of acetolysis, the reaction was stopped by

addition of a small amount of glacial acetic acid. The samples were rinsed with
glacial acetic acid to decrease the possibility of reaction from contact with water
and washed three times with distilled water. Following the final water wash, the
liquid was decanted, and as much water as possible was drained from the test
tubes. Warm glycerin jelly was mixed with each sample, and two drops were
placed on a labeled slide and allowed to spread under a cover slip on a slide
warmer for approximately 24 hours, to allow for evaporation of excess liquid and
settling of bubbles. The edges of the cover slip were sealed with clear nail polish.
Three slides (labeled A, B, and C) were made for each sample. Any leftover
glycerin jelly/pollen mixture was set aside, in case additional slides were needed.
3 .3 .2 Pollen Slide Analysis
The best slide for each sample was identified and counted. Slides were chosen
for lack of air bubbles and good dispersion of material. A minimum of 300 nonaquatic pollen grains from each sample were identified and counted.
Identification of pollen grains was facilitated by type slides from the reference
collection at UAF and various published pollen keys (Faegri and Iverson, 1989;
Kapp, 1969; Moore et al., 1991). The concentration of pollen grains per unit
volume of sediment was calculated using an equation from Traverse (1988):
C - P*EL
V*L
where C= Concentration
P= pollen grains counted in each sample
EL= total exotic Lycopodium grains added to the sample
L= Lycopodium grains counted in each sample

V= total volume of sample
Percentages displayed on the pollen diagrams, are based on a sum of all pollen
grains, excluding aquatic pollen types and spores. Pollen diagrams were made in
TILIA, a program written by Grimm (1991).
A semi-quantitative aridity index used by Fowell et al. (2003) in previous
studies of North Central Mongolia is employed here. This index is calculated for
each sample by dividing the sum of Artemisia plus Chenopodiaceae pollen
percentages by the percentage of Poaceae pollen. The index is indicative of
moisture availability due to the fact that Poaceae is an indicator of relatively
moist steppe or forest-steppe environments, while Artemisia and
Chenopodiaceae are generally found in relatively dry steppe or desert-steppe
biomes (Fowell et al., 2003). A steppe-forest index, calculated by dividing the
sum of taxa common to steppe biomes (Artemisia, Poaceae and Chenopodiaceae)
by the sum of those taxa common to the forest biome {Pinus, Picea, Larch, Alnus,
and Betula nana) plus the sum of the common steppe taxa is also employed in
this study. The steppe-forest index is indicative of fluctuating of biome
boundaries; increasing prevalence of forest taxa, indicated by a lower index value,
implies the encroachment of the boreal-forest biome. The ratio of arboreal pollen
to non-arboreal pollen (AP/NAP) has similar implications and is also used to
interpret the pollen data generated by this study.
Pollen zones can be selected by simply noting horizons of significant changes
in a number of taxa, but selection is commonly assisted by the use of statistical
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methods (Moore et al., 1991). This study utilizes CONISS (Constrained
Incremental Sums of Squares cluster analysis), a program written by Grimm
(1991) and included with the TILIA package. The program is used along with
TILIA, used for construction of pollen diagrams. CONISS takes the pollen
diagram file produced in TILIA (.TIL file) and produces a cluster diagram (with
the extension .DGR) that can then be opened next to the pollen diagram in TiliaGraph.
3 .4 Charcoal Analysis
3 .4 .1 Laboratory Techniques
To learn the techniques of charcoal analysis, I traveled to the laboratory of Dr.
Charles Umbanhowar at St. Olaf College in Northfield, Minnesota. Sample
preparation was completed prior to the trip. Eighty-two 0.5 ml samples were
weighed and placed in a 15 ml poly centrifuge tube containing approximately 10
ml of 10% KOH. After four days, the sediment was gently broken up with a
spatula, taking care not to fracture any charcoal. As a precaution for travel, the
samples were centrifuged and the KOH was decanted and replaced with distilled
water. Samples were processed in batches of five at the St. Olaf laboratory.
Those that were not immediately processed were drained of water and re-filled
with KOH to remove any remaining humic acid. Prior to imaging, each sample
was gently rinsed through a 180 pm sieve with a light spray of tap water, and
clumps of sediment were gently broken apart with a wooden stir stick. The
portion smaller than 180 pm was discarded, as charcoal in this size range is
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considered to be from extra-local fire events. The >180 |_importion was then
transferred into a plastic Petri dish for counting.
3 .4 .2 Microscopy and Charcoal Imaging
To analyze the charcoal in the petri dish, the material (still in water) was
distributed along the bottom of the dish, which was placed on the counting stage
of an Olympus SZ-60 dissecting microscope. For counting purposes, the samples
were placed on top of a 1 mm grid, and analysis was conducted from left to right,
and then down, at a magnification of 20x. Charcoal is distinguished from other
particles by luster and fracture (figure 1.5). Charcoal particles tend to be black,
with many shiny facets and squared ends and edges. They are rarely rounded
(figure 1.5) (Umbanhowar, 2005 pers. comm.) Imaging was completed using a
Hitachi KP-D50 color digital camera and SCION 1.62c image analysis software.
This program measures and records the length, width, and area of each particle
as it is selected. In addition, the imaging program differentiates between
particles of different densities in order to separate charcoal particles from the
other material present. All charcoal particles were measured. When counting
was complete, the contents of the dish were saved for future reference.
Charcoal flux is expressed as an area-based influx (mm2cm-2y r 1). This value is
calculated by multiplying the sedimentation rate (cm y r 1) by the total charcoal
area per unit volume of the sample (mm2cm-3).

3-5 Stable Isotopes
Stable isotopes are not measured as quantities but as ratios, and the ratios are
reported relative to arbitrary international standards. Ideally, an isotopic
standard is a homogenous material with an isotopic ratio similar to that of the
sample being investigated. The standard for carbon is calcium carbonate from a
fossil belemnite from the PeeDee formation in North Carolina. The standard for
nitrogen is atmospheric N2. Ratios are expressed in 8-notation, which indicates
depletion or enrichment of the heavy isotope of the element relative to the lighter
isotope, compared to the standard. 8 is determined using the following equation:
8X =

[(Rsamples/Rstandard)-

l]

X

1000

where X is ^C (or ^N) and R is ^C/^C (or ^N/^N). Results are expressed in
parts per million (%o).
Stable isotopes of carbon and nitrogen and carbon/nitrogen (C/N) ratios were
determined from 48 bulk sediment samples, which were measured at the Alaska
Stable Isotopes Facility, located on the campus of the University of Alaska
Fairbanks. Samples were collected at 8 cm intervals wherever possible, in order
to correspond with palynological samples.
To prepare the samples for stable isotope analysis, the bulk sediment was
washed with 10% HC1 to remove carbonates and left in the acid until it was clear
that the reaction had gone to completion. The samples were then washed with
distilled water three times each to remove acid and freeze-dried using a VirTis BT
6K ES benchtop freeze dryer. 3-5 mg of each sample was weighed into a tin
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capsule for analysis. All samples were run in duplicate. The samples were
measured using a Carlo Erbo NC 2500 elemental analyzer (EA), attached to a
Thermo Finnigan Delta V Plus continuous flow Isotope Ratio Mass Spectrometer
(IRMS).

Ch apter 4 • R esu lts
4.1 Sediment Core
The four drives of the core are very similar to one another in terms of lithologic
composition. Drive 1 is rich in dark organic mud, with horizontal streaks of
lighter-colored grey and grey-brown material, some of which are continuous
across the core (figure 4.1). Drive 2 consists of black, organic-rich mud, with very
faint horizontal laminations. At 35.5-35.8 cm depth a reflective horizontal
lamination occurs. Drive 3 also consists of very faintly laminated (mm scale),
organic rich black mud. A dark brown seed was taken for AMS dating from a
depth of 94.5-95 cm. Drive 4 is also comprised of black organic rich mud, but the
sediment is more clay-rich and compact than that in the previous three drives.
This drive contains very faint horizontal streaks and laminations < 1 mm thick.
4 .2 A M S Dates
Eight AMS radiocarbon dates were obtained from six horizons throughout the
sediment core. A surface date was obtained from a grab sample of the sedimentwater interface collected adjacent to the coring site (table 4.1). The surface
sample returned a date of o yrs, or modern, indicating that reworked carbon is
not present in the modern sediment. The remaining dates contained only one
reversal, returned from a single Carpinus seed collected at -8 2 cm depth in drive
1. Due to the small size of the seed (at 0.36 mg, it is the smallest dated sample)
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Figure 4.1 Sediment description of Lake Terhiyn Tsagaan core 9, collected during
the summer of 1998 (LT 98 C9); red lines and numbers represent calibrated
radiocarbon dates.
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Table 4.1 AMS Radiocarbon Dates
Sample ID
LT98 G21
LT98 C9 D140-42
LT98 C9 D181-83
LT98 C9 D181-83
LT98 C9 D283-85
LT98 C9 D343-45
LT98 C9 D448-50
LT98 C9 D497-99
LT98 C9 D497-199

Depth
(cm)
0-1
40-42
81-83
81-83
183-185
243-245
348-350
397-399
397-399

Material Dated
pollen
pollen
pollen
Carpinus sp. seed
pollen
pollen
pollen
pollen <90|im
pollen >90|im

Mass
Carbon(mg)

C14 Age
(years)

Error

0.65

o>Mod.
2700
3650
920
4780
5820
6730
7580
8400

±45
±40
±30
±50
±70
±60
±50
±65

0-55
0-43
0.36
0-45
0.41
0.56
0.67
0.50

and the internal consistency of the other seven dates, the reversal is excluded
from the chronology, which is thus based entirely on dates from pollen separates.
Brown (1994) encountered a similar problem, involving a seed found amongst
pollen of significantly younger ages. He concluded that the anomalous age of the
seed could be attributed to two possible post-depositional processes; settling of
the seed through unconsolidated sediments due to the higher relative density of
the macrofossil, and/or relatively rapid transport of the seed to the bottom of the
layer as a result of bioturbation activity in the upper layers of sediment.
The sample from which the basal age was obtained was split into two portions,
one containing pollen less than 90 pm in size and the other pollen greater than
90 pm in diameter. Brown (1994) found that pollen grains smaller than 88 pm,
but greater than 44pm, produce the most accurate AMS dates due to the high
percentage of pollen and low percentage of extraneous material relative to other
size fractions. In this study the >90 pm fraction from the basal sample consisted
primarily of spruce pollen, so it was run as well; it is considered more effective to

have two dates from a single horizon in order to evaluate the precision of the
various size fractions and to test for possible contamination. The larger pollen
grains returned a date of 8400 carbon-14 years, while the smaller pollen sample
returned a date of 7580 carbon-14 years. Because of the large difference between
the two dates, one had to be selected. The date returned from the smaller
fraction was used in the reconstruction because of the possible contamination of
the larger sample fraction by non-pollen material in the >90 pm size range.

Table 4.2 Calibrated Dates
Sample

Radiocarbon
years

G 21
Di 40-42

o> mod
2700 ±45

Di 81-83

3650 ±40

D2 83-85

4780 ±50

D3 43-45

5820 ±70

D4 48-50

6730 ±60

D4 97-99

7580 ±50

Calibrated
age (years)
0
2761 - 2807
2816 - 2844
3903 - 3991
4 0 4 1- 4072

probability
0.639
0.361

0 .-1
0.229

547i - 5556

0.835

5570 - 5588
6535 - 6695
6701 - 6719
7524 - 7529
7566 - 7657
8357-8 4 19

0.165
0.912
0.088
0.030
0.970
1.000

Mean Age
(years)
0
2784 ±- 23
2830 ± 14
3947 ± 44
4056.5 ± 15.5
5513.5 ± 42.5
5579 ± 9
6615.5 ± 80.5
6710 ± 9
7526.5 ± 2.5
7611.5 ± 45-5
8388 ± 31

Date used
0
2803 ± 40
3988 ± 90
5530 ± 60
6627 ±90
7 5 9 1± 67
8388 ± 31

4 .3 Pollen Data
4 .3 .1 Pollen Abundances
The dominant pollen types present in the core are Artemisia (sage) (35%),
Poaceae (grass) (20%), and Chenopodiaceae (5%). Lesser amounts (typically 15%) of Cyperaceae (sedge), Larix (larch), Betula alba (white birch), Pinus
sylvestris (Scots pine), Pinus siberica (Siberian pine), and Thalictrum pollen are
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present in nearly all samples. Sparse grains (1-3%) of Ephedra, Caryophyllaceae,
Betula naria (shrub birch) and Salix (willow) occur throughout the core, (figure
4.2).
4 .3 .2 Pollen Zones
It is conventional to divide pollen diagrams into a series of biostratigraphic
zones based on pollen content (Moore et al., 1991). This division simplifies the
pollen dataset and facilitates interpretation (Moore et al., 1991). Five zones are
recognized in the pollen diagram for Lake Terhiyn-Tsagaan (figure 4.2).
Zone A: 376 (base) to 3 3 2 cm (8.4-7.7 k years BP)
Aridity index values at the base of this zone are relatively high, with a value of
3.22 at 372 cm (8 k years BP). The highest overall aridity index value (4.13)
occurs at 340 cm (7.7 k years BP). Ephedra pollen is relatively abundant (1.93.1%) throughout this zone. Pinus, Larix, AP/NAP, and aridity index reach peak
zone values at the top of the core.
Zone B: 3 3 2 to 220 cm (7.7-6.6 k years BP)
Aridity index values decrease throughout this zone, reaching a low of 1.5, the
second lowest aridity index value recorded in the core, at the top of the zone.
Poaceae percentages rise throughout the zone as aridity decreases; AP/NAP
decreases due to the increase in Poaceae pollen. Percentages of Artemisia,
Cyperaceae and Larix pollen increase at 280 cm (7.2 k years BP). A peak in
pollen concentration at 290 (7.3 k years BP), is accompanied by an increase in
Pinus pollen percentages, AP/NAP, and a decrease in the steppe-forest index.
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Pollen concentration spikes again at 270 cm (7.1 k years BP). At the very top of
zone B, pollen concentrations and aridity index values decrease, while Poaceae
pollen percentages the steppe-forest index increase slightly.
Zone C: 22 0 to 180 cm (6.6-S.8 k years BP)
Low aridity index values prevail throughout zone C, along with fairly high
pollen concentrations and elevated percentages of Poaceae pollen. At the top of
this zone an increase in Artemisia pollen percentage is accompanied by increases
in the aridity index and the steppe-forest index.
Zone D: 180 to 80 cm (5.8-3.9 k years BP)
The aridity index increases and pollen concentrations decrease throughout this
zone. At 145 cm (5.1 k years BP), a minor increase in the aridity index is
accompanied by increasing abundance of Pinus pollen and a resulting decrease in
the steppe-forest index. A slight increase in pollen concentrations at 100 cm (4.3
k years BP) is accompanied by an elevated aridity index and higher percentages
of Artemisia pollen. Percentages of Artemisia, Betula, Larix, and aridity index
values increase at the very top of the zone.
Zone E: 80 cm to surface (3.9 k years BP-present)
Pollen concentrations are low at 60 cm (3.4 k years BP) the aridity index
decreases, accompanied by an increase in Poaceae pollen percentages. At 40 cm
(2.7 k years BP), the aridity index and AP/NAP increase, accompanied by higher
percentages of Chenopodiaceae, Cyperaceae, Ephedra, and Larix pollen. At 25
cm (1.7 k years BP) the aridity index again increases along with Artemisia

percentages and the steppe-forest index. At 10 cm (700 years BP) values of the
aridity and steppe-forest indexes, and percentages of Artemisia, Pinus, and
Chenopodiaceae pollen increase. From 10 cm to the surface proportions of Pinus,
Betula and Poaceae pollen and AP/NAP all rise.
4 .4 Charcoal
Charcoal influx is relatively low throughout the core, though several peaks are
evident (figure 4.3).
Zone A: 8.4-7.7 k years BP (376 (base) -3 3 2 cm)
Charcoal influx increases at 8.2 k years BP (362 cm), and again at 7.8 k years
BP (338 cm). During this time the L/W ratio is approximately 4.
Zone B: 7.7-6.6 k years BP (3 3 2 to 220 cm)
A general trend of decreasing charcoal is evident throughout zone B. Peaks
occur at 7.4 k years BP (304 cm) and 7 k years BP (261 cm). The L/W ratio is
generally lower than 4, although maximum zonal values of 7.4 are reached at 6.8
k years BP (243 cm).
Zone C: 6.6-S.8 k years BP (220 to 180 cm)
A significant peak in charcoal influx occurs at 6.3 k years BP (205 cm),
otherwise influx is low throughout this zone. L/W ratios are positively correlated
with charcoal influx, peaking and dipping at similar intervals.
Zone D: 5.8 -3.9 k years BP (180 to 80 cm)
Charcoal influx is low at the base of this zone, rising to a small peak at 5.3 k
years BP (154 cm). Additional minor peaks occur at 4.7 k years BP (121 cm) and
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Figure 4.3 Charcoal influx and L/W ratio vs. depth in core.

Zone

4.3 k years BP (99 cm). Average L/W ratios for the base of the zone are around 5,
decreasing after 4.5 k years BP (112 cm). The highest L/W ratios occur between
4.5 and 5 k years BP. Between 4.2 and 3.9 k years BP (95 and 80 cm) L/W ratios
reach an core-wide low of 1.48-1.58.
Zone E: 3.9 k years BP-present (80 cm to surface)
Charcoal influx values are extremely low in zone E. Following one small peak
at 3.1 ka (51 cm) values decrease and then level off. Above 2.9 k years BP (46 cm)
influx drops to zero for the remainder of the record. No samples were
investigated above 22 cm (-1.5 k years BP). The L/W ratios increase slightly at
the base of the zone, dropping to 1.7 at 3.6 k years BP (70 cm). At 3.3 k years BP
(58 cm) L/W ratios reach peak zonal values of 9, decreasing to 5 at 3.1 k years BP
(52 cm). The uppermost sample has a L/W ratio of 7.
4.5 Stable Isotopes
4 .5.1 Carbon Isotope Values
Organic carbon concentrations (%C) range from 6.1% to 11.9% throughout the
core (figure 4.4). An anomalous reading at 133.5 cm has been omitted, due to the
extremely high values returned for both C and N concentrations. S^C remains
relatively stable throughout the core, ranging from

- 3 i.3 % o

to - 2 9 .i % 0 (figure

4 -4 ).

Zone A: 376 (base) -3 3 2 cm (8.4-7.7 k years BP)
A minor peak in carbon concentration occurs at 364 cm (8 k years BP). S^C
values are relatively low, around -30.5%o, throughout the zone.

69

C Concentration (%)
5

10

15

20

25-32

-31

-30

Depth (cm)

o

Figure 4.4 Carbon concentration and stable isotope values vs. depth in core.

Zone B: 3 3 2 to 220 cm (7.7-6.6 k years BP)
Carbon concentrations increase at 251 cm (6.9 k years BP), but otherwise the
values show little variation throughout this zone. Carbon stable isotope values
also vary little, remaining —29X0 until the top of the zone, when values drop to
~ -3 0 % o .

Zone C: 220 to 180 cm (6.6-5.8 k years BP)
Neither carbon concentrations nor S^C values show appreciable variation
within this zone.
Zone D: 180 to 80 cm (5.8-3.9 k years BP)
Carbon concentrations decrease slightly at 165 cm (5.5 k years BP), and again
at 17 cm (4.6 k years BP). S^C falls to a core-wide minimum of -31.29 at 165 cm
(5 -5 k years BP), increasing at 149 cm (5.2 k years BP) and decreasing again near
the top of the zone (93 cm, or 4.2 k years BP).
Zone E: 80 cm to surface (3.9 k years BP-present)
A minor increase in carbon concentrations occurs at 40 cm (2.8 k years BP),
followed by a decrease at 16 cm (1.1 k years BP). Peaks of S^C occur at 40 cm
(2.8 k years BP) and 16 cm (1.1 k years BP), bracketed by low 5 ' 3C values at 93 cm
(4.2 k years BP) and 2 cm (170 y BP).
4 .5.2

Nitrogen Isotope Values

Nitrogen concentrations (%N) range from 0.7% to 3.4% (figure 4.5). Like
carbon concentrations, nitrogen concentrations are relatively stable throughout
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Figure 4.5 Nitrogen concentration and stable isotope values vs. depth in core.

the core. Nitrogen stable isotope values range from 4.8X0 to 7.4X0. Overall, the
values increase over time (figure 4.5).
Zone A: 376 (base) -3 3 2 cm (8.4-7«7 k years BP)
A small peak in nitrogen concentration occurs at 364 cm (8 k years BP), while
8 ' 5N values

show no significant changes.

Zone B: 3 3 2 to 220 cm (7.7-6.6 k years BP)
Minor peaks in nitrogen concentration occur at 273 (7.1 k years BP) and at 251
cm (6.9 k years BP). A relatively light S^N value is recorded at 300 cm (7.4 k
years BP); values become progressively heavier until 233 cm (6.7 k years BP).
Zone C: 22 0 to 180 cm (6.6-5.8 k years BP)
Nitrogen concentration decreases at 217 cm (6.6 k years BP). The trend of
increasingly heavy nitrogen stable isotopes is briefly interrupted by lighter values
at 201 cm (6.2 k years BP).
Zone D: 180 to 80 cm (5.8-3.9 k years BP)
Nitrogen concentration is relatively low at 165 cm (5.5 k years BP). 815N is
relatively light at 159 cm (5.4 k years BP), becoming heavier at 125 cm (4.8 k
years BP), lighter again at 101 cm (4.3 k years BP) and heavier from 93 cm (4.2 k
years BP) into zone E.
Zone E: 80 cm to surface (3.9 k years BP-present)
A small peak in nitrogen concentration occurs at 40 cm (2.8 k years BP),
followed by a decrease at 16 cm (1.1 k years BP). At the beginning of this zone
(below 73 cm or 3.7 k years BP) stable isotope values are relatively heavy. S^N

values decrease to 32 cm (2.2 k years BP), where the trend reverses and
progressively heavier values are recorded from the top of the core at 2.5 cm (170 y
BP).
4 .5 .3 C/N Ratios
C/N ratio values range from 8.37 to 9.93 and vary little (figure 4.6).
Zone A: 376 (base) -3 3 2 cm (8.4-7.7 k years BP)
No significant variations in C/N are present in this zone, values range from
8.73-9.11.
Zone B: 3 3 2 to 220 cm (7.7-6.6 k years BP)
C/N decreases at 324 cm (7.6 k years BP) to 8.4, after which values increase
steadily, reaching a peak of 9.7 at 284 cm (7.2 k years BP).
Zone C: 220 to 180 cm (6.6-5.8 k years BP)
C/N increases to values of 9.8 at 217 cm (6.6 k years BP) and 9.7 at 210 cm
(6.2 k years BP) dropping to 8.7 at 186 cm (5.9 k years BP) and remaining low
into the following zone.
Zone D: 18 0 to 80 cm (5.8-3.9 k years BP)
C/N remains low until 173 cm (5.7 k years BP), followed by an overall increase
to 9.6 at 10 1 cm (4.3 k years BP).
Zone E: 80 cm to surface (3.9 k years BP-present)
A small decrease of C/N (to 8.7) occurs at 64 cm (3.5 k years BP). Above this
horizon the ratio rises to -9.16 by !i6 cm(i.i k years BP), where it remains until
~8cm, when values drop to 8.9. and then 8.7 at ~2 cm (170 y BP).

C/N
9

Depth (cm)

8

Figure 4.6 C/N vs. depth in core.
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4.6 Correlation of Proxies (figure 4.7)
Zone A: 376 (base) -3 3 2 cm (8.4-7.7 k years BP)
Zone A is marked by high aridity index values and low C/N ratios. During this
time 8 ’ 3C decreases. Charcoal influx is relatively high, and L/W ratios are
generally slightly lower than 4.
Zone B: 3 3 2 to 220 cm (7.17 -6.6 k years BP)
Aridity index values decrease throughout zone B. C/N increases, while
charcoal influx decreases. Both 8 !3C and

are increasing throughout.

Zone C: 220 to 180 cm (6.6-5.8 k years BP)
The aridity index remains low. C/N is relatively high at the base of the zone,
but decreases toward the top. d^C values are also high at the base, decreasing
up-section. S^N shows the opposite trend, increasing throughout zone C.
Zone D: 180 to 80 cm (5.8-3.9 k years BP)
An overall rise in C/N values is punctuated by short-term decreases. Both S’ 3C
and S^N increase throughout the zone and charcoal influx reaches a minimum
value. Aridity index values increase from a low value at the base of the zone.
Zone E: 80 cm to surface (3.9 k years BP-present)
Aridity index values and C/N are both on the rise at the base of this zone. A
peak in the aridity index at 40 cm (2.8 k years BP) coincides with low charcoal
influx and high C/N ratios. At 25 cm (1.7 k years BP) another peak in the aridity
index coincides with a peak C/N ratio, decreases in both S^C and S^N, and low
Pinus and Larix pollen. 10 cm below the surface, a final peak in the aridity index
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Figure 4.7 Pollen, isotope and charcoal data. Dated horizons are marked in red, with calibrated radiocarbon dates noted along scale bar.
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coincides with high

and lower C/N and

values. Aridity index values,

C/N and 813C all decrease up-section to the top of the zone, while 8 15N and
AP/NAP rise.

78
C h a p t e r 5 • D is c u s s io n

and

C o n c l u s io n s

5 .1 Vegetation and Climate Reconstruction
Vegetation and climate changes have been reconstructed for the past 8 k years
for the Tariatskaya Depression using pollen, charcoal and stable isotope records
from a sediment core of Lake Terhiyn-Tsagaan. Results of the proxy analyses are
plotted against depth, calibrated age, and radiocarbon age on figure 5.1.
C/N ratios from this core show little variation, with values ranging from 8.4 to
9.9. Since terrestrial organic material typically has C/N ratios with values greater
than 20, and the C/N ratio of lacustrine phytoplankton ranges from 4-10, it is
likely that the dominant source of organic matter was autochthonous (figure 5.2).
The carbon stable isotope signal is thus primarily indicative of conditions within
the lake, rather than the surrounding terrestrial vegetation.
Charcoal influx in this core was so low that parts of the record are difficult to
interpret. Fire frequency, and thus influx, is affected by the type of vegetation
available for burning. During humid periods when there is a large amount of
grass for fuel, influx should increase. The amount of grass vs. wood charcoal is
reflected by the L/W ratio; if the ratio is 4 or greater the particle is probably grass
charcoal. Though the L/W ratio fluctuates through time, it hovers around 4,
especially during intervals of greater influx, thus the majority of the record is
dominated by grass charcoal.

Figure 5.1. Pollen abundances, aridity index, steppe/forest index, pollen concentration, sedimentation rate, pollen influx, stable isotope values, C/N ratios, charcoal influx and L:W ratios. Inferred
warm/wet intervals are highlighted in red, while blue denotes cool, dry periods. Red lines/numbers at horizons with AMS radiocarbon dates.
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Zone A: 8.4-7.7 k years BP: Cool and Arid
A short-term decrease in aridity index values between 7.8 k years BP and 7.7 k
years BP probably indicates a brief humid interval. Artemisia and
Chenopodiaceae percentages are high during this period, leading to high values
of the aridity index and indicating a relatively dry climate. A small peak in
Cyperaceae pollen around 8.2 k years BP could also be interpreted as an indicator
of dry conditions; when a body of water partially evaporates the area surrounding
it may remain marshy. This kind of environment encourages the growth of
certain species of Cyperaceae (Gasse and VanCampo, 1994). An interval of cool,
dry climate occurs around 8.2 k years BP in many locations, including Africa and
China, where it is associated with dry cool conditions (Alley et al., 1997; Gasse,
2000).
Both 8 13C and 8 ’5N are relatively low at the base of zone A, with values of -30.5
and 5 .2% o respectively. These low values coincide with relatively high aridity
index values and a high charcoal influx. Light S^C and

values indicate a

cooler, less productive climate. The low C/N ratios suggest very little terrestrial
fluvial input, supporting the hypothesis of a drier climate with reduced fluvial
input.
Dry conditions in the Terhiyn-Tsagaan region apparently allowed for escalated
fire activity, resulting in relatively high charcoal influx throughout zone A. The
L/W ratio indicates that input included both grass and wood charcoal, though
grass charcoal dominates.

Zone B: 7.17 -6.6 k years BP: W arm and humid
Zone B begins with a decrease in the aridity index, indicating increasingly
humid conditions. Greater humidity is coupled with increases in Pinus pollen
percentages, and decreases in steppe-forest index, suggesting that the climate
was warmer as well as wetter. A slight increase in C/N ratios suggests that
humidity may have increased input of terrestrial organic matter via rivers and
streams. Rising S^C values show an increase in primary productivity within the
lake, potentially due to warmer and moister conditions or increased solar
insolation. Temperature reconstructions from this time period indicate
temperatures warmer than present in the Northern Hemisphere (Kutzbach et al.,
1 9 9 3 )> signaling

the beginning of the Holocene climate maximum (Gasse and

VanCampo, 1994).
Charcoal influx decreases throughout the zone as a reflection of increasing
humidity, suggesting a link between charcoal influx and aridity. L/W ratios
demonstrate the dominance of grass charcoal.
Zone C: 6.6-5.8 k years BP: W arm and Humid
The aridity index decreases to a core-wide low during this zone, while pollen
concentrations and pollen influx are high, though not as high as in zone B. All of
these data indicate humid conditions and high vegetative productivity, consistent
with the Holocene Climatic Maximum. An ameliorated climate is also indicated
by relatively high AP/NAP ratios, driven primarily by greater percentages of
Pinus pollen, caused by a shift of treeline. Zone C records a sharp drop in C/N

83
ratios, which could indicate a lower influx of terrestrial organic matter due to
reduced riverine input, or an extreme increase in lacustrine productivity due to
climate amelioration. Charcoal influx is quite low during this period, with the
exception of a peak at around 6.4 k years BP. The low influx is interpreted as
evidence of increased humidity. The zone ends with a slight increase in the
aridity index.
Zone D: 5.8 -3.9 k years BP: Humid with cool, dry event
Although the aridity index increases slightly throughout, the climate remains
fairly humid throughout most of zone D. A significant increase in the aridity
index occurs about 4.1 k years BP, when 8i3C is also low, indicating a
deteriorating climate with low primary productivity. This arid period coincides
with the well-known global cool/dry event that began between 4 to 4.2 k years BP
in areas of Asia, Africa, Europe and the middle-east and lasted a few thousand
years in most locations (Feng et al., 1993; Gasse and VanCampo, 1994;
deMenocal et al., 2000; Cullen et al., 2000; Weiss, 1993; Drysdale et al., 2006;
Chen and Wang, 1999; Marchant and Hooghiemstra, 2004).
Charcoal influx remains relatively low throughout this generally humid zone,
though influx of grass charcoal peaks briefly around 5.3 k years BP. Evidently the
relative humidity of this period kept fires to a minimum, and the significant
decrease in charcoal influx at 4.2 k years BP likely reflects the cool/dry event
indicated by pollen percentages and indices. L/W ratio and Poaceae pollen
percentages both decrease at 4.2 k years BP, indicating that humidity was too low

for grass to flourish; low charcoal influx values are in part caused by the lack of
fine fuels due to the sparsity of grass during this period.
Zone E: 3.9 k years BP-present: Increasing humidity with dry
intervals
Sedimentation rates decrease incrementally from the base to the top of the
core, resulting in increasingly coarse temporal resolution; during zone A, one cm
of sediment is equal to ~22 years, while during zone E, one cm of sediment is
equal to ~66 years. For this reason, it is difficult to confidently identify short
term climatic events during zone E, because centennial aridity index values and
changes in proportions of pollen taxa are generally based on only one or two
samples per millenium.
At 3.35 k years BP a substantial decrease in the aridity index, coupled with an
increase in AP/NAP driven primarily by Pinus, indicates climatic amelioration.
At 2.73 k years BP aridity index values increase, a trend that lasts until about 700
years BP. A peak in aridity at -1.5 k years BP may correspond with a 536 AD
eruption of an unidentified volcano that is recognized as an arid, cool event in
other Mongolian climate records (D’Arrigo et al., 2001a; Fowell et al., 2003).
After 1.1 k years BP C/N ratios decrease slightly towards the present, suggesting
increased lacustrine productivity, a small decrease in terrestrial input, and/or
drier conditions. Cyperaceae also peaks during this interval, possibly indicating
shrinking lake area (Gasse and Van Campo, 1994).

The base of this zone is characterized by low 8 J3C values (—30.5%o), which
increase overall until ~ i.i k years BP. Charcoal influx is very low during this
period, with a small peak at 3.5 k years BP that corresponds with increasing input
of grass charcoal. After this peak charcoal influx drops to extremely low values
until the end of the record around 1.5 k years BP. Low charcoal influx is coupled
with extremely low L/W ratios, reflecting a lack of grass remains in the charcoal.
After 700 years BP the aridity index values decrease and Pinus pollen
percentages increase, recording the beginning of a warm, moist trend
corresponding to the Medieval Warm Epoch. A short-lived decrease in Pinus
pollen percentages around 500 years BP, accompanied by a decrease in AP/NAP
driven by expansion of Artemisia, is indicative of a cold, dry period correlative
with the Little Ice Age. After this cold epoch, decreasing aridity index values and
increasing AP/NAP ratios indicate a trend of increasingly warm, moist climate
that continues until the present. After 700 years BP S^C and C/N ratios decrease
steadily until the present, while S^N increases. Decreasing C/N ratios and
decreasing S^C values conflict with both instrumental records, and pollen proxies
for this zone that indicate an increasingly warm and humid climate.
5.2 Sum m ary o f Past Environmental Changes in the Terhiyn-Tsagaan
Region (figure 5.3)
The record from the sediment core begins at 8.4 k years BP. Climate during
this time is relatively dry and cold up until around 7.9 k years BP. This dry/cool
event coincides with the global 8200 event, which is hypothesized to have been
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Figure 5.3 Aridity index from Lake Terhiyn Tsagaan, with arid and humid
intervals highlighted.

caused by catastrophic drainage of North American glacial lakes disrupting the
circulation of North Atlantic Deep Water (NADW) (Alley et al., 1997; Barber et
al., 1999; Ellison et al., 2006). This arid event is correlative with a weak monsoon
episode found to be roughly coincident with decreased North Atlantic sea surface
temperatures (SST) (Street-Perrott and Perrott, 1990; Lamb et al., 1995; Jiang et
al., 2006).
After this cool/dry event climate becomes increasingly warmer, and remains
relatively stable for a few thousand years, corresponding to the Holocene Climatic
Optimum in this region. Warming during this time has been attributed to an
orbitally induced increase in summer solar radiation (COHMAP Members, 1988).
Such increased solar radiation would lead to increased monsoon circulation
(Kutzbach and Otto-Bliesner, 1982; Gasse and VanCampo, 1994).
Around 4.2 k years BP Terhiyn-Tsagaan’s climate becomes cool and dry; these
conditions persist until approximately 3.7 k years BP. This second arid interval
corresponds with an interval of global drought at 4.2 k years BP. Much like the
8200 event, this arid peak coincides with weakened monsoon circulation and
decreases in the North Atlantic SST (Gasse and Van Campo, 1994).
After 3.7 k years BP the Terhiyn-Tsagaan region experienced a humid and
presumably warmer climate for almost 1,000 years. At -2.8 k years BP aridity
returned to the area until warmer/humid conditions took over around 700 years
ago, during the Medieval Warm Event. At 500 years BP the Little Ice Age

brought short-lived cool/dry conditions to the Tariatskaya Depression, followed
by progressively warmer/wetter conditions until the present.
5 .3 Comparisons with other Data Sources
Lake Telmen is located in north-central Mongolia, at 48°50’N, 97°2o’E, and
1789 m above sea level (figure 5.4) (Fowell et al., 2003). Much like Lake TerhiynTsagaan, Lake Telmen occupies an intermontane depression; it is located
between the Hangai Mountains to the south and the Bulnay Mountains to the
north, and it lies within the Baikal drainage (Fowell et al., 2003), -75 km
northwest from Terhiyn-Tsagaan.
The aridity index used to interpret the palynological record from Lake
Terhiyn-Tsagaan is the same as the one previously used to facilitate
interpretation of the Lake Telmen data. Fowell et al. (2003) found that moisture
availability in the Lake Telmen drainage was not affected by monsoon circulation.
During the intensification of the Asian summer monsoon that occurred during
the Atlantic period (7.5-4.5 k years BP), conditions at Telmen remained relatively
arid, implying that the lake lies beyond the northern limit of monsoon
precipitation, probably due to its location north of the Hangai Mountains.
Around 4.2 k years BP, when areas within monsoon-affected regions were
extremely arid and cool, Telmen was becoming increasingly humid and cool
(Fowell et al., 2003).
Lake Dood is a fresh water Mongolian lake that lies within the Darhad Basin.
It is located at 5 i°2 o ’N, 99°23’E, and 1,538 m.a.s.l. (figure 5.4), -3 5 0 km

Figure 5.4 Locations of lakes referred to in text (modified from Tarasov and
Harrison, 1998).
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northwest from Terhiyn-Tsagaan. The Darhad Basin is an extensional basin that
occupies the southern tip of the Baikal Rift Zone (Molnar and Taponnier, 1975).
Vegetation in the basin is diverse; the distribution of plant taxa depends
predominately upon the local precipitation and moisture budget (Wang, 2004).
Today Lake Dood is surrounded by sparse vegetation, primarily a grass and herb
steppe, with dense forest at higher elevations approximately 10-30 km away from
the lake (Wang, 2004).
Due to differences in vegetation, the aridity index calculated for lakes TerhiynTsagaan and Telmen was not applicable to the Lake Dood record. Instead, Wang
(2004) constructed a Normalized Difference Steppe Forest Index (NDSFI). The
NDSFI indicates changes in the proportion of steppe to forest taxa, hence it has
the same implications as a more standard steppe/forest index, with a greater
proportion of steppe taxa versus forest taxa implying a drier climate. Lake
Dood’s record shows that the Asian monsoon likely has little effect on
precipitation in the Darhad Basin. This is probably due to its north-central
location, distal from the oceans, and mountains that act as barriers (Wang,
2004).
Hoton-Nur is another freshwater lake that occupies an intermontane
depression in the northern Mongolian Altai, -8 25 km west of Lake TerhiynTsagaan, at 48°4 o’N, 88° i 8’E, 2083 m.a.s.l. (figure 5.4) (Tarasov et al., 2000b).
The Hoton Nur region was wetter than present from 9 k years BP until 4 k years

BP, due to the enhanced Asian monsoon. After 4 k years BP conditions became
more arid until the present.
Tarasov and Harrison (1998) report on lake status records from the former
Soviet Union and Mongolia. The lakes included in their study are located
throughout Russia, Siberia, Mongolia and northern Asia. In general, lakes east of
the Ural Mountains shift towards more humid conditions after -8 .5 k years BP
and continue this trend until -5 k years BP, when a gradual transition towards
modern climate conditions begins. These lakes are affected by changes in
monsoon circulation. More western lakes start out with conditions similar to
those of today; lakes of the western Russian plain are drier at 7.5 k years BP and
become even more so around 6.5 k years BP, when lakes receiving monsoonal
precipitation were at their warmest and wettest. Thus these lakes lie beyond the
influence of monsoonal rains. After 5 k years BP these lakes also begin a
transition to present climate conditions.
Harrison et al. (1996) review data from the European Lake Status Database
(ELSDB) and the Former Soviet Union and Mongolia Lake Status Database
(FSUDB). At the beginning of the Holocene, lakes in the Baikal region and
nearby Mongolia record conditions that are drier than present. Expansion of the
Asian monsoon led to increased warmth and moisture after 8 k years BP,
reaching a maximum ~6 k years BP. After 5 k years BP, the lakes gradually
transition to modern conditions.

Sumxi Co Basin, Tibet is a small tectonic basin on the Tibetan Plateau
(34°30’N, 8 o°15’E) at 5058 m.a.s.l. with a closed basin lake (figure 5.4) (Van
Campo and Gasse, 1993). In the past, when lake levels were higher, this lake
basin was connected to that of nearby Longmu Co (5008 m.a.s.l.). A sediment
core from Sumxi Co reveals 12.7 k years of climatic and hydrological changes
inferred from diatom and pollen records. Climate oscillations in this region
include significant arid conditions at -8-7.7 k years BP, and -4.3 k years BP.
Lake levels record maximum Holocene humidity at -7.5- 6 k years BP. After the
dry interval at 4.3 k years BP, modern conditions are established. These climatic
oscillations are attributed to changes in the strength of monsoon circulation (Van
Campo and Gasse, 1993).
Lake Yeima is a dry, closed basin lake in the Shiyang River drainage of the
Minqin Basin of arid northwest China (figure 5.4). The lake is located in a
climatically interactive zone between the East Asian Monsoon and regions
dominated by the flow of westerlies. The core contains 10 k years of
paleoecological records, inferred from magnetic susceptibility, particle size
distribution, and geochemical proxies (carbonate and total organic carbon
content) (Chen et al., 1999). The Lake Yiema region underwent an episode of
mild drought around 7.6 k years BP, and was then relatively humid until -4 .2 k
years BP, when a considerable drop in lake level indicates arid conditions.
Around 2.5 k years BP conditions began to ameliorate. The recognition of
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monsoon-related events, such as the 4.2 k years BP drought, in the Lake Yeima
region implies that it is affected by monsoonal circulation.
Qinghai Lake (37°N, ioo°E) is a saline, closed basin lake that lies at the margin
of the influence of the Asian summer monsoon on the Tibetan Plateau in Central
Asia (figure 5.4) (Liu et al., 2006). The largest saline lake in China, Qinghai
covers about 4,400 km2, at an altitude of 3200 m.a.s.l. (Ji et al., 2005). Climate
changed significantly from cold to warm in the Qinghai Lake region during the
early Holocene, but the warming trend was interrupted by a cold event around
8.2 k years BP. Following this event, temperature and humidity in the area
steadily increased until -6.5 k years BP, and then decreased gradually until -4.5
k years BP (Ji et al., 2005). Though frequent climatic oscillations are recognized
in the record, the general trend, up to the present, is toward cold, dry conditions.
Warmer lake temperatures and greater precipitation in the Qinghai record during
the early Holocene have been attributed to the intensified Asian monsoon, while
cold, salty conditions correspond with intervals of a weakened Asian monsoon
(Liu et al., 2006).
Zone A: 8.4-7.7 k years BP figure 5.5a
Whereas the Lake Terhiyn-Tsagaan region shows evidence of a cold dry phase
lasting from -8 .4 until 7.9 k years BP (figure 5.5a), proxies from Lake Yiema,
near the border of north-central China and south-central Mongolia, show
evidence of high lake levels and high runoff, implying humid conditions (figure
5.5a) (Chen et al., 1999). Pollen data from Hoton-nur, western Mongolia, also

records a climate that is wetter than today (figure 5.5a) (Tarasov et al., 2000b).
Sumxi Co Basin, in western Tibet, experienced warm and humid conditions until
around 8 k years BP, when conditions became cool/dry (Van Campo and Gasse,
1993). A warm early Holocene in the Qinghai Lake region on the northeastern
Tibetan Plateau was interrupted -8 .5 k years BP by cool and dry conditions,
which persisted until ~7.8 k years BP (Ji et al., 2005; Liu et al, 2006). On the
other hand, lakes in the Baltic region and Russia record relatively arid conditions,
similar to the present (figure 5.5a) (Tarasov and Harrison, 1998).
Beginning around 8.5 k years BP lakes East of the Urals reflect a shift toward
wetter conditions (Tarasov and Harrison, 1998), but around 8 k years BP
conditions in much of northern Europe are drier than present (figure 5.5a)
(Harrison et al., 1996). Furthermore, dry conditions are recorded ~8 k years BP
in west Asian and North African monsoon domains, a fluctuation which is
coincident with low sea surface temperature in the North Atlantic; therefore
monsoon changes are coincident with sea surface anomalies (Gasse and
VanCampo, 1994). This cold/dry monsoonal event may have been caused by the
hypothesized catastrophic draining of the Laurentide lakes at -8 .4 and 8.2 k
years BP (Alley et al, 1997; Barber et al, 1999; Ellison et al., 2006).
Zone B: 7.7-6.6 k years BP figure 5.5b
Lakes affected by precipitation from monsoon circulation experience warm
and humid conditions during this time. Lake Terhiyn-Tsagaan was warm and
humid, reflecting the beginning of the Holocene thermal maximum around 7.5 k
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A. 8.2 k years BP
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B. 6 k years BP
Figure 5.5 Conditions in lake basins from various studies throughout Eurasia for
8.2 and 6 k years BP, compared to those of the present time; blue + indicates
higher humidity, orange0 indicates no change, and salmon - indicates drier than
present (Chen et al., 1999; Fowell et al., 2003; Harrison et al., 1996; J i et al.,
2005; Liu et al., 2006; Tarasov and Harrison, 1998; Van Campo and Gasse, 1993;
Wang, 2004) (map modified from Tarasov and Harrison, 1998).

years BP. To the north, Lake Telmen records indicate an arid phase during this
period, implied by low lake levels and abundant Artemisia and Chenopodiaceae
(Fowell et al., 2003; Peck et al, 2002). Hoton-Nur remains wetter than present
during this time (Tarasov et al., 2000b). Sumxi Co underwent a sudden return to
moist climate conditions at 7.7 k years BP, reflected in pollen data and lake level
data. These favorable conditions persisted throughout most of the next zone
(Van Campo and Gasse, 1993). The Qinghai Lake region also returned to warm
and wet conditions that persisted beyond the end of this zone (Ji et al., 2005).
Lake Yiema, in northwest China, records a minor episode of drought around 7.6 k
years BP, followed by a return to wetter conditions (Chen et al., 1999).
By around 7 k years BP, lakes in Europe and western Russia were at levels
higher than those of today. At this same time, lakes in the Mediterranean and
central Eurasia also imply conditions wetter than today (Harrison et al., 1996).
Conditions in the Tariatskaya depression during this interval are quite unlike
those of nearby Lake Telmen but similar to conditions in Europe, western Russia,
the Mediterranean, and Central Eurasia.
Zone C: 6.6-5.8 k years BP
Relatively humid conditions in the Terhiyn-Tsagaan region imply that it
received precipitation from an expanded monsoon during the mid-Holocene.
This time period was one of maximum humidity in the Lake Terhiyn-Tsagaan
region, while Lake Telmen records an arid phase (figure 5.5b) (Fowell et al.,
2003; Peck et al., 2002) that became more humid around 6.2 k years BP, as

indicated by slightly higher lake levels (Peck et al., 2002). Lake Yiema remained
more humid than present during this period (figure 5.5b) (Chen et al., 1999), as
did Hoton-Nur (Tarasov et al., 2000b). Both Sumxi Co and Qinghai Lake regions
were warm and wet during this period (Van Campo and Gasse, 1993);
temperature and precipitation reached a maximum at -6.5 k years BP in Qinghai
(Ji et al., 2005). Tarasov and Harrison (1998) found that lakes in central Asia
shifted towards wetter conditions during this time period (figure 5.5b), associated
with the insolation-induced expansion of the Asian monsoon. In areas beyond
the northern limit of the summer monsoon, the Holocene thermal maximum was
an arid period (Chen et al., 2003). Records from west of the Urals and around
the Baltic record conditions that are drier than present, while East of the Urals
conditions were wetter than present (figure 5.5b) (Tarasov and Harrison, 1999).
Zone D: 5.8 -3.9 k years BP
In general, regions in the monsoon domain are relatively humid until around
4-4-5 k years BP, when they undergo an extreme arid interval followed by
climatic amelioration until present conditions are reached. Lakes Telmen, Dood,
and Sumxi all shift from aridity to humidity after -4.2-4.5 k years BP.
Terhiyn-Tsagaan, and other lakes within the monsoon domain, undergo a
significant arid interval, beginning -4.2 k years BP. After this arid event the
majority of lakes begin a transition to modern climates. A trend of increasing
humidity at Terhiyn-Tsagaan was terminated by an arid peak around 4.3 to 3.8 k
years BP (figure 5.5c). Conversely, the Telmen region underwent a period of
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aridity until - 4.5 k years BP, after which maximum humidity prevailed (Fowell
et al., 2003; Peck et al., 2002). Lake Dood records a moist and warm interval
from the beginning of the record (-4.2 k years BP) until 2.9 k years BP (Wang,
2004). The Lake Yiema region remained relatively humid until 4.2 k years BP,
when high evaporation rates inferred from high CaCC>3 content, less pedogenic
contributions of fine particles, and more frequent sand-storms imply a transition
to an arid climate (figure 5.5c) Chen et al., 1999). Hoton-Nur remained wetter
than present until 4 k years BP, when pollen data imply an increasingly arid
climate (figure 5.5c). Sumxi Co returned to generally arid conditions from -5.5 k
years BP through 4.3 k years BP, the climate approached modern conditions (Van
Campo and Gasse, 1993). After 4.3 k years BP, conditions similar to modern ones
exist (Van Campo and Gasse, 1993). Temperature and moisture remained high in
the Qinghai Lake basin until -4.5 k years BP, after which temperatures and
humidity decrease until the present (Ji et al., 2005). By around 5 k years BP
lakes investigated by Tarasov and Harrison (1999) in the former Soviet Union
and Mongolia began a gradual transition to present-day conditions. Lakes in the
Mediterranean achieve this by 4 k years BP (figure 5.5c).
Zone E: 3.9 k years BP-present
During this period the Terhiyn-Tsagaan region experienced increasingly
humid conditions (figure 5-5d), with an interval of aridity between 2.7 k years BP
and 700 y BP (figure 5-5e), and another around 500 y BP. Lake Telmen records
continuing humidity during this time, interrupted by arid intervals at 3 (figure

C. 4.2 k years BP
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D. 3 k years BP
Figure 5.5 (continued) Lakes at 4.2 k and 3 k years BP

5-5d) and 2.15 k years BP, indicated by an increase in aridity index values and
massive sediment units (Fowell et al., 2003; Peck et al., 2002). Similarities
between the Terhiyn-Tsagaan and Telmen records include a brief arid interval
between 1.6-1.2 k years BP followed by increasingly humid conditions. Evidence
for humidity includes low aridity index values and accumulation of finely
laminated sediments (Fowell et al., 2003; Peck et al., 2002). Lake Dood records
continuing warm, humid conditions (figure 5-5d) until 2.9 k years BP, when
aridity began to increase (Wang, 2004). Between 1.94 and 1.37 k years BP NDSFI
values, diatom assemblages and sedimentological evidence indicate a time of
maximum aridity (Wang, 2004). At 1.37 k years BP temperature and humidity
rose until 540 y BP, when an arid interval interrupted. After this point there is a
consistent increase in moisture and warmth (Wang, 2004). By ~4-3 k years BP,
Sumxi Co had reached conditions similar to present, though pollen indices imply
a minor dry event ~i k years BP (Van Campo and Gasse,

1 9 9 3 )-

Qinghai Lake

remained cold and arid during zone E (Ji, et al., 2005), and Lake Yiema remained
relatively arid until 2.5 k years BP, when climate began to ameliorate (Chen et al.,
1 9 9 9 ).

Around 3 k years BP (figure 5-5d) lakes in the Mediterranean show a return to
wetter conditions, shifting toward modern conditions after 2 k years BP (figure
5.5e) (Harrison et al., 1996). By 1.8 k years BP the Eastern Baltic and western
Russia have conditions that are similar to the present (Tarasov and Harrison,

E. 700 y Bp

Figure 5.5 (continued) Lakes at 700 years BP

1999). Much like the other lakes, a trend towards modern conditions began
around 2 k years BP.
5.4 Conclusions
The fact that monsoon-related, including the 4.2 k years BP and the 8.2 k years
BP arid events, and a humid mid-Holocene event, are recognized at Lake
Terhiyn-Tsagaan implies that the region received monsoonal precipitation
intermittently during the Holocene, and was thus sensitive to oscillations in
monsoon circulation. Modeling studies have shown that the strength and extent
of the Asian monsoon has varied appreciably during the Holocene (COHMAP
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Members, 1988). Around 8.4-8.2 k years BP, areas within the monsoon domains
underwent a cool/arid interval, possibly brought about by the catastrophic
draining of the Laurentian Great Lakes into the North Atlantic, disrupting the
NADW and decreasing sea surface temperatures (Alley et al., 1997; Gasse and
Van Campo, 1994), which in turn affected monsoonal circulation. By ~6 k years
BP, areas affected by monsoonal precipitation in Mongolia, northern and
southern China and Russia were exceptionally warm and humid, a reflection of
increased solar insolation. Some lakes in northern Mongolia, such as Telmen,
apparently lie beyond the limit of monsoon influence. These lakes were drier
than present during the mid-Holocene, possibly due to increased evaporation
rates. At 4.2 k years BP Chinese and Mongolian lakes within the range of
monsoonal precipitation experienced another cool/arid interval, also possibly
caused by low salinity/sea surface temperatures in the North Atlantic (Gasse and
Van Campo, 1994). Lake Terhiyn-Tsagaan was apparently at the northern limit
of monsoonal influence during this time period; it underwent drought while the
region directly to the north experienced wetter conditions. By 3 k years BP
Terhiyn-Tsagaan appears to be out of phase with the monsoon, as it was more
humid and possibly warmer than present, while many of the Chinese lakes within
the monsoon domain were cooler and drier. At 700 y BP Terhiyn-Tsagaan
emerged from a cool/arid interval, while lakes dominated by monsoon circulation
had already achieved modern conditions (Gasse and Van Campo,
and Harrison, 1998).

1 9 9 4 ; Tarasov
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The influence of monsoon circulation was expanded during the early Holocene
(figure 5.6) due to increased solar insolation. Through time, with decreasing
insolation, the influence of the monsoons diminished to their present-day extent
(figure 5.6).

80

80

Figure 5.6 Extent of penetration of monsoonal precipitation into Mongolia, at 8.2
k years BP (purple line), 6 k years BP (blue line), 4.2 k years BP (green line), 3 k
years BP (yellow line), 700 y BP (orange line) and present day (red line)
(modified from Tarasov and Harrison, 1998).
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Appendix
Calibration and interpolation of radiocarbon dates
CALIB radiocarbon calibration program, version 5.0.2 (Stuiver et al., 2005)
was used to calibrate radiocarbon dates. Calib is a calibration tool that is
available online at http://calib.qub.ac.uk/calib. The program requires input of
radiocarbon dates, and the errors associated with them. Output is in the form of
a graph that shows distribution of the possible calibration outcomes, along with a
table summarizing likely age ranges (figures A.1-A.6). The Y-axis of the graph is
radiocarbon dates while the x-axis is calibrated dates. The grey bar on the
radiocarbon dates axis is the radiocarbon age, with the error incorporated. The
curve running through the middle of the graph is a calibration curve of ^C levels
through time. This curve is necessary in calculating a calibrated age because ^C
levels have varied significantly over time (Bradley, 1999). By dating wood of
known ages from various regions of the world a clear relationship has been
recognized between *4C and calendar ages for the last -11.4 ka (Bradley, 1999).
The bars extending from the calibrated age axis, and hence the calibrated age
ranges, are a product of the coincidence of the ^C age range with the calibration
curve (see orange lines on figure A.i). The 2 age ranges returned by the
calibration are a product of the calibration curve crossing out then back into the
range of the radiocarbon dates (see orange circles on figure A.i).
Calibrated dates are returned as one or two ranges (figures A.7-A.12). From
these ranges mean calibrated dates were calculated, by finding the mean of the
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oldest and youngest ages, and plotted on a graph (figure A. 13). This graph was
used to derive equations for each core segment, representing a time interval
during which sediment was being deposited. These equations were used to
calculate the ages of undated horizons within the segments.
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Figure A.i Calibration data returned by Calib 5.0 for LT98C9 Dl 40-42
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Figure A.5 Calibration data returned by Calib 5.0 for LT98C9 D4 48-50
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Figure A.6 Calibration data returned by Calib 5.0 for LT98C9 D4 97-99
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Figure A. 12 Age ranges reported by Calib for D4 97-99

