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Abstract

A distinctive period ofglobal change occurred during the PUocene between the warm

Miocene and subsequent Quaternary cooling. Samples from Ocean Drilling Project Site 11 79

(-5586 mbsl, 41°4'N, 159°57'E), Site 881 (-5765 mbsl, 47°6.133'N, 161°29.490'E) and Site

882 (-3255 mbsl, 50°22'N, 167°36'E) were studied to determine the magnitude and

composition ofterrigenous flux to the western mid-latitude North Pacific and its relation to

climate change in East Asia since the mid-Pliocene.

Dust-sized particles (including pollen), sourced from the arid regions and loess

plateaus in East Asia are entrained by prevailing westerly winds and transported to the mid-

latitude northwest North Pacific Ocean. This is recorded by peaks in the total concentration

of pollen and spores, as well as the mean grain size of allochthonous and autochthonous

silicate material in abyssal marine sediments.

Aridification of the Asian interior due to the phased uplift of the Himalayan-Tibetan

Plateau created the modem East Asian Monsoon system dominated by a strengthening of the

winter monsoon. The winter monsoon is further enhanced during glacials due to the

expansion of desert and steppe environments at the expense ofwoodlands and forests

recorded by the composition of palynological assemblages.

The late Pliocene-Pleistocene glacials at ODP Sites 1 179, 881, and 882 are

characterized by increases in grain size, magnetic susceptibility, pollen and spore

concentrations around 3.5-3.3, 2.6-2.4, 1.7-1.6, and 0.9-0.7 Ma (ages based on

magnetostratigraphic and biostratigraphic datums). The peaks during these times are

relatively rich in pollen taxa derived primarily from steppe and boreal vegetation zones,

recording cool, dry climates. The overall size increase of sediment and abundance of

terrestrial palynomorphs record enhanced wind strength. The increase in magnitude of





pollen and spore concentrations as well as grain size record global cooling and Northern

Hemisphere glaciation.

The peaks in grain size as well as pollen and spore abundance in marine sediments

correlate with the mean grain size of loess in East Asia, consistent with the deflation of

unarmoured surfaces during glacials. The transport of limiting nutrients to marine

environments enhanced sea surface productivity and increased the rate of sediment

accumulation.
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1.0 Introduction

Asia represents over 1/3 ofthe landmass in the Northern Hemisphere. While much of

the polar and sub-polar regions of the world were covered in ice at various times throughout

the late Pleistocene, Siberia, eastern Russia, and the mid-latitude region ofChina may have

received very little ice cover (Ren and Beug, 2002). The global climate changes are recorded

by proxies such as: pollen assemblages and grain sizes contained within paleosols ofthe

northern loess plateaus (Liu et al., 2002a; Sun et al., 1997); sediment deposits in lakes (Liu et

al., 2001); and ocean cores such as those retrieved from the South China Sea (Sun and Li,

1999; Sun et al., 2000). Pollen records reflect the migration of vegetation zones in response

to climate change in East Asia (Ren and Beug, 2002). Similar proxy findings ofregional

paleoclimate data collected from deep oceans (Wang and Sun, 1994), North America, Europe

and Africa, as well as others (Williams et al., 1998) are evidence ofthe usefulness ofpollen

and spores as indicators of global and regional climate change.

Debate over the cause ofglobal climate change from the warm Pliocene to the cooler

Pleistocene has led to exclusionist views where arguments over the importance of one's

studied discipline seems to dominate over cause and effect. Leading arguments for climate

change may be divided into disciplines such as plate tectonics (Zhisheng et al., 2001),

astronomic forcing (Berger and Loutre, 1997), oceanography (Maslin et al., 1996; Seidov et

al., 2001a) and atmospheric CO2 concentrations and sequestration (Raymo and Ruddiman,

1992). Climate is a dynamic phenomenon that requires a multi-disciplinary approach in

utilizing and understanding the interactions within these proposed models and intra-action

with the other systems. It is therefore necessary to correlate paleoclimate proxy data from a

variety of sources (disciplines) to ascertain possible causes of climate change. This thesis

will use pollen and spores along with grain size analysis of siliceous eolian material to
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correlate the abyssal marine record of the northwest Pacific Ocean with the loess plateaus of

China, and propose climate change as a dri\ing mechanism.

1.1 Terrestrial Palynomorphs

The term palynomorph describes microfossils containing complex polymers highly

resistant to physical and chemical degradation, except when exposed to powerfiil oxidizing

agents. SporopoUenin in pollen and spores and dinosporenin in marine and freshwater

dinoflagellates provide these microfossils with remarkable presa^ation in anaerobic

environments, allowing reliable biostratigraphic reconstruction and a means for extraction of

the microfossils by dissolution of sediments by strong chemical treatments (Smol et al.,

2001).

The term 'pollen and spores' used throu^out this thesis will refer to the microspores

and homospores of embryophytes, as is commonly employed by palynologists (McAndrews

et al., 1973; Traverse, 1988). Several important aspects ofpollen analysis are described by

Birks and Gordon (1985). 1) Pollen grains and spores vary in size from 10 \xm to 100 ^m in

diameter and are produced in vast quantities by anemophilous (wind dispersed) taxa, only a

fraction ofwhich may reach the intended target to accomplish fertilization. 2) The majority

of anemophilous pollen and spores may be transported vast distances while being mixed in

turbulent upper level air currents. 3) Settling (dry deposition) or washing out (wet

deposition) of airborne pollen and spores creates a uniform pollen rain that accumulates in

topographic lows. 4) Organic compounds such as sporopoUenin rapidly decay in oxidizing

environments. 5) Preservation and accumulation ofpollen and spores thus occurs in non-

oxidizing or acidic sediments found in lakes, ocean floors, and bogs.
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Pollen and spores ofthe northern hemisphere are identifiable to various taxonomic

levels, although most commonly to genus (Birks and Gordon, 1985; McAndrews et al.,

1973). Identification of taxa is accomplished by careful observation of pollen grains

contained within a sediment sample referenced to pollen grains described within literature or

type specimens. Examination of sculpturing ofthe exine, the presence /absence, distribution

and number of any openings (e.g. laesura, pores, colpi), or combination of openings is key in

this identification process (Moore and Webb, 1978).

The assemblage of pollen grains and spores in sediments reflects the composition of

pollen rain, which is a function of local or lowland and regional or upland vegetation

composition and envirormient suitable for growth. When pollen grains are preserved in

sediments ofknown age, the composition of vegetation may be determined for the area

surrounding the deposition site over a specific period of time. This preservation ofpollen

throughout sediment with known times provide reliable stratigraphic records of past

vegetation change, which may be correlated with stratigraphic records fi^om other sites

allowing comparison ofpast vegetation changes through space and time (Birks and Gordon,

1985).

Pollen and spore analysis of sediment taken fi^om the North Atlantic (Mudie and

McCarthy, 1994) show that the relative abundance of pollen of conifers such as Pinus and

Picea increases with distance fi"om shore whereas pollen fi^om deciduous trees, such as

Quercus, Betula, and Alnus, decrease in both abundance and relative abundance offshore.

The morphology, high productivity and release ofbisaccate pollen fi-om many coniferous

taxa enable large numbers of these grains to be transported high into the atmosphere and

transported far distances by dominant air masses and prevailing storm tracks. Conversely,

the low relative production, heavy mass and non-saccate morphology of deciduous pollen

grains do not easily reach the upper atmosphere and are more susceptible to wash-out by rain
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and snow. Therefore, their presence in sediment usually represents deposition by local

winds. Sun et al. (2000) showed a similar transport relation between morphology of large

pollen suited for wind and water dispersal traveling farther than small, dense pollea This is

evident in deep sea sediments that contain eolian dust-sized minerals (Kawahata et al., 1998)

and pollen suitable to long range transport. However, during periods of intense winds, ice

rafted detritus, or mass wasting when abundance increases and more regional taxa types

occur further offshore (Mudie and McCarthy, 2004; McCarthy et al., 2004a, 2004b).

Study ofpollen and spore transport within the Mississippi River by Smirnov et al.

(1996) indicates morphology is not the only factor determining pollen transport and

deposition in fluvial and marine transport Distribution ofpollen deposited along the

Mississippi River is due to re-suspension and eolian input rather than pollen densities.

Further study by Chmura et al. (1999) looking at depositional patterns within the Mississippi

River and Gulf ofMexico indicated a non-systematic distribution of pollen and spore

abundance. High pollen and spore concentrations were associated with flocculation, a

conglomeration of fine material held together in a gelatinous matix. The low turbidity, high

nutrient neritic waters allow for phytoplanckton blooms and increased copepod grazing.

Beyond these grazing areas within the river plume entering the Gulf ofMexico pollen

decreases. Floes and pelletization due to copepod grazing was also attributed to increased

deposition in near shore sediment fi-om the north Atlantic (Mudie and McCarthy, 1994).

Pollen and spore assemblages collected fi-om the South China Sea have shown

contributions fi-om both the Huanghe (Yellow River) and the Changjiang (Yangtze River)

depending on the season (Katayama and Watanabe, 2003). Torigenous particles were foimd

to be transported fi-om the respective source river basins and into the Yellow and South

China Sea where lateral transport within 250 m ofthe sea bottom carried the particles fi-om

the shelfto the Okanawa Trough where they were trapped. However, Kawahata and
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Ohshima (2002) showed that a southern shift in the surface current Kuroshio Extention may

transport some terrestrial organic mattCT (pollen and spores) from the South China Sea and

Japanese archipelago to the Hess Rise.

1.2 Vegetation of China

Pollen grains and spores have proven to be reliable proxies ofvegetation and climatic

changes of Quaternary environments from terrestrial (Liew et al., 1998; Liu et al., 2001; Liu

et al., 1999a; Liu et al., 2002a; Ren and Beug, 2002; Sun et al., 1997; Tungsheng et al., 1996;

Yan et al., 1999; Yuan et al., 2000; Zhang et al., 2003) and marine sediments from this

region (Han et al., 1997; Heusser, 1992a, b; Heusser and Morley, 1999; Heusser and Van De

Geer, 1994; Heusser and Moriey, 1996; Mildenhall et al., 2004; Pisias et al., 2001; Sun and

Li, 1999; Sun et al., 2000; van der Kaars and De Decker, 2002).

It has been estimated that 100% of extant genera had evolved by approximately 10

Ma ago and 100% of extant species had evolved by approximately 1.8 Ma ago (Traverse,

1988). This allow^s pollen and spores to be used for the identification ofpaleovegetation

within these time constraints. Reconstruction of past climate is also possible based on ranges

and habitats occupied by these taxa today.

Vegetation ofmodem East Asia falls within eight major vegetation zones

differentiated by composition of dominant pollen taxa (Fig. 1). Tundra dominates northern

Russia and the Kamchatcha Permisula. These areas have permafrost due to low insolation

and lengthy cold seasons. These same factors contribute to arid conditions (< 250 mm of

precipitation annually) at these high latitudes (Watler, 1973). The types of vegetation most

prevalent in the high arctic are hchens, mosses, sedges, genera of Compositae such as

Artemisia and dwarfed shrubs ofBetula and Almis (Heusser and Morley, 1995).
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Fig. 1 Vegetation zones of East Asia (modified from Chang, 1983; Heusser and Morley,

1999; Ren and Beug, 2002). Dominant pollen taxa for zones include: Tundra - Lichen,

mosses, sedges and dwarfed shrubs; Temperate steppe - Artemisia, Gramineae,

Chenopodiaceae; Temperate desert -Artemisia, Gramineae, Chenopodiaceae; Alpine

Steppe - Artemisia, dwarfed shrubs; Boreal forest - Picea, Larix, Betula; Cool Temperate

Forest- Pinus, Abies, Alnus, Betula, Quercus, Ulmus; Warm Temperate Forest- Ulmus,

Quercus, Juglans, Tilia, Populus, Acer; Subtropical - Quercus, Castanopsis, Taxodiaceae-

Cupressaceae-Taxaceae pollen type.





A boreal forest zone is located in northern China and in Russia offthe coast ofthe

Sea of Okthotsk. The growing season is short and annual precipitation is low, ranging from

250 to 500 mm/ year (Watler, 1973). Substrate is generally composed ofexposed bedrock

with little soil cover. In China,this vegetation zone is dominated by cold climate coniferous

taxa ofPicea, Larix with occurrences of deciduous taxa ofBetula, cmdAlnus (Heusser and

Morley, 1 996; Ren and Beug, 2002).

Cool temperate forest zone occupies northeast China and most of Japan consisting of

evergreen taxa such as Pirms andAbies along with deciduous taxa including Alrtus, Betula,

Quercus, Ulmus (Heusser and Morley, 1996; Ren and Beug, 2002). There is a longer

growing season at these latitudes with mean winter and summer temperatures of-1°C and

22°C and annual rainfall between 500 and 1000 mm (Watler, 1973). Temperature is

moderated by the penetration ofwarm waters from the Kuroshio Current mixing with cold

waters ofthe Oyashio Current in the Sea of Japan, creating a climate regime supporting

mixed forests (Fig. 2).

The temperate forest zone is situated west of the Taihang Mountains along the Pacific

east coast of China and Korea, as well as southern Japan. Annual precipitation is similar to

the cool temperate forest to the north (~ 500 to 1000 mm/ year); (Watler, 1973), however, the

shorter cold season and limited penetration of the cold Oyashio Current to the southern Sea

of Japan results in higher mean winter and summer temperatures of 5°C and 25 °C.

Vegetation is a mixture of needle-leaved trees dominated by Pinus together with Abies and

TCT-type taxa (Taxodiaceae, Cupressaceae, Taxaceae) and the broad-leaf deciduous taxa

including, Ulmus, Quercus, Juglans, Tilia, Populus, Acer, Betula, Fraxinus, Carpirms, and

Corylus (Heusser and Morley, 1996; Ren and Beug, 2002).
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Fig. 2 Diagram illustrating the extent of vegetation zones and major surface

currents during the late Quaternary as well as locations ofODP Sites 1 179 and

882. The boundary between warm and cool temperate forest zones corresponds to

the mixing of cold northern waters (Oyashio Current, similar to the Labrador

Current) and the warm equatorial water (Kuroshio Current, similar to the Gulf

Stream). Modified from Ren et. al. (2002); Tsukada (1983); Numata (1974);

Walter (1973); and Wang (1961).





The Subtropical Forest vegetation zone is found along the Quinling Mountains and

Yangtze River Plain in southeastern China and in the north of Taiwan. Climate at these

latitudes is warm and moist, heavily influenced by the warm tropical waters traveling through

the South China Sea. Annual precipitation is high (-1000 - 2000 mm/ year) and winter

temperatures rarely dip below 0°C (Watler, 1973). Broad-leafed forests ofQuercus dominate

this region along with needle-leaved TCT-type taxa and Cyclobalanopsis. Minor forests of

Firms, Abies and Betula are found at higher elevations of surrounding mountains (Ren and

Beug, 2002).

West of the Daxingan and Taihang Mountains lies the expansive Temperate Steppe

vegetation zone incorporating the Inner Mongolian Plain, the northwest loess plateau and the

central loess plateau situated north of the Quinling Mountains (Fig. 3). This semi-arid

region, with rainfall between 250 and 500 mm annually (Watler, 1973) has winter and

summer temperature extremes where families such as Compositae (dominated by Artemisia)

Gramineae, Chenopodiaceae, and Cyperaceae dominate. Sparse woodlands ofQuercus are

found along the steppe margins (Ren and Beug, 2002).

The temperate desert zone in northeastern China has rainfall less than 250 mm per

year with temperature extremes similar to the steppe region (Watler, 1973). Due to the

aridity, this vegetation zone can only support herbaceous taxa, dominated by the Composite

%ewi% Artemisia, as well as taxa from the families Gramineae, Chenopodiaceae. There is little

or no vegetation within the interior Taklimakan and Gobi Deserts (Ren and Beug, 2002).

The Alpine Steppe zone in the Qinghai-Tibetan Plateau has conditions similar to

tundra and steppe vegetation zones. Vegetation is dominated by Artemisia and other herbs,

sedges, and dwarfed shrubs (Ren and Beug, 2002).
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ffy'8'1 Gobi (stoney desert)

k:/V.^^ Sand desert

I I Loess

Mountains

1000
I 1^

Fig. 3 Loess regions of China showing relation ofmountains and desert basins where

dust originates (modified from Sun, 2002). Westerly winds are divided into north and

south components resulting from uplift of Tibetan Plateau, deflecting moist air causing

increased aridity throughout interior China.





11

The tropica] zone is a broad region stretching from the equatorial southeast Asian

coast of the South China Sea, into Indonesia along the southern slope of the Himalayan

Mountain chain and mto India. Large quantities of predpitation (>2000 mm per year);

(Watler, 1973) are carried to this region by the summer monsoons originating in both the

Indian Ocean and equatorial Pacific Ocean. Vegetation within this zone is abundant and

diverse but the genus Podocarpus is present in large numbers and is often used as a climate

indicator at low latitudes by many researchers (Dupont et al., 2001; Hcussct and Shackleton,

1994).

Many pollen taxa are found in more than a single vegetation zone, making

interpretation of pollen diagrams recovered from distant sources (abyssal ocean) unreliable

for reconstruction of local paleovegetation. The effects of surface topography create a

vertical climatic gradient (Fig. 4) where desert and northern type vegetation exist at higher

altitudes. As altitude decreases there is a transition from steppe vegetation to increasing

forest components toward the base (Yuan et al., 2000). Cool, arid climatic conditions that

persist at higher elevations permit the growth of typically high latitude vegetation, whereas

valleys at higher latitudes may contain vegetation typical ofmore southerly latitudes (Ren

and Beug, 2002). A lowering ofhigh altitude vegetation was seen to correspond with

expansion of grasslands during the Last Glacial Maximum in Chinese loess sequences

(Zheng, 2000) as well as pollen data from deep-sea marine cores along the Pacific slopes of

the Ecuadorian Andes Mountains (Heusser and Shackleton, 1994).

1.2.1 Pollen in Terrestrial Sediment

Ren and Beug (2002) conducted vegetation change studies based on Holocene pollen

data obtained primarily from lake sediment and peat samples. Eight Chinese vegetation

zones (fig. 2) were used similar to those mentioned above. Their study showed a westward





12

10000

8000

<

§ 6000

4000

2000

80 85

iL (ioNGOUA

-iSPr

\

sera

90

Alpine Vegetation

A Subalpine needle-leaf forest

• Cool-temperate forest

Q Warm-temperate/subtroplcal

evergreen broad leaf forest

+ Tropical forest

95 100 105 110 lis

Longitude (degrees)

J

120 125 130 135

Fig. 4 Vegetation change with mountain elevations along 30°N longitude in Asia

reflect similar latitudinal vegetation change. Alpine (steppe) vegetation and forest

types favouring cold, dry climate are at highest elevations while moist, humid

forest types occtir predominately at the lowest elevations. Modified from Fang et

al. (1996).
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and upward migration ofPicea/Abies in the Qinghai-Tibet Plateau which they attributed to

rising temperatures. Their climatic reconstruction of later Holocene vegetation was limited

to areas ofnon-human influence, due to the decline of forest taxa and the expansion of steppe

attributed to faming activity.

In areas of central China where human activity is negligible (loess plateau and steppe

regions), continuous records, spanning several million years are available for pollen analysis

(e.g. Ding and Yang 2000). Pollen records recovered Jfrom cores of Quaternary Chinese

Loess sequences from MIS 6 and MIS 5 to present indicate expansion of steppe vegetation

dominated by Artemisia and other herbaceous C3 plants and a decline ofC4 plants, based on

carbon isotope records, as a climatic indicator for cool, arid conditions Zhang, et al., 2003;

Yan et al., 1999; Sun et al., 1997; Tungsheng et al., 1996; Liu et al., 2001; 1999a; 2002a).

The dominance ofArtemisia and other C3 vegetation is also evident in late Pliocene

sediment cores taken from Lake Baikal in northeastern Eurasia where cooling was associated

with expansion of steppe and boreal-alpine vegetation (Demske et al., 2002) and in lacustrine

sediments from central China where increases ofArtemsia and Chenopodiaceae were

associated with cooling and aridity (Li et al., 2004; Liu et al., 2002b).

Elsewhere, researchers have shown a differentiation of glacial/interglacial climates

through the use of indicators, such as Artemisia-dominated pollen assemblages in Greece

(Okuda et al., 2002), grassland expansion in Western Australia (van der Kaars and De

Decker, 2002), increase ofwoody taxa in Arctic Alaska (Nelson and Carter, 1985),

abundance ofherbaceous taxa (Heusser and Van De Geer, 1994) and fluctuation of broad-

leafed forests in New Zealand (Mildenhall et al., 2004), reduction ofupland and lowland

tropical forests in Austral-Asia (Hope et al., 2004), and the increase spread ofPodocarpus in

the mountains of Africa (Dupont et al., 2001).
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Fig. 5 a) Marine 5^*0 record showing strong correlation between

loess-paleosol sequences from Baoji area ofthe Chinese Loess

Plateau (from Porter, 2001). Light bands (L-series) represent

loess layers, dark bands (S-series) represent paleosol layers,

loess-paleosol sequence from the Baoji Chinese Loess Plateau

correlated with marine oxygen-isotope values and

paleomagnetism from 2.5 Ma to present. Ages are based on

paleomagnetic reversals.
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Pollen assemblages from marine sediment of continental margins correspond to modem

vegetation zones onshore (Mudie, 1982; McCarthy et al., 2003). Pollen analysis of near-

shore sediment cores in the South China Sea has indicated the expansion of montane

conifers at low latitude and pollen flora dominated hy Artemisia in the north during

the last glaciation when the continental shelfwas exposed due to lower sea levels (Sun and

U 1999; Sun etal., 2000).

Sim et al. (1997) showed a link between pollen stratigraphy in sediment cores of the

loess plateau in Central China and the global marine oxygen isotope stages (MIS) by

correlating the increases in ^rtem/57a-dominated C3 vegetation and loess indicative of cool,

arid conditions with even numbered MIS's. Conversely odd numbered MIS's were found to

correlate with the expansion ofwoodland and increased pedogenic soil (Fig. 5a). This

relation was found among pollen assemblages from marine cores off continental coasts of

Asia and North America (Heusser and Morley, 1997; Heusser and Van De Geer, 1994;

Mudie and McCarthy, 1994; Pisias et al., 2001).

Findings from loess and marine sediments reflecting vegetation change in China have

been supported by similar studies in the Southern Hemisphere. Glacial pollen assemblages

containing indicators of herbaceous C3 vegetation recorded from deep sea sediment from the

Chatham Rise ofiFNew Zealand (Pig. 5b) has been correlated with oxygen isotope stages 2, 4,

6, 8, and 10, whereas isotope stages 1, 3, 5 e, 7b have been correlated with taxa suited to

warm, moist conditions such as conifer and broadleaf forests (Heusser and Van De Geer,

1994).

Using statigraphically-controlled pollen assemblages from near-shore and deep-sea

sediment cores from the Sea of Japan and Pacific coast ofJapan, Heusser (1992a) and

Heusser and Morley (1999 & 1996), were able to reconstruct Neogene vegetation of northern

Japan and Northeast Asia and identify warming and cooling trends. Climate change
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Fig. 5 b) Correlation between Oxygen Isotope Stages (shaded) from the ^*0

record (Shackleton and Pisias, 1985) of Pacific Deep Sea cores offthe east coast

ofJapan i) RC14-99 and ii) V28-304. Diagnostic taxa for glacial and stadial

periods are dominated by Pinaceae and herbs. Taxa dominant during

interglacials and interstadials are Cryptomeria and Quercus (from Heusser and

Morley, 1997).
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reconstructed from these pollen assemblages was supported by radiolarian-based sea surfece

temperatures (Heusser and Morley, 1997; Heusser and Morley, 1996). Vegetation ofthe

North American Pacific coast was reconstructed from pollen assemblages of sediment taken

from deep sea cores in the northeast Pacific. These indicate millennial scale climatic trends

along the west coast ofNorth America during the last glacial cycle, also supported by

radiolarian assemblages and the 5^*0 record (Pisias et al, 2001).

1.3 East Asian Dust Production and Transport

1.3.1 Uplift ofthe Himalayan Mountain Chain

Collision of the India-Australian plate with that of Eurasia occurred between 70 and

40 Ma years ago, depending on the strike of the Himalayan orogen (Fig. 6), ranging from

Paleocene in the west to Eocene in the east (Copeland, 1997). Events involved in uplift

(Ruddiman, 1997) of the Himalayan Mountains and Qinghai-Tibet Plateau, once the seafloor

ofthe Tethys Sea, are still under debate (Li and Fang, 1999), however an overview of a

sequence described in Zhang (2000), giving generalized timing, will be briefly summarized

below.

During the Permian, the waters of the Tethys Sea receded from north to south as

mountains formed from a sequence oforogenic events continuing into the Mesozoic. The

initial phase of the Himalayan Orogen evacuated the Tethys from the Qinghai-Tibet region

followed by a second phase ofuplift resulting in large scale folding and faulting during the

middle Miocene. Remaining relatively stable at an elevation -1000 m throughout the

Pliocene, the Qinghai-Tibet region experienced a third phase ofuplift to elevations of-2000

m in the early Pleistocene, to -3000 m in the middle Pleistocene, and -4000 m in the late

Pleistocene (Zhang et al., 2000).
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The phased uplift caused major climatic change in East Asia, with significant

increases of altitude (Zhang et al., 2000), affecting wind patterns and regional climate

between 10-7 Ma and 3.6-2.6 Ma (Liu and Yin, 2002; Sun et al., 2004; Zhisheng et al.,

2001). Further upheaval during the Pleistocene has been suggested for 1. 1-0.9 Ma ago based

on increases in eolian dust mass accumulation rate (MAR) within the Qaidam Basin in China

(Sun and Liu, 2000a).

1 .3.2 Monsoon and Climate Change in East Asia

Climate in Asia is affected by two major monsoon systems, the East Asian Monsoon

predominantly controlling the climate in Southeast Asia (Sun and Liu, 2000b; Wang and

Sun, 1994) and the Indian Monsoon (Zonneveld et al., 1997). These weather systems, in

conjunction with the circulation ofthe Atlantic air-ocean system, are key internal

mechanisms of global climate (Fang, 1999). Seasonal cycles bring warm moist air masses

via the southwest summer monsoon from southwestern ocean currents and cold dry air in the

northeast winter monsoon from northeastern ocean currents (Sun and Li, 1999).

The uplift ofthe Himalayan Mountains and Tibetan Plateau to a critical height (~3

km) interrupts the westerly air flow (Fig. 7a) splitting into a north stream and south stream

around the mountain range (Fang et al., 1999). Deviation ofthe jet stream (Fig. 7b) causes a

heat anomaly which developed the East Asian Monsoon (Ruddiman, 1997; Zhishang, 2001).

Differential heating in June, July, and August produces strong pressure gradients

between the Indian Ocean (Bay ofBengal), the southwest Pacific Ocean and the continental

interior (Clemens and Prell, 1990) (Fig. 8). This differential sets up a strong low pressure

cell ofwarm, dry air from the continent that rises and is carried aloft to the surrounding

oceans. The air mass cools and descends, creating a high pressure cell over ocean waters.





20

50°N-

40°N-

30ON-

20°N-

50°E 70°E 90OE llOOE 130°E
1 1 I I I ' L_

Z5-0.6Ma -50°N

-40°N

OCN

-20°N

70°E 90°E 110°E

50°N-

40°N-

30°N-

20°N-

-5CFN

-40°N

-30°N

20°N

70°E 90°E 110°E

Fig. 7a Possible change in atmospheric circulation due to uplift of the Himalayan-

Tibetan plateau (from Fang et al., 1999). At 2.5-0.8 Ma elevation ofplateau ~1.5-3 km

allowing high level westerly winds to flow unobstracted but high enough to spilt low

level winds reducing moisture to interior. The plateau had iindergone the third uplift

phase at ~0.8 Ma, elevation caxises split in high and low level winds. The result was a

concentration of the summer monsoon to southern regions and intensification of the

winter monsoon through establishment of Siberian High pressure cell in the north.
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The cool, dry air travels over the tropical surface waters picking up heat and moisture as the

current flows toward the continent. Upon reaching the uplifted region of the Himalayan

Orogen, the air rises and cools, expunging large quantities of moisture in Southern Asia.

The winter monsoon (Fig. 8) is driven by a pressure gradient caused by ocean surface

waters remaining warmer (high latent heat) in the winter than the r^id cooling ofthe

continental interior of northern Asia. The high pressure cell (Siberian High) creates a strong

flow of cold, dry surface winds over the continent toward the low pressure ofthe surrounding

warm ocean waters. The air is heated and carried aloft toward the continental interior where

cooling and descent ofthe air mass occurs.

The modem Asian climate was produced by the progressive aridity of interior Asia

and the establishment ofthe cold Siberian High in the winter. The uplifted Himalayan

mountain chain and Tibetan Plateau restricted moisture to the Asian interior creating a rain

shadow along the leeward side of the mountains when a critical elevation was attained

(Zheng et al., 2003). This climate and topography change has separated alpine and temperate

desert zones comprising the northwest, tropical to subtropical zones south ofthe mountain

range, and temperate to boreal zones along the east coast (Fig. 1).

The diminished penetration of southern monsoons (summer) into central China and

the strengthening of the northern monsoons (winter) during glacial periods has been recorded

by climatic proxies (pollen, grain size, and magnetic susceptibility) in loess/paleosol

sequences (An et al., 1993; Donghuai et al., 1998; Fang et al., 1999; Han et al., 1997; Ji,

1992; Lehmkuhl and Haselein, 2000; Lu et al., 2002; Weijian et al., 1996; Xiao et al., 1995).
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1 .3.3 Eolian Dq)osition

The deposition of loess/paleosol sequences commenced near the Gauss/Matuyama boundary

(approximately 2.6 Ma ago; Gu et al., 1994; Kalm et al., 1996; Sun and Liu, 2000a),

overlying a Hipparion Red-Earth Formation providing an extension ofthe high-resolution

loess/paleosol record to ~7 Ma (Guo et al., 2001). The appearance of the Red Earth

Formation coincides with the phased uplift ofthe Himalayan mountains and Qingtai-Tibet

Plateau before a critical elevation interrupting the jet stream was reached (Ding et al., 1997).

The development ofloess is complex, and ddjate over pre- and post-deposition ofthe

silt-sized material is ongoing (Smalley et al., 2001). However, understanding the importance

of dust flux to the northwest Pacific Ocean requires a basic overview ofthe nature ofloess.

There are several ways in which loess may form (Obruchev, 1945): 1) primary loess

(typical), is generated by eolian dust from desert and periglacial environments in both warm

and cold climate; 2) secondary loess is redeposited by non-eolian means or by an in-situ

process of acquiring characteristics of loess described by Berg (1916), later termed

loessifiction (Russell, 1944). Pecsi (1990) stated that airborne dust becomes loess only when

the accumulation is greater than sheet washing and pedogenesis. Loess will form soil when

accumulation is less than surface erosion, pedogenesis, or when increase in precipitation

results in the weathering ofloam or clay.

In a summary paper on the origin of loess, Pye (1995) proposed when dealing with a

global system where colour, mineralogy, grain size, geochemical composition, and

morphology naturally differ, loess should be characterized as terrestrial clastic sediment,

composed primarily of silt-sized particles, which is formed essentially by the accumulation

ofwind blown (eolian) dust. This broad definition of loess will be used throughout the

remainder of this thesis.
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Desert and steppe regions act as reservoirs for eolian transported sandy or clayey silt-

sized material from the tectonically active regions ofthe Himalayan and central Chinese

mountain ranges (Sun, 2002a, 2002b; Sun and Liu, 2000a). Large amounts of dust are

generated by fracturing and the diasaggregation of overburden sediments during uplift. This

is a result of a combination of compressional stress, folding, faulting, and thrusting along

with climatic conditions at extreme elevations enhancing chemical and mechanical

weathering with large potential eno-gy from high relief (Pye, 1995).

Loess regions surrounding the reservoirs may vary in the amount of entrained dust

due to topography, climatic conditions and/or vegetation gradients. Material is entrained

more rapidly with increasing particle size and decreasing wind velocity. Sorting of coarse to

fine sediments may occur downwind of source (Pye, 1995). The accretion of large loess

deposits predominantly results from the presence of vegetated surfaces (Tsoar and Pye, 1987)

of the Steppe or Temperate Desert zones (Fig. 3). Expansion of desert margins during the

Last Glacial Maximum (LGM) has been interpreted from the presence of coarse grained sand

within loess sequences in the Chinese Loess Plateau (Bush et al., 2002; Ding et al., 1999;

Rokosh et al., 2002). In this way, sources of dust influence vegetation, pushing areas of

entrapment fiirther from the source and subsequently resulting in northeast to southwest

expansion of loess plateaus. Harrison et al. (2001) imply that the opposite is true, that

expansion of steppe and woodland-steppe vegetation cause entrapment closer to the source.

Either way, this indicates that aridity is not the only cause for the occurrence of increased

dust accumulation. Other factors or combinations of factors such as vegetation cover, wind

strength, eustatic sea level changes, and wet deposition rate also play a role in dust

accumulation (Nilson and Lehmkuhl, 2001).

Entrainment of the source dust reaches a maximum in semi-arid and arid regions, not

hyper-arid regions as one might expect (Fig. 9). Hyper-arid environments are composed of
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Fig. 9 Illustration of land conditions enabling sediment availability for eolian transport

(from Pye, 1995). A) Hyper-arid environment with precipitation <80 mm with slow

outcrop weathering and little dust production due to heavily armoured or encrusted

surfaces. B) Arid/semi-arid conditions (precipitation 80-200 mm) with more rapid

weathering of outcrop. Frequent flooding allows deflation of dust due to lack of

vegetation and windstable topsoil. C) Semi-arid/sub-humid environment with

precipitation 200-400 mm allows vegetation cover and water coverage limiting dust

available for eolian transport.
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sediment that has been deflated producing an armoured layer of crustal salts and lag gravels.

This hardened layer reduces the effects ofwind erosion decreasing the flux of dust into the

atmosphere. In semi-arid and arid regions the presence ofwater in fluvial channels and

alluvial fans serve to breakup the armour layer dissolving salts and entraining pebbles and

gravel (Pye, 1995).

Grain size is an important factor determining the extent of a loess deposit. Fine dust

particles are easily entrained in turbulent winds, while coarser grains with higher settling

velocities are transported in short-term suspension (Tsoar and Pye, 1987). Dispersion causes

an exponential increase in turbulence and dust flux with respect to mean wind speed, and

greater wind speeds result in proportionally greater transport distances. In the case of severe

monsoon or cyclonic storms, even sand sized grains are entrained by upper atmospheric wind

systems and transported to the North Pacific (Duce et al., 1980; Parrington et al., 1983; Pye,

1995; Middleton et al., 2001). Coarse grained materials und^go rolling, creep and saltation,

resulting in sand dunes, sand sheets, sandy loess, loess, coarse-medium dust and finally

clayey loess where vegetation significantly reduces wind speed to inhibit suspension. The

fine particles are carried aloft in upper wind regimes (Jet Stream, Trade Winds), and may

travel thousands of kilometers prior to dry deposition fi^om descending air mass motion or

moist deposition from precipitation (Pye and Zhou, 1989).

Climatic interpretations involving grain size ofloess plateaus in Europe and Asia

indicate that coarse-grained loess reflects a cool, arid environment characteristic of glacials,

and fine-grained pedosols reflect warm, moist interglacial periods allowing high resolution

records (An, 2000; Vandenberghe and Nugteren, 2001). Increases in dust accumulation

indicate an intensification of the East Asian Monsoon and greater contrast between summer

and winter monsoons after -2.5 Ma (Xiao and An, 1999). The atmospheric link between

loess and atmosphere is extended globally, as these records correlate well with the oxygen
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isotope stages ofdeep sea records (Bloemendal et al., 1995; Liu et al., 1999b; Lu et al.,

1999).

Other proxies indicating climatic change and monsoon variability obtained from loess

plateaus in Asia include the illite and kaolinite mineral content (Gylesjo and Arnold, 2003),

^°Be distribution (Gu et al., 1994), atmospheric trace elements (Zhang et al., 1993), and

magnetic susceptibility (Bloemendal et al., 1995; Han and Jiang, 1999; Mayer et al., 1996;

Spassov et al., 2001; Sun and Liu, 2000b; Sun et al., 1998; Vandenberghe et al., 2004; Xiong

etal.,2001).

1.3.4 Eolian Flux

Eolian dust (Fig. 10) is transported, with rates of 1000 mg/cm^-ka, to the northwest

Pacific Ocean along the path ofprevailing westerly winds (Rea, 1994). During the cold, dry

glacial stages ofthe Pleistocene, monsoon winds generated from the Siberian High over the

northeast Asian continent entrained large amounts ofdust from the central deserts by near-

surface winds (Pye and Zhou, 1989). Studies throughout the North Pacific have found

sediment, sourced to the deserts and loess plateaus of central China, in deep sea cores from as

far as Hawaii (Arnold et al., 1998; Bloemendal et al., 1995; Duce et al., 1980; Kawahata et

al., 2000a; Kawahata et al., 2000b; Nakai et al., 1993; Ohkouchi et al., 1997; Parrington et

al., 1983; Pektte et al., 2000; Rea, 1994; Snoeckx et al., 1995; Spassov et al., 2001; Zhang et

al., 1993).

Loess and paleosol of East Asia consists of eolian mineral dust (>90% of mass) originating

from the desert regions ofNorthern China (Zhang et al., 1999). The subverticle migration of

elements and CaCOa contribute to remainder of the mass (Zhang et al., 1994). These

processes are vital to exchange of nutrient-rich mineral dust between the lithosphere,

atmosphere and hydrosphere (Harrison et al., 2001). Increased eolian iron (Fe) flux during
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Fig. 10 Global prevailing wind direction and dust flux mg(cni ky)" entering oceans

showing ODP Sites 1 179, 881 and 882. Atmospheric conditions in East Asia during

Northeast Winter Monsoon and albedo gradients force high winds away (high

pressure cell) from the heated continent toward the cooler waters of the North

Pacific Ocean. Arid conditions allow for increased flux of terrigenous material in

prevailing winds. The Southwest Summer Monsoon brings warm air from the

Pacific Ocean to the still cool landmass of Asia, creating intense storms throughout

the southern mountains and arid conditions toward the interior plateaus (modified

from Rea, 1994).
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glacial periods was linked to ocean productivity as proposed by the Iron Hypothesis (Martin,

1990). Follow-up studes ofthe world oceans lend credibility to the Iron Hypothesis,

detailing the sensitivity ofocean productivity in the subarctic Pacific and other high nitrate,

low chlorophyll (HNLC) regions to atmospheric Fe (Moore et al., 2002).

Recently Bishop et al. (2002) used the NASA TOM satellite to track episodes of

enhanced dust flux from the Gobi Desert that occurred during the spring. This eolian flux

from the dry interior of China into the Northwest Pacific caused an increase in chlorophyll

concentration, signifying phytoplankton blooms. This enhanced productivity was also seen

from samples near the Hesse Rise, where differences between the Mass Accumulation Rate

(MAR) of silicates originating from China during glacial and interglacial MIS stages

attributed to reduced summw monsoon precipitation and increased winter monsoon wind

strength within the last 200 ka (Kawahata et al., 2000a).

Dust deposited in loess plateaus of Asia and the western Pacific sea floor seems to

originate from the montane environments of central Asia and Tibet (Pye, 1995; Rea, 1994).

Studies of sediment in the Pacific Ocean using Rb-Sr and ^Sr/^Sr has shown a dominance of

island-arc dust in northwest Pacific deep sea cores, Asian dust in north central Pacific deep

sea cores, and South American dust in low-latitude eastern Pacific deep sea cores (Nakai et

al., 1993). Measurements of 8'^ O values of quartz dust analysed from soils of the Hawaiian

Island chain also indicate an Asian origin (Duce et al., 1980; Parrington et al., 1983).

This thesis examines the mid Pliocene through Pleistocene record of the northwest

North Pacific pollen and spore assemblages and grain-size from abyssal ODP Sites 1 179,

881, and 882. The proxies reflect variations in wind strength and eolian flux recording

glacial and interglacial episodes in East Asia. The data are compared to planktonic

foraminifera, dmoflagellate cysts and magnetic susceptibility records. In addition to the

correlation of pollen grains and terrestrial siliceous grain size to marine records, the former
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two are correlated with the siliceous grain size (a climatic indicator for arid/cool climate, low

vegetation cover and high wind strength) recorded in the loess sequences of central China.
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2.0 Ocean Currents

The thermohaline conveyor (Fig. 1 la), initially described by the Goldsbrough model

in the 1950's maintains oceanic circulation through evaporation and precipitation or by

density contrasts caused by freshening of surface waters (Barron and Seidov, 2001). The

model was refined by Stommel and Arons (1960) as an overturn of highly saline water at a

sink created by downward movement of dense polar water eventually upwelling through the

thermocline at lower latitude source regions. The concept ofthe thermohaline conveyor has

been developed over decades {for a progression ofocean circulation see Barron and Seidov,

2001) and the process is currently understood to be driven by the polar salinity changes of

sinking surface waters in the North Atlantic to produce the driving force of the thermohaline

conveyor, North Atlantic Deep Water (NADW). Cold, highly saline waters have high

densities and are commonly found in the polar regions or underlying currents. Alternatively,

warm waters tend to have lower salinity values and are less dense, therefore found in surface

currents.

Recent work indicates that creation oftheNADW in the Norwegian and Greenland

Seas, and of the Antarctic Bottom Water (AABW) in the southern ocean may act as an

integrated driving mechanism ofthe 'Bipolar seesaw' model (Broecker, 1998; Stocker, 1998)

reliant on freshening of polar waters. Formation of deep-water in the Atlantic Ocean is

theorized to influence global climatic instability through presence or absence ofNADW

(Maslin et al., 2001; Seidov et al., 2001; Seidov and Maslin, 2001). Presumably, this driving

mechanism occurs as a result ofthe opening ofthe Drake passage -30 Ma and the closure of

the Isthmus ofPanama ~3 Ma, altering the passage of waters from all oceans through the
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Antarctic. This Antarctic interconnectivity ofthe southern ocean allows any change of

NADW to influence global circulation. It can therefore be inferred that the Pacific Ocean

and global atmospheric conditions are tied to the conditions p«taining toNADW formation

(Fig. lib).

Examination ofvarious models involving mass transport of ocean currents indicate a

strong flow ofNADW during interglacial periods, represented by present conditions, and a

much weaker flow during the LGM (Haupt et al., 2001). Perhaps the most observable

change in the thermohaline conveyor occurs during a meh water event causing a complete

collapse due to freshwater discharge such as those proposed in the Bipolar See-Saw

hypothesis (Seidov and Haupt, 1997).

A feedback imposed by fresh, surfece water flux into the Arctic Ocean may alter

salinity in the North Atlantic (Broecker, 1991). The low salinity (32.7 PSU) of the warm

Pacific Ocean surface waters caused by low evaporation:precipitation is not conducive to

deep water formation, which differs from higher salinity (34.9 PSU) of the warm Atlantic

surface waters creating a gradient driving the THC, therefore, the North Pacific cannot form

an equivalent to NADW (Warren, 1983).

Due to ocean bathymetry, the Antarctic Circumpolar Current (ACC) branches into the

Australian-Antarctic, Southeast Pacific, and Southwest Pacific Basins while the remainder

continues its eastward flow through the Drake Passage. Once in the Australian-Antarctic and

Southeast Pacific Basins the AABW is trapped due to the ridge systems at lower latitudes

(Orsi et al., 1999). Deep water within these basins undergoes mixing with warmer waters,

causing a return flow with a temperature change from 0° C to 2° C toward the south at a

depth of- 2000 m - 3500 m (Toggweiler and Key, 2001).

In contrast to the unhindered flow ofAABW to low latitudes in the Atlantic, the

contour ofthe Pacific Ocean limits the flow of extremely dense water to low latitudes.
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Transport ofdeep water is only possible via the Deep Western Boundary Under Current

(DWBC) through gaps in the mid-oceanic ridge ofthe Southwest Pacific Basin (Carter et al.,

1996; Orsi et al., 1999). Uncoupling ofthe DWBC from the surface ACC masses occurs off

the coast of southern New Zealand (~50°S), and the DWBC snakes around the north tip of

New Zealand before veering east toward the Samoan Passage, the only exit ofdeep water

from the South Pacific (Kawabe et al., 2003).

Waters ofthe DWBC consist ofthree signature types: the lower CDW (later referred

to as Lower Circumpolar Pacific Water, LCPW), a fast moving abyssal mix of deep water

form the Weddell Sea and NADW; the middle CDW with a salinity maximum representing

the remaining NADW; and the oxygen depleted upper CDW (Carter et al., 1996). Above this

is the I0W-O2, high-silica North Pacific Deep Water (NPDW) flowing in from the north and

low salinity Antarctic Intermediate Water (AAIW) flowing just under the Antarctic surface

waters ofthe ACC (See table 2 from Carter et al. (1996) for depths, density, salinities,

temperature, oxygen and silica values).

Once the DWBC flows throu^ the Samoan Passage it enters the Central Pacific

Basin, which reaches depths of 5000 m, spreading northeast to the Marina Basin and North

through the Wake Island Passage to the Northwest Pacific Basin (Kawabe et al., 2003).

Deep circulation ofthe LCPW bifurcates into cold eastern and warm western branch

currents soon after passage through the Samoan Passage at approximately 5°S (Kawabe et al.,

2003). The eastern branch of the LCPW flows north along the Gilbert Ridge >4500 m,

unable to clear the Soloman Rise, then flows through openings in the Mid-Pacific Seamounts

and Wake Passage and into the Northwest Pacific Basin.

The western branch ofthe LCPW heads north, then westward between the Shatsky

Rise and Emperor Seamounts (Kawabe et al., 2003) or eastward toward the Northeast Pacific
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Basin through the Main Gap in the Emperor Seamounts and between the Hess Rise and

Hawaiian Ridge (Owens and Warren, 2001).

Waters entering the Izugasawara Trench flow north through the Japan and Kuril

Trenches, turn east at the Kamchatka Strait travelling along the Aleutian Trench and it exits

into the Northeast Pacific Basin (Owens and Warren, 2001). This flow regime was supported

by Reed (1969, 1 970), indicating a western source for all North Pacific water below 2500 m.

Counter to the broad easterly current above the Aleutian Trench and Rise to the south

is a narrow, steady, westerly deep water flow described along the slope ofthe Aleutian Island

fi-om surface to seafloor (Warren and Owens, 1985, 1988). Deep water exiting the Aleutian

Trench flows northward contouring the Alaskan continental slope and back as the Alaskan

Stream (van de Flierdt et al., 2003).

Low latitude flow through the Bering Strait to the Arctic Ocean is limited to surface

waters less than 50 m deep flowing through gaps in the Aleutian Island Arc. Cold surface

waters fi-om the Bering Sea outflow south and merge with the Alaskan Stream to form the

Kamchatka Current characterized by a cold, low saline upper mass with a underlying warmer

(-300 m) layer (Rogachev et al., 2000). This forces Arctic waters in the Bering Sea along

the east coast of the Kamchatka Penisula. Bifurcation occurs at the Kamchatka Strait where

outflow fi-om the Bering Sea meets northerly flow along the Kuril Trench east ofthe

Emperor Seamounts and Aleutian Trench or merges with the Alaskan Stream and continues

south between the continental slope of Asia and the Kuril, Japan and Izuogasawara Trenchs

(Owens and Warren, 2001). Sediment is deposited within this mixing area creating the Meiji

Drift, a -1500 m long and 300 m wide terrigenous deposit along the eastern Emperor

Seamounts, containing material fi-om a Siberia and Kamchatka source (van de Flierdt et al.,

2003).
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2. 1 Surface Waters ofthe northwest Pacific Ocean

Offthe tip of the Kamchatka Peninsula along the Kuril Islands, the southerly flowing

Oyashio Current mixes with water entering the Sea ofOkhotsk forming the East Shakalin

Current (ESC) (Yasuda, 2003). Water is cyclonically fi^eshened and cooled passing through

the Kuril Islands to modify the Southern Oyashio creating a cold, low saline water that forms

the western boundary current ofthe subarctic gyre (Rogachev, 2000; Kono, 1998; Masujima

et al., 2003). The Subarctic Current forms the Southern Boundary Current ofthe subarctic

gyre at 45-50°N, bifurcating near 48°N 130°W (Bograd et al., 1999).

Counter to the Oyashio Current are the warm, salinity waters ofthe Kuroshio Current

established in the Ryukyu Arc area south ofJapan and making up the major western

boundary current of the North Pacific Ocean (Ujiie et al., 2003). However, ofgreatest

importance when discussing circulation in the Pacific is the Mixed Water Region (MWR) or

Mode water formation that occurs at the confluence ofthe Oyashio and Kuroshio Currents.

Large eddies in this region are formed as warm, saline (34.35 PSU) waters ofthe Kuroshio

bisect the cold freshened water (33.4 %o) ofthe Oyashio into a near-shore arm and an

offshore arm near the south tip of Kamchatka (Chem and Wang, 1994; Rogachev et al.,

2000; Tokihiro, 1998). Eddies effectively mix the intermediate subarctic waters of the

Oyashio and subtropical waters ofthe Kuroshio creating a salinity minimum range of 33.4 -

33.8 %o and a temperature range of2 - 7.5 °C. ^yao and Ishikawa, 2003; Tokihiro, 1998)

This unique density signature 26.64-26.4 aeis accepted as the initial formation ofNorth

Pacific Intermediate Water (NPIW) (Tailey, 1997). Flow fi-om theMWR is east along the

meandering Kuroshio Extention (KE) composed of several water masses (Fig. 12) of

Subtropical Mode Water (STMW), Central Mode Water (CMW), Okhotsk Sea Mode Water

(OSMW).
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A massive amount of heat (0.5 xlO^'W flux ) is transported to the atmosphere when

cold Oyashio and warm Kuroshio waters mix along the Kuroshio Extension (Talley, 1984).

Mixing occurs rapidly in the upper NPIW and gradually at depth between 140°E and 165°E

(Talley, 1997; Yasuda, 2003). Established NPIW in the east maintains a low salinity along

with a density of 26.8- 27. loe and extends from 14°N to 45°N, under the entire subtropical

gyre (Kwiek and Ravelo, 1999; Miyao and Ishikawa, 2003). Meridonal transition of the

NPIW into Central Pacific Water (CPW) occurs with changes in dissolved oxygen,

phosphate concentration, and salinity (Mix et al., 2002).

Sites 11 79, 881, and 882 are below the modem calcite compensation depth (CCD), below

which calcite is completely dissolved (Fig. 10). This depth is primarily controlled by water

temperature and calcite production in the photic zone. Site 1 179 is -1250 m below the CCD,

Site 881 is -1775 m below the CCD and Site 882 is -250 m below the CCD. Carbonates

were therefore not expected in these sediments, but several intervals ofanomalous CaCOs

preservation were noted at Site 1 179 and Site 881, and even more at Site 882 (McCarthy et

al., 2004a,b; Findlay, 2004). Findlay (2004) and Findlay etal. (in prep) showed that these

were comprised of either well-preserved planktonic foraminifera or recrystallised calcite and

have been associated with an increase in sea surface productivity and sedimentation rate

resulting from increased terrigenous flux (McCarthy et al., 2004a, 2004b) and to a shift of the

polar front (Findlay, 2004; Findlay et al., in prep.). This is supported by increased

concentrations of pollen and spores derived from the south Japan Archipelago, also

interpreted a southward shift of the Kuroshio Extension over the Hesse Rise (34°54.25'N,

1 79°42. 1 8E) during glacial periods (Kawahata and Ohshima, 2002).
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3.0 Late Pliocene to Recent Paleoclimate

The ice volume on Antarctica underwent an expansion during the late stages ofthe

Miocene (Frakes, 1979), and primarily has been attributed to the development ofthe ACC

with the opening ofthe Drake Passage altering oceanic crculation about 30 Ma ago

(Williams et al., 1998). Further global cooling developed throughout the Miocene and into

the Pliocene at a time when the Mediterranean Sea was cut-off from the Atlantic, further

altering oceanic circulation (Frakes, 1979;Williams et al., 1998). This time of Antarctic

glaciation caused large variation in global climate with ice rafting events and ice pack

restriction to Antarctic water signifying warm periods recorded by climate proxy

(summarized in Frakes, 1979).

It was not until 3.5 to 3.0 Ma that ice sheet expansion on Greenland marked the

intensification of glaciation ofthe northern hemisphere (Maslin et al., 1998), indicated by an

increase in the 5^*0 values (Shackelton, 1994). Global climate at 3.2 to 2.7 Ma, however,

indicates a warming and possibly dry event marked by deCTease 5^*0, large mammal

communities, sea level transgression, and expansion of steppe vegetation on different

continents (Han, 1997,Wrenn, 1999).

At about 2.5 Ma major ice growth occurred in Europe and North America (Frakes,

1979). Ice rafting debris in the Pacific Ocean, at ODP Site 882, has led researchers to believe

the Eurasian Arctic and northeast Asia was glaciated earlier at about 2.75 Ma, before the

onset ofNorth American glaciation (Maslin et al., 1995). Within China at this time a marked

increase in the East Asian Monsoon is recorded by the onset of loess accumulation and

increase eolian flux off the coast of China and Japan (Xiao et al., 1999).

Change to a more arid Asian interior was evident at about 2.5 Ma when the phased

uplift of the Himalayan-Tibeatan Plateau reached significant heights to alter atmospheric
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circulation in Asia (Liu and Yin, 2002; Sun et al., 2004; Zhisheng et al., 2001). The oceanic

circulation was reduced at about 2.5 Ma as well with the progressive closure of the Isthmus

ofPanama (Maslin et al., 1998).

Significant ice rafting occurred in the Pacific at 2.4, 1.9, 1.7 and 1.4 Ma, with global

cooling centred around 1.6 Ma, the beginning of a series of intense glaciations: at about 1.6 -

1.3 Ma, 1.0/0.9 - 0.7 Ma, 0.55 - 0.4 Ma and 0.08 - 0.01 Ma (Frakes, 1979). Ice sheet growth

in the northern hemisphere from 3.0 Ma to 1.0 Ma showed a dominance of a 41 ka cyclicity,

the same as the orbital periodicity ofEarths obliquity (axial tilt). After about 1 Ma, a shift in

the frequency of northern hemisphere glaciations took place dominated by a 100 ka cycle

(Raymo, 1998; Berger et al., 1999), the orbital period of eccentricity (shape of the orbit).

Glaciations since 1.0 Ma ago have therefore increased in intensity and decreased in

frequency fi-om those events of the early Quaternary (Crowley, 1991).

The possible reasons for the ' 100 ka problem' are as yet unknown. Most theories

suggest the buildup of large ice is related to orbital forcing or internal climate mechanisms,

such as ocean-atmosphere interaction. Using low insolation values at high altitudes in the

northern hemisphere, Raymo (1998) suggested an interaction of mainly the precession and

eccentricity and orbital periodicities over a 80, 000 to 120,000 year cycle in conjunction with

a decrease in COj, which also affects insolation values. A climate model with linearly

decreasing CO2 from 3 Ma to present by Merger et al., 1999) reproduced the cyclic 100 ka to

41 ka change at ~1 Ma. A multi-state model by Paillard (1998) was also able to show each

glacial-interglacial cycle of the Pleistocene as well as the the 100 ka periodicity change to ka

using glacial thresholds influenced by orbital periodicities and climatic mechanisms.

The climate of Asia is affected by the monsoon seasons bringing torrential rains to the

south. However, the interior (gobi desert) is extremely dry due the diversion ofwinds around

the high elevations of the Himalayan-Tibetan Plateau. Along the east coast ofChina and the
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Island ofJapan climate is moderated by the wann Kuroshio and Cold Oyashio oceanic

surface currents of the North Pacific Ocean. The migration ofthese currents over time are

linked to the movements ofthe subarctic front and the strength ofthe thennohaline conveyor,

originating in the North Atlantic.
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4.0 Materials and Methods

4.1 ODP Core Sites

Samples processed for this paper where collected by the Ocean Drilling Program

(ODP) Leg 191 and Leg 145 ofthe research vessel JOIDESResolution in the Northwest

Pacific and ordered from the ODP Gulf Coast Repository (http://www-odp .tamu .edu) . Sites

were examined from two separate legs based on shipboard measiirements ofCaCOs revealing

calcareous sediments below the calcite compensation depth (CCD) at ODP Site 1 179 (Leg

191), ODP Site 881 (Leg 145) and ODP Site 882 (Leg 145). Plio-Pleistocene sediments in

the abyssal northwestern North Pacific basin are primarily siliceous oozes, since sea surface

productivity is relatively high near the edge of the subpolar gyre (Figs. 13a and b).

4.1.1 ODP Leg 191

Leg 191 was undertaken in July of2000 with two key objectives: installation of a

seismic observatory within a bore hole between Japan and the Shatsky Rise and to test the

Hard Rock Re-entry System (HRRS) on a basaltic outcrop. Numerous subsidiary scientific

analyses were also performed, such as major and trace element isotopic analysis, palynology,

foraminifera analysis, gamma ray calibration, physical alteration and fluid flow in basalts

(Shipboard Scientific Party, 2000).

ODP Site 1179 is located in 5641 m water depth in the abyssal northwestern North Pacific

approximately 1650 km east of Japan (Fig. 14), in a basin boimded by the Shatsky Rise to the south,

the Kuril Trench to the north, and the Emperor Seamount Chain to the east. Four sedimentary layers

overlie Cretaceous basalt: chert, red-brown pelagic clay, massive diatom-bearing radiolarian ooze,

radiolarian and ash-bearing diatom ooze and zeolitic clay.
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Fig. 13a ODP Sites 1 179, 881 and 882 are located a) near the boundary between

rapidly accumulating biosiliceous sediments and very slowly accumulating

tenigenous/ pelagic clays in the northwestern North Pacific Ocean. Calcium carbonate

(CaCOs) is rare except on seamounts which lie above the calcite compensation depth

(modified fromLisitzin, 1996).
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Fig. 13b) The calcite compensation depth (CCD) is ~4.1 km at Site 1 179 (water depth

5641 m), -3.75 km (5765-5916 m water depth) at Site 881 and -3.5 km at Site 882

(water depth 3536 m), calcareous sediments were not expected at these sites (trwdified

from Lisitzin, 1996).
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Diatoms and radiolarians are common to abundant throughout the Plio-PIeistocene sequence.

Magnetostratigraphic and biologic paleo-proxies provide late Miocene through late

Pleistocene age for the sedimentary sequence (Shipboard Scientific Party, 2000). A total of

80 palynological samples (0.95 to 120.7 mbsl) and 1 14 grain size samples (2.4 to 215.7 mbsl)

were taken from two holes drilled at Stie 11 79 spanning approximately 3.4 Ma.

Site 1 179 Hole B (1 179B) was located 4r4.788'N, 159°57.787'E in the abyssal

Northwest Pacific Ocean (Fig. 14). A total of six cores were obtained reaching a combined

depth of 55.1 metres below sea floor (mbsf) with 55.1 m recovered (Shipboard Scientific

Party, 2000). Sample ages correspond to magnetostratigraphic and biologic paleo-proxies

dating from the early to late Pleistocene in sections IH through 6H.

Site 1 179 Hole C (1 179C) was located 41°4.787'N, 159°57.785'E also in the abyssal

Northwest Pacific Ocean (Fig. 14). The total depth of the core was 292.9 mbsfwith a

recovery of 246.89 m comprising 27 sections, 2H tiirough 27X (Shipboard Scientific Party,

2001).

4.1.2 ODP Leg 145

Leg 145 was undertaken in July of 1992 with several key objectives including atmospheric

circulation, ocean chemistry, and Northern Hemisphere continental climate (Shipboard

Scientific Party, 1993a). ODP Site 881 is located in 5765-5916 m water depth and Site 882

was at 3536 m water depth on the western slope ofthe Detroit Seamount (Fig. 15). Diatoms

are common to abundant throughout the Plio-Pleistocene sequence at ODP Sites 881 and

882; radiolarians (which tend to characterize lower latitudes) are rare except in interglacial

sediments at these sites (Shipboard Scientific Party, 1993 c). These sections consist mainly of
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Fig. 14 Bathymetry and location ofODP Site 1179 containing Hole B (4r4.788'N,

159°57.787'E) and Hole C (4r4.787'N, 159°57.785'E) at 5641 m water depth, northeast ofthe

Hesse Rise. The site map depicts the location of Site 1 179 in relation to Japan, Kamchatka

Peninsula, and the ODP Sites ofLeg 145. (modified from Shipboard Scientific Party, 2001).
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Fig. 15 Bathymetry and location ofODP Site 882 containing Hole C (47°6.133'N,

16r29.490'E), Hole D (47°6.136'N, 16r29.522'E) and Hole A (50° 21.797TSr.

167°35.999'E) at 3536 m water depth on the weston slope of the Detroit Seamount. The

site map depicts the location of Site 882 in relation to Japan, Kamchatka Peninsula, and the

ODP Sites ofLeg 145. Modified from Shipboard Scientific Party (2001).
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diatom ooze with increasing clay, ash and dropstones in the upper 164 m at Site 881 and

upper 105m at Site 882. Age was determined using magnetostratigraphic and biological

paleo-proxies to be Late Miocene through Pleistocene (Shipboard Scientific Party, 1993c). A

total of33 palynological samples (38. 12 to 209.02 mbsl) and 53 grain size samples (4. 12 to

209.02 mbsl) analyzed from two cores spanning approximately 3.4 Ma.

ODP Site 881 Hole B (881B) was located at 47°6.133X 161°29.490'E in the abyssal

Northwest Pacific Oceaa Drilling reached a depth of 363.8 mbsf and a total recovered length

of 227.2 m (Shipboard Scientific Party, 1993b). The age of samples taken correspond to

magnetostratigraphic as well as biostratigraphic. Sections within the lower Pliocene to upper

Pliocene include section numbers 14H through 29X.

ODP Site 881 Hole D (881D) was located at 47°6.136'N, 161°29.522'E m the

abyssal Northwest Pacific Ocean. The core reached a depth of 212.2 mbsf and a total

recovered length of only 57.91 m (Shipboard Scientific Party, 1993b). The age of samples

taken correspond to magnetostratigraphic as well as biologic paleo-proxies. Sections within

the lower Pliocene to upper Pliocene include section numbers IH through 6H.

Site 882 Hole A (882A) was located at 50°21.797'N, 167°35.999'E reaching a

maximum depth of 398.3 mbsf and 411.2 m oftotal core recovered (Shipboard Sdentific

Party, 1993c). Using magnetostratigraphic and biostratigraphic data to determine age,

samples ofthe lower to upper Pliocene were examined within sections 9H through 24H. Age

of selected sections studied (between 9H and 24H) was determined using

magnetostratigraphic and biostratigraphic data as upper Miocene to upper Pliocene. A total

of 52 palynological samples (35.5 to 219.98 mbsl) and 68 grain size samples (24.38 to

219.98 mbsl) were analyzed spanning approximately 2.76 Ma.
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4.2 PaljTiological Analysis

Samples were processed for palynological analysis using standard techniques for

marine sediments (Mudie, 1982). Sediment was placed into 50 mL 'Falcon' centrifuge tube

partially filled with 0.02% Calgon solution for disaggregation. The volume of sediment was

determined by displacement of solution in the tube and recorded (ranging from 9 to 20 mL).

Tubes were then filled with 0.02% Calgon solution and placed in a hot water bath at 85°C for

24 hours. Sieving with distilled water through 10 ^m mesh was performed to remove fine

clay allowing for more complete digestion by acids. Residual material was centrifiiged (3000

rpm for 4 minutes) and the supernatant discarded. Introduction of a Lycopodium tablet

(Stockmarr, 1971) containing known concentrations ofthe spores were added to each sample

just prior to HCl treatments. Two treatments ofhot (85°C) 10% HCl were applied to each

sample, for 24 hours, releasing the Lycopodium spores from their matrix and dissolving any

CaCOs present in the sample. Afler initial treatment, samples were centrifiiged and the

supernatant discarded, followed by the addition ofmore HCl.

Afler the second HCl treatment samples were diluted with distilled water,

centrifiiged, and the supernatant discarded. This dilution process was repeated twice.

Addition of hot (85°C) 48 % HF to each sample was performed subsequent to removal of

HCl by the second decanting ofthe supernatant. Siliceous material was allowed to dissolve

in HF for 72 hours, with samples from ODP Site 881 and 882 requiring a second HF

treatment for 48 hours. The samples containing HF were centrifiiged and the supernatant

decanted. Sediment was then washed three consecutive times: filling centrifuge tube with

distilled water, centrifliging, and decanting the supernatant. After final washing ~5 ml of

supernatant was kept, allowing hetergenous mixing for preparation of palynological slides.

Sediment was thoroughly mixed and added to heated glycerine jelly for moimting purposes.

Slides were allowed to cure before viewing under light microscope.
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Palynomorphs were identified using published taxonomic aids (McAndrews et al.,

1973; Moore and Webb, 1978; Traverse, 1988) and reference slides at 400X magnification

using a Leica DML light microscope. Because pollen and spore concentration of terrestrial

palynomorphs are very low in these sediments, zonal vegetation data presented are based on

a minimum sum (pollen + terrestrial spores) of50 specimens, although average pollen sums

exceed 100. A portion of each unprocessed sample was stored for analysis of silica grain size

using a Coulter Counta-. Pollen and grain size data were plotted using Microsoft Excel XP.

4.3 Grain Size Analysis

Portions of each sample from each ofthe three sites were stored for analysis of

siliceous grain size using a Beckman Coulter® LS 230 Series particle size analyzer at

McMaster University courtesy of Dr. Eduard Reinhardt. Sediment (-10 mL) was placed into

Falcon centrifuge tubes and disaggregated with weak HCl (10%) over 48 hours to remove

any CaCOs within the samples. The supernatant was decanted and weak H2O2 (3%) was

added to dissolve organic matter over a two weak period. After draining the supernatant

from the samples a primary analysis of grain size was performed including the presence of

autochthonous siliceous material, the most abundant ofwhich were diatoms. Particle

diameter (0.375nm to 2000 ^rni) was measured and statistical operations were performed by

the Beckman Coulter® software package version 3.0, over a 120 second run length per

sample (Coulter Corporation, 1994).

The second stage oftreatment involved adding 50 mL of hot (85°C) 2M NaOHto

each Falcon centrifuge tube containing the HCl and H2O2 treated sediment. This method is

modified from previous studies measuring the removal of biogenic silica (Conley and

Schelske, 2001, Stuut, 2004). Digestion of silica from sediments at ODP sites 885/886 by
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Snoeckx et al. (1995) found methods for silica removal by sodium carbonate were

inadequate, therefore the stronger base sodium hydroxide was used. The process did not

remove volcanic ash in these samples, which may produce a background signal in the

digested samples studied in this thesis. Samples were visually inspected at lOOX

magnification after 30 minutes and 60 minutes of digestion for the presence ofdiatoms,

radiolarians, and sponge/radiolarian spicules/spines. Any samples containing diatoms at 60

minutes were left in the hot NaOH for a maximum of4 hours. Digestion ofbiogenic silica

follows a curve with initial removal of sponge spicules, then diatoms and finally quartz

(Conley and Schelske, 2001). Following digestion of autochthonous silica and decanting of

supernatant, samples were again analyzed for grain size using the same methods as the

primary treatment described above. These data were then correlated with pollen from ODP

Sites and published grain size data from the loess sequences in China.

4.4 Age Control

Age control for sediment samples from the ODP cores ofLeg 191 and 145 was

interpolated (assuming a constant sedimentation rate) between fixed polarity dates obtained

from paleomagnetic records recovered on whole cores onboard the JOIDESRevolution.

Both Site 1 179 and 881 produced a complete, continuous high resolution magnetic polarity

record (Weeks et al., 1995; Shipboard Scientific Party, 2001).

Site 882 had low magnetic intensities which limited the reliability of

magnetostratigraphy below 105 m to 300 m, found to coincide with an increase in diatom

abundance (Weeks et al., 1995). The upper section of the core (above 105 m) had reliable

paleomagnetic ages that agree with the biostratigraphy data. Interpolation of sediment below

105 m was accomplished using gamma-ray attenuation porosity elevator (GRAPE) data from

Teidemann and Haug (1995). When compared to the paleomagnetic dates in the lower
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sections, the GRAPE data deviated as much as 300 ka and did not agree with the

biostratigaphy, covering large lengths ofcore which often overlapped, as well as the fixed

paleomagnetic dates. Therefore, it is important to consider the 300 ka discrepancy when

examining the lower section of 882 fi-om approximately 2.6 Ma to 3.5 Ma m this thesis.
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5.0 Results

Very low pollen and spore concentrations found at Sites 11 79 (5-1678 grains/cc),

881(5-1 132 grains/cc) and 882 (9-519 grains/cc) are consistent with those in other marine

sediments, reflecting long-distance fluviomarine and eolian transport (Heusser and Morley,

1995). Pollen and spore assemblages identified in this study compare well with pollen

analysis fi-om other northwest Pacific sediments oflF Japan (Heusser, 1992a; Heusser and

Morley, 1999; Heusser and Morley, 1996) and ODP Sites 881, 883, and 887 (Heusser and

Morley, 1995). The concentrations vary substantially downcore at each site, and peak

concentrations correlate across sites.

Mean grain size of both allochthonous and autochthonous samples (biogenic + eolian)

at 1179 (30.79-131.9 nm ), 881 (35.02-150.2), and 882 (25.67-102.20) follow general trends

of pollen concentrations within samples possessing similar ages. Digestion ofbiogenic silica

(diatoms and radiolarians) resulted in a significant decrease ofgrain size for most

subsamples. The mean grain size of allochthonous samples (eolian material) at 1 179 (3.595-

123 '5 \im), 881 (3.987-139.9 urn), and 882 (3.154-76.580 ^m) falls within the ranges of

giant quartz grains, fi"om 50 to greater then 100 jim, collected fi^om sediment traps downwind

of Asia (Rea, 1994). Ice rafted detritus and volcanic ash has been documented throughout

these cores (Shipboard Scientific Party, 2001; Rea et al., 1993a) and may also contribute to

the non-biogenic silica signal. Grain size of sediments at 1 179, 881, and 882 varies

downcore, with peaks correlating across sites as well as with peaks in pollen and spore

concentrations.

5.1 Palynomorph Concentration

Total pollen and spore concentrations, expressed on a volume basis and plotted versus

age (Fig. 16) indicate a general increase in amplitude of pollen and spore concentration from





56

ea

<

ODP1179
Pollen & Spore (grains/cc)

400 800 1200 1600 2000

ODP 881

Pollen & Spore (grains/cxO

400 800 1200 1600 2000

0.0

3.5 J

0.5-

1.0

1.5

2.0

2.5

3.0

3.5

ODP 882

Pollen & Spore (grains/cc)

400 800 1200 1600 2000

0.0

0.5

1.0 -

1.5-

2.0-

2.5

3.0-

3.5-'

Fig. 16 Total pollen concentration for ODP Site 1179, Site 881, and Site 882 plotted

against age interpolated from fixed paleomagnetic and biostratigraphic ages. Solid lines

indicate data points with 50 or more counted pollen and spore grains. Dotted lines join

data points with fewer than 50 counted pollen and spore grains. Shaded areas represent

correlating times of increased pollen and spore concentratioiL
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the mid-Pliocene (3.5 Ma) into the Quaternary. Site 1 179 contains the highest concentration

(1678 grains/cc) among the three core sites. Site 881 has a maximum of 1 132 grains/cc and

Site 882 contains the lowest with (519 grains/cc). This is consistent with core distance from

mainland China along the path ofthe prevailing winds (Fig. 10). Peaks in total pollen and

spore concentration at Site 1179 were noted at 3.5, 2.6, 2.5, 2.0, 1.7-1.6, 1.45, 1.2, 0.9-0.7,

0.6-0.5 and 0.25 Ma, at Site 881 at 3.4, 2.9, 2.6, 2.5-2.4, 1.2, 0.9-0.7 Ma and at site 882 at

3.4, 3.3, 2.8, 2.5-2.4, 2.2, 1.2, and 0.9-0.7 Ma. The largest correlated peaks of total pollen

and spore pollen and spore numbers / cc occur at 3.5-3.4 Ma, 2.5-2.4 Ma, and 1 .2, and 0.9 -

0.7 Ma at all three sites. A decrease in pollen and spore concentration occurs after the peak

about 3.4 Ma at Site 1 179, Site 881 and Site 882. This is followed by very low pollen and

spore concentration until about 2.6 Ma with the exception of a 2.9 Ma peak in Site 881. All

three sites show a dramatic change in frequency and amplitude of pollen and spore peaks

from 2.6 Ma into the late Pleistocene. The presence of high pollen and spore concentrations

after 2.6 Ma indicate strong winds associated with arid climates.

5.2 Paleovegetation

Pollen and spore concentrations with counts > 50 pollen and spore grains have been

grouped into assemblages to reflect the most likely origin based on late Cenozoic vegetation

zones ofthe source regions of Asia (Fig. 1). Pollen analysis allowed the identification of five

vegetation zones. However, tundra, desert and steppe zones contain similar dominant pollen

flora indicating cool, arid climate and are therefore referred to as a single zone. The

relatively low taxonomic level to which terrestrial palynomorphs can be identified (usually to

genus, sometimes only to family) means that the same taxa may be present in more than one

zone, so that pollen and spore concentration are exaggerated in these figures (17, 18, 19).

Sites 1 179, 881, and 882 show minor fluctuations in pollen and spore concentrations during
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the mid Pliocene followed by a time of little change from 3.2-2.5 Ma. After about 2.5 Ma

large increases in pollen and spore concentration are evident along with greater frequency of

peaks upcore.

Allocation ofpollen and spores identified from ODP Sites 1179, 881, and 882 into

vegetation zones compares well to climate research done by Heusser and Morley (1996) and

Ren and Beug (2002). Tundra, Desert and Steppe vegetation zones are represented by shrubs

and herbaceous genera including Ambrosia, Helianthus, Artemisia, Ephedra, Galium,

Polygoniwn, Saxifragia and the families Cyperaceae, Caryophyllaceae, Gramineae,

Ericaceae. The Boreal zone is represented hy Larix, Picea, Betula, Almis and Quercus. Cool

Temperate zone contain genera of Ulmus, Tilia, Quercus, Firms, Juniper, Fraxirms,

Carpinus, Betula, Almts, Acer, and Abies. Warm Temperate zone represented by Ulmus,

Tilia, Quercus, Fopulus, Firms, Fagus, Corylus, Carpinus, Betula, and Acer. The

Subtropical zone is characterized by Tsuga, Firms, Quercus, Castanea and Taxodeaceae,

Cupressaceae, Taxaceae (see appendix for counts).

5.2.1 ODP Site 1179

Downcore pollen data from Site 1 179 show large spikes in pollen and spore

concentration within all vegetation zones at about 2.6, 2.5, 1.7-1.6, 1.5, 1.2, and 0.9-0.7 Ma

(Fig. 17). The Tundra/Desert/Steppe zone is dominated by Artemisia, a common indicator of

a cool and arid cUmate. Large increases of this genus occur at 2.6, 2.5, 1.7-1.6, 1.2, and 0.8-

0.6 Ma. The Cool Temperate zone contains the highest pollen and spore concentrations

throughout Site 1 179. Taxa of the Boreal and Cool Temperate zones have increasing

concentration of pollen and spores upcore, dominated by Ficea, Betula, and Alrms at peak

concentrations. The pollen and spore concentrations ofWarm Temperate and Subtropical

zones taxa show a similar general trend to the Boreal and Cool Temperate zone taxa.
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Fig. 17 Concentrations (grains /cc) ofpollen identified at ODP Site 1179 plotted against

age interpolated from fixed paleomagnetic and biostratigraphic ages (see text for details)

Derived from one or more ofvegetation zones illustrated in Figure 3. Note that pollen taxa

may be associated with more than one zone, so that absolute pollen concentrations are

exaggerated in these diagrams. The ten^erate location of Site 1 179 is evident in the

dominance ofpollen likely derived from Cool Temperate, Warm Ten5)erate or

Subtropical zones. Increased pollen flux during cool/ arid glacials is recorded by the

greater relative abundance ofpollen likely derived from Tundra, Desert, Steppe, Boreal or

Cool Tenperate zones in pollen peaks; low pollen concentrations tend to be dotninated by

pollen likely derived from Cool Temperate, Warm Tenq)erate or Subtropical zones.
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Fig. 18 Concentrations (grains /cc) ofpollen identified at ODP Site 881 plotted against age

interpolated from fixed paleomagnetic and biostratigraphic ages (see text for details).

Derived from one or more ofvegetation zones illustrated in Figure 3. Note that pollen taxa

may be associated with more than one zone, so that absolute pollen concentrations are

exaggerated in these diagrams. The subpolar location of Site 881 is evident in the greater

contribution from the Tundra, Desert, Steppe zone. Increased pollen flux during cool/ arid

glacials is recorded by the greater relative abundance ofpollen likely derived from Tundra,

Desert, Steppe, Boreal or Cool Ten^erate zones in pollen peaks; low pollen concentrations

tend to be dominated by pollen likely derived from Cool TemperaXQ, Warm TevaperaXe or

Subtropical zones.
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increasing upcore. A reduction ofdominant warm climate taxa including Ulmus, Quercus,

and the TCT-pollen is seen at about 2.5, 1.6, 1.1, and 0.9 Ma in Site 1 179.

5.2.2 ODP Site 881

Data from Site 881 (Fig. 18) show large increases of pollen and spore numbers / cc

within all 5 zones at times ofhigh pollen and spore flux (Fig. 16). The taxa representing the

Cool Temperate zone have the highest concentrations ofpollen throughout Site 88 1 . There

is a large period oflow pollen and spore concentration from 3.4-3. 1 Ma with an isolated peak

at 2.9 Ma seen in all zones. Artemisia, the most dominant taxon of the Tundra, Desert, and

Steppe zones show increases at about 3.4, 2.9, 2.6, 2.5 Ma. Boreal and Cool Temperate zone

taxa increase in pollen concentration ofPicea, Betula, and Almis at the times of peak pollen

and spore concentration at about 3.4, 2.9, 2.6, 2.5 Ma. The Warm Temperate and Subtropical

zone taxa show peaks similar to Boreal and Cool Temperate zone taxa however, the most

dominant genera do not increase in the Warm Temperate zone taxa during these peaks. The

TCT-pollen may be responsible for the large pollen concentration of Subtropical zone taxa.

5.2.3 ODP Site 882

Plots of pollen grain concentrations at Site 882 (Fig. 19) show peaks in all 5

vegetation zones at about 3.4, 3.3, 2.5-2.4, 2.2, 1.2-1.0 and 0.9-0.7 Ma. The Tundra, Desert,

Steppe zone has a decrease in pollen and spore concentration between about 3.4 and 3.3 Ma

and remains low from about 3.0-2.5 Ma. Artemisia is the dominant taxon in the Tundra,

Desert, Steppe zone throughout the core and peaks during times of highest total pollen and

spore concentration for this zone. Boreal and Cool Temperate zone taxa decrease in

concentration between about 3.4-3.3 Ma with little variation after about 3.2 Ma to 2.5 Ma at

which time large high frequency peaks in concentration occur. The Warm Temperate zone
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taxa show peak trends similar to Boreal and Cool Temperate zone taxa, but at lower

concentrations. TCT and Quercus concentrations dominate the pollen ofthe Subtropical

zone taxa and follow the trends of the other vegetation zones at higher concentrations.

5.3 Vegetation Zonation

Grouping of pollen into four vegetation conrniunities, based on the dominant and

minor taxa comprising each vegetation zone as identified by Liu et al. (1999a) to illustrate

the expansion of an arid envirormient within the Asian interior (Figs. 20, 21, 22). Site 11 79,

Site 881 and Site 882 all show major peaks in pollen and spore concentrations at about 2.6-

2.5, 1.2-1.0, and 0.9-0.7 Ma. Samples fi-om all three sites show the Woodland zone,

dominated by Pinus, Betula, and Artemisia with minor taxa of Chenopodiaceae, Gramineae,

Polygonaceae, and Compositae as well as the Woodland-grassland zone characterized by the

dominant taxa Betula and Artemisia with minor genera Pimis and Chenopodiaceae remain

relatively constant throughout the core with a slight increase in concentration beginning at

about 2.6 Ma. The Woodland-steppe zone composed ofthe vasijox Xsxa. Artemisia, Betula,

and Chenopodiaceae and minor taxa Pinus and Gramineae shows a moderate increase at

about 2.6 Ma. At the same time high concentration of steppe vegetation dominated by

Artemisia and Chenopodiaceae along with minor taxa contribution by the genera Pinus and

Betula are evident.

5.3.1 ODP Site 1179

Little variation is seen in Woodland and Woodland-grassland zones throughout the

core with the exception of minor peaks at 2.6, 1.6, 1.5, and 1. 1-0.6 Ma (Fig. 20). After about

2.6 Ma pollen concentration ofWoodland-steppe and steppe zones increase in amplitude
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Fig. 20 Pollen data from ODP Site 11 79 plotted following the vegetation communities of

Liu et al. (1999), from the most arid (Steppe) to the least arid (Woodland). Age is

interpolated from fixed paleomagnetic and biostratigraphic ages. Pollen taxa may be

associated with more than one community, so that absolute pollen concentrations are

exaggerated. PoUen derived from Steppe and Woodland-Steppe ecotones is abundant in

san^les with high concentrations of pollen, but relatively less abundant is samples with

low pollen concentrations. This is consistent with greater dust/pollen availability during

arid intervals, when Steppe and Woodland-Steppe communities expand at the expense of

Woodland-Grassland and Woodland communities. Late PKocene warming 3.1-2.8 Ma is

seen through an overall decrease in pollen concentration from all represented ecotones.
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Fig. 22 Pollen data from Site ODP Site 882 plotted following the vegetation

communities of Liu et aL (1999), from the most arid (Steppe) to the least arid (Woodland).

Age interpolated from fixed paleonmgnetic and biostratigraphic ages. Pollen taxa may be

associated with more than one zone, so that absolute pollen concentrations are

exaggerated. Pollen derived from Steppe and Woodland-Steppe ecotones is abundant in

samples with high concentrations of pollen, but relatively less abundant is samples with

low pollen concentrations. This is consistent with greater dust/pollen availability during

arid intervals, when Steppe and Woodland-Steppe communities expand at the expense of

Woodland-Grassland and Woodland communities. Late Pliocene warming 3.1-2.8 Ma is

seen through an overall decrease in pollen concentration from all represented ecotones.
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until about 1.7 Ma when there is another increase in amplitude along with the frequency of

these zones into the late Pleistocene.

5.3.2 ODP Site 881

Woodland and Woodland-grassland zones of Site 881 show a relatively constant

proportion within peaks of pollen throughout the core (Fig. 21). Large increases of pollen

concentrations occur at -3.4, 3.0, 2.6, 2.5 Ma. Data beyond 2.6 Ma did not reach 50 grains /

sample. At these times there are large increases in woodland-steppe and steppe zones which

become more abundant and with high amplitudes from 2.6 Ma into the Pleistocene. After

3.Ma there is a decrease in all zones until 3. 1 Ma followed by a peak at -3.0 Ma. Between

2.8 and 2.7 Ma there is another decrease in all zones just before the large change at 2.6 Ma.

5.3.3 ODP Site 882

An increase of pollen concentration in all zones is seen after 2.5 Ma at Site 882 (Fig.

22). There is relatively little change in the proportion of Woodland and Woodland-Grassland

zones within pollen peaks throughout the core. Similar to Site 881, there is a period of low

pollen in all vegetation community zones between 3.4-3.3 Ma and a decline before the major

change at 2.5 Ma. After this time, peaks reach a higher amplitude and increase in frequency

in the late Pleistocene. All peaks are dominated by the Woodland-Steppe and steppe zones.

5.4 Grain Size

Primary grain size data of autochonous and allochthonous siliceous material (Fig. 23)

varies downcore with age with peak mean grain sizes at -3.1, 2.8, 2.5, 1.8, 1.02, and 0.4 Ma.

The large speaks of grain size at these times coincide with drop stones and sponge spicules

noted in the ODP core logs (Shipboard Scientific Party, 2001; Rea et al., 1993a). Secondary

treatment of the ODP samples with NaOH digests of the autochthonous material, leaving a
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Fig. 23 Grain size of carbonate-free allochthonous and authochonons silicate material

within ODP Sites 11 79, 881, and 882 con5)ared to allochthonous (eolian) material.

Plotted against age interpolated from fixed paleomagnetic and biostratigraphic ages (see

text for details). Grains size correlates well across sites as well as with grain size of the

Lingtai Section (An, 2000). Peak grain size of allochthonous silica from ODP Sites

occur during periods of loess accumulation linked to glacial periods in Asia.
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grain size signal of mostly eolian silica (Fig. 23). All samples were removed after 4 hours of

digestion even though some biogenic silica may still have been present in order to minimize

digestion impact on the quartz grains being measured. The allochthonous silicate material

have peaks correlating across sites at about 3. 1, 2.9-2.6, 2.5, 1.8, 1.6, and 1.0-0.7 Ma. The

average mean grain sizes of the sites are 11.5 pm (1 179), 42.3 ^im (881), and 8.25 ^m (882).

Examination ofthe average mean grain size of allochthonous silica material excluding peaks

is 5.8 nm (1 179), 7.6 [im (881), and 4.9 ^m (882).
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6.0 Discussion

The cores from the abyssal northwest Pacific Ocean are dominated by siliceous ooze

resulting from the complete dissolution of carbonate at the CCD far above the sea floor.

Position of the core sites are on or near the transition between biosiliceous ooze and

terrigenous and pelagic clays (Fig. 13). Sediment flux above the core sites is dependant on

the postion ofthe Western Subarctic Gyre (Fig. 12), providing nutrients for marine micro-

fauna and flora. Sediment deposited above the CCD on topographic highs is dominated by

calcareous oozes and marl. The central and eastern North Pacific Ocean is nutrient poor

dominated by terrigenous and pelagic clays. Samples obtained from these cores reveal an

anomalous presence ofCaCOa during short periods of time in the Pliocene and Pleistocene.

(Shipboard Scientific Party, 1993 a, 2001). The anomalous CaCOa spikes (Fig. 24) at about

3.4, 2.5-2.4, 1.65, and 0.9-0.7 Ma found at Sites 1179 and 882 were comprised of either well-

preserved planktonic foraminifera (Fig. 25) or recrystallised calcite. These have been linked

to increased sea surface productivity and sedimentation rate resulting from increased

terrigenous flux (McCarthy et al., 2004a, 2004b).

Findlay et al. (in prep) and Findlay (2004) attributed enhanced preservation to a

southerly shift of the polar front corresponding to periods of glaciation, characterized by cool

arid climatic conditions. Pollen analysis ofPlio-Pleistocene core samples from ODP Sites

1 179, 881 and 882 confirm large influx of eolian terrestrial material into the northwest north

pacific at 2.5-2.4, 1.1 and 0.9-0.7 Ma along with minor peaks of pollen occurring at about

3.5, 3.4, 2.6, 1.7-1.6, 1.2 and 0.6 Ma signifying moderate increase in eolian flux. These dates

of pollen, CaC02, and foraminifera, and grain size peaks correspond to ice build-up in

Greenland between 3.5- 3.0 Ma (Maslin et al., 1998), periods of major ice build-up in Asia
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Fig. 24 ODP Site 1 179, Site 881 and Site 882 are below the modem CCD, but peaks in

calcium carbonate are found at all sites Site 1 179 and 881 which are > 1 km below the

CCD and Site 882, -250 m below the CCD. Intervals of anomalous carbonate

preservation at Site 1 179 appear to correlate with carbonate peaks at Site 88 1 and Site

882, within the limits of chronological control (see text for details), although the largest

carbonate peaks at each site are not necessarily associated with the largest peaks at the

other two sites (modified from Findlay, 2004).
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Fig. 25 Number of foraminiferal tests per cc at ODP Site 1 179 and Site 882. Site 882,

~250 m below the CCD has much higher numbers of foraminifera than Site 1 179, which

is > 1 km below the CCD. Large peaks at 2.5 and 0.9 Ma correspond with large peaks at

Site 882. Dissolution and recrystalization may be responsible for the difference in peak

magnitude at 2.5 Ma at Site 882 (from Findlay, 2004).
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about 2.75 Ma, Europe and North America about 2.5 Ma as well as periods ofintense

glaciation in the northern hemisphere -1.6 - 1.3 Ma, about 1.0/0.9-0.7 Ma, about 0.55-0.4 Ma

and 0.08-0.01 Ma (Frakes, 1979)

Accurate measurements of accumulation rates are limited among the deep sea ODP

core sites due to the complexity of paleoproductivity (Rea et al., 1993b). At each of the sites,

dating throughout the core was accomplished primarily on extrapolation between fixed

paleomagnetostratigraphic and biostratigraphic ages. Therefore, cortelation between marine

sites and between marine and terrestrial sites may show variation in ages (several thousand

years) due to varying accumulation rates at each site.

Pollen and spore peaks at the ODP Sites have high concentrations of taxa such as

Artemisia and Sphagnum as well as Betula and Alnus. The high numbers ofthese taxa

represent tundra and subarctic boreal vegetation respectively, and indicative of cool, dry

climate (Heusser and Morley, 1995). Periods oflow pollen and spore concentrations found

within the abyssal marine cores are interpreted as warm, humid conditions indicative of

interglacials (McCarthy et al., 2004b). Initial work on Site 882 showed Pliocene pollen and

spore compositions agreed well with marine and terrestrial data in northern Japan while

Quaternary data was consistent with pollen assemblages from north Asia (Heusser and

Morley, 1995).

The pollen data from the ODP Sites during the mid to late Pliocene reflect warm, dry

periods with slight increased flux along with decreases in pollen and spore concentration

indicating humid periods when dust is washed from the atmosphere. A period oflow pollen

and spore concentration between 3. 1 Ma and 2.8 Ma at Site 1 179 Site 881 and Site 882 (Fig.

16) is punctuated by small peaks at about 3.4, 3.3, and 2.9 Ma. Li et al. (2004) found a cold-

wet period with warm-dry and warm-humid intervals between 3.5-2.5 Ma mid-late Pliocene

basins in mid-eastern China. The low concentration of herbaceous pollen (Figs. 17, 18, 19)
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from 3.5 to 2.5 Ma indicates a wet period in East Asia before the Himalayan Mountains

Chain reached a sufficient height to effectively reduce moisture to the interior during the

Pleistocene at 2.6 Ma (Zhang et al., 2000). This warming was also seen in study of pollen

and spore assemblages from the coast ofJapan indicate stadial-type conditions from 3.4-2.8

Ma (Heusser and Morley, 1996).

A general cooling trend occurred from 3. 1 to 2.5 Ma characterized by cold-dry

intervals (Demske et al., 2002) and is interrupted at ~ 3.0-2.9 Ma with cold-dry and warm

moist oscillations. Han et al. (1997) showed a continuous presence of steppe flora and

elephant fauna between 3.0 and 2.7 Ma. This change in climate can be seen at Site 882 as a

sudden decrease in the pollen zone community dominated by Woodland-steppe and Steppe

vegetation (Fig. 22). The 2.9 Ma peak at ODP Site 88 land 882 (Fig. 18,19) dominated by

warm temperate and subtropical taxa also supports a warm period seen in those previous

paleovegetation and paleoclimate studies. In an examination of eolian sediment in northern

China Donghuai et al. (1998) found the start of increased sedimentation after reaching a

minimum at 3.2 Ma, however an abrupt shift in sedimentation can be clearly seen at 2.5 Ma.

Subdivision of the pollen into vegetation-assemblages reflecting environment and

climatic conditions (fig. 16-18) reveals a strong presence of cool temperate taxa at times

corresponding to peaks in CaCOa concentration at -3.4, 2.5, 0.9 and 0.7 Ma (Fig. 24). Pollen

taxa characteristic of lower latitudes is also found among these peaks, however more so in

the lower latitude Site 1 179. These low latitude vegetation types are less abundant and most

likely present in the marine cores due to the reworking and deflation of paleosol layers

during these glacial periods. Reworking and deflation ofunarmoured loess layers during

glacial periods (Pye, 1995), has been linked to intensified winds caused by the strengthening

of the monsoons in Central and Eastern Asia (Liu and Yin, 2002; Weijian et al., 1996; Wu

and Wang, 2001; Xiao and An, 1999).





75

Abrupt climate fluctuation characterized the late Wisconsin transition from glacial to

interglacial conditions (Zonneveld et al., 1997). Total pollen and spore concentration peaks

at 2.5-2.4 Ma, 1.2, and 0.7 Ma (Fig. 16) at ODP Site 1179, Site 881 and Site 882 correspond

to dust input evidence indicating three large-scale shifts in monsoon circulation during the

late Cenozoic found in the course grain size fraction in loess and paleosol sequences of China

and Japan at 2.5 Ma, 1.2-1.1 Ma, and 550 ka (Xiao and An, 1999).

The large contribution of steppe zone and woodland-steppe zone taxa (fig. 19,20,21)

clearly shows an intensified climatic shift at -2.6-2.5 Ma and 0.9-0.7 Ma to a drier cUmate.

It is only in the upper core sections, after 2.6 Ma, that fluctuation between steppe and forests

grassland agree with loess-paleosol sequences and global glacial-interglacial forcing (Han et

al., 1997). ODP pollen and spore data from 1 179, 881, and 882 supports this with glacial-

interglacial oscillations evident as far back as 3.4 Ma gaining in both amplitude and

fluctuation into the Pleistocene. The increased proportions of steppe and boreal taxa (cool

climate) (Fig. 26, 27, 28) at periods of peak total pollen and spore concentration (high wind

strength) correlate with foraminifera preservation (high sedimentation), and increases in

mean allochthonous grain size (high wind strength) indicate a profound cooling of climate

and increased winds caused by the Himalayan-Tibetan uplift and strengthening ofwinter

monsoons.

Although pollen assemblages from the abyssal ocean are usefiil to determine flux of

terrigenous eoUan material and concentrations of prevailing taxa, it must be understood that

reconstruction of paleovegetation zones without the use of correlative terrigenous material

would not yield reliable results. This is due largely to the complex taphonomy ofwind

blown sediments.

Complex taphonomic processes involved in the deposition of pollen and spores

assemblages to abyssal marine environments do not allow the detailed reconstruction of
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Fig. 26 Peaks in grain size in the Lingtai Section (An, 2000) correlate with high

magnetic susceptibility, % CaCOs, high concentrations ofwell-preserved planktonic

foraminiferal tests, grain size and of pollen grains at ODP Site 1 179. Stronger winds

during glacials winnow desert and loess deposits transporting terrigenous dust

(limiting nutrients) to the North Pacific subarctic gyre producing plankton blooms

and increasing sedimentation. Cool and arid vegetation (Steppe and Boreal taxa)

have elevated concentrations during correlated peaks of terrestrial and marine

proxies.
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palaeovegetation seen in freshwater or in near-shore basins (Mudie and McCarthy, 1994,

MCarthy et al., 2003). Pollen and spores are affected by both differential transport and

preservation (McCarthy et al., 2003; McCarthy et al., 2004a). Transects along the

continental margin ofLabrador, Nova Scotia, and New Jersey have shown an increase in the

percent abundance of bisaccate pollen offshore and a rapid decrease in absolute abundance

and percente abundance ofpollen types less suited to long distance transport by wind or

water (Mudie and McCarthy, 1 994; McCarthy et al., 2003).

A diminished abundance of pollen and spores is even more problematic in the

analysis of abyssal sediment. Examination ofNeogene samples from the northwest and

northeast Pacific Ocean yielded marginal recovery of pollen (Heusser and Morley, 1995).

Preservation of pollen was found to be highly variable with many pollen grains showing

corrosion or differential staining. Hopkins and McCarthy (2002) examined the resistance of

pollen and dinoflagellate cysts to oxidation throu^ H2O2 treatments. Pollen was shown to

have a higher degree of resilience than dinoflagellate cysts, with bisaccate pollen being the

most resistant within the marine sediments. Interpretation of terrestrial palynomorph

assemblages in marine sediments is therefore skewed toward the presence ofthe resilient,

bisaccate pollen capable of long range transport and deposition as opposed to the more

delicate angiosperm pollen with a morphology better suited to regional transport (Mudie and

McCarthy, 1994; Hopkins and McCarthy, 2002; Mildenhall et al., 2004).

Despite the severe restrictions to pollen assemblages from abyssal sediments,

valuable paleoclimatic information can be derived both m terms ofgeneralized

paleovegetation (paleotemperature/ paleoprecipitation/ paleomoisture) (van der Kaars and De

Decker, 2002)and paleo-wind strength (McCarthy et al., 2003; McCarthy and Mudie, 1998;

Mudie and McCarthy, 1994) recorded by dust flux cont^ning minerals and pollen and

spores. Utilizing regional data obtained from the loess plateaus and lakes within Asia shown
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Fig. 27 Peaks in grain size in the Lingtai Section (An, 2000) correlate with high

magnetic susceptibility, % CaCOs, high concentrations ofwell-preserved planktonic

foraminiferal tests, grain size and ofpollen grains at ODP Site 881. Stronger winds

during glacials winnow desert and loess deposits transporting terrigenous dust (limitmg

nutrients) to the North Pacific subarctic gyre producing plankton blooms and increasing

sedimentation. Cool and arid vegetation (Steppe and Boreal taxa) have elevated

concentrations during correlated peaks of terrestrial and marine proxies.
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Fig. 28 Peaks in grain size in the Lingtai Section (An, 2000) correlate with high

magnetic susceptibility, % CaCOs, high concentrations ofwell-preserved planktonic

foraminiferal tests, grain size and ofpollen grains at ODP Site 882. Stronger vvands

during glacials winnow desert and loess deposits transporting terrigenous dust

(limiting nutrients) to the north pacific subarctic gyre producing plankton blooms and

increasing sedimentatioiL Cool and arid vegetation (Steppe and Boreal taxa) have

elevated concentrations during correlated peaks of terrestrial and marine proxies.
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£0 accurately record Plio- Pleistocene conditions support the inference of pollen assemblages

used within the ODP marine cores, so long as the data can be inferred to represent broad

vegetation classifications such as zones.

Greater magnitudes in pollen abundances after 2.5 Ma (Fig. 17-19 and Fig. 20-22)

within the all three ODP Site data corresponds to increased eolian deposition and

intensification ofthe East Asian Monsoon as recorded by pollen, grain size, and magnetic

suseptability in loesss/paleosol sequences (An et al., 1993; Donghual et al., 1998; Fang et al.,

1999; Han et al., 1997; Ji, 1992; Lehmkuhl and Haselein, 2000; Lu et al., 2002; Weijian et

al., 1996; Xiao et al., 1995)

Eolian flux to the Northwest Pacific (Fig. 10) travels along the path of prevailing

westerly winds at rates of 1000 mg/cm^/ ka (Rea. 1994V Previous studies of the Northwest

Pacific have also found sediment sourced to the loess plateaus of central China in deep sea

cores as far as Hawaii (Duce et al., 1980; Parrington et al., 1983; Nakaiet al., 1993; Zhang et

al., 1993; Arnold et al., 1998; Bloemendal et al., 1995; Kawahata et al., 2000a; Kawahata et

al., 2000b, Ohkouchi et al., 1997; Pektte et al., 2000; Rea, 1994; Snoeckx et al., 1995;

Spassov et al., 2001). Palynological data from the coast ofJapan and ODP Sites 1 179, 881,

and 882 suggests an Asian origin ofterrigenous material to the abyssal Northwest Pacific

(Heusser and Morley, 1995; McCarthy et al., 2004a).

The Iron Hypothesis proposed by Martin (1990) linked increase eolian Fe flux during

glacial periods to ocean productivity. This productivity does not occur solely in the subarctic

Pacific, but at other high nitrate, low chlorophyll (HNLC) regions with an Fe source as well

(Moore et al., 2002). Recently tracked episodes of enhanced dust flux from the Gobi Desert

during spring of 2001 from the dry interior of China into the Northwest Pacific caused an

increase in chlorophyll use, signifying phytoplankton blooms (Bishop et al., 2002). This

influx of nutrient-rich material creates conditions favourable to plankton blooms in the
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surface waters of the northwest Pacific Ocean. At 2.6 Ma both ODP Sites from Leg 145 (881

and 882 in thesis) recorded a large flux of diatoms, volcanic ash, ice-rafted detritus, and

quartz (Weeks et al., 1995), as well as having received higher flux of clay and lower flux of

carbonate (Rea et al., 1993b). The high fluxes corresponding to the largest peaks of pollen

and spores, preserved foraminifera and %CaC03 seen at 2.6-2.5 Ma in all three Sites.

Detritus from blooms increased inorganic and organic sediment in the water column at the

ODP Sites (McCarthy et al., 2004b) causing accumulation rates at 2.6 Ma to increase

substantially (Krissek, 1995) resulting in the rapid burial of otherwise dissolution susceptible

microfossils (Fig. 29). This was also seen in the North Atlantic and North Pacific Oceans

where preservation of pollen and dinocysts after 2.4 Ma attributed to increased terrigenous

flux, sea surface productivity and sedimentation (McCarthy et al., 2004a).

Investigation of Quaternary loess deposits in China has produced extensive

paleoclimate records with much the same resolution of ice core and marine core data

(Derbyshire, 1995; Wang, 1999). However, many ofthese sites have loess layers terminating

at the Matuyama boundary (approximately 2.6 Ma) (An, 2000; Gu et al., 1994; Kalm et al.,

1996; Sun and Liu, 2000a). Thick loess deposits at 2.5 Ma and 1.7-1.6 Ma record two major

shifts in climate (Liu et al., 1999b). Below 2.5 Ma is the Hipparion Red-Earth Formation

providing an extension ofthe high-resolution terrigenous record from 7 Ma to about 2.6 Ma

(Guoetal.,2001).

The grain size of siliceous material within ODP Site 1 179, 881, and 882 shows a

correlation with peaks in pollen and spore concentrations as well as with mean grain size in

loess plateaus (Fig. 4), which is consistent with an increase in wind strength winnowing

desert and loess deposits during arid glacials (McCarthy et al. 2004b). The average mean

size of allochthonous silica excluding peaks at Site 1 179 (5.8 urn), 881 (7.6 nm) and 882 (4.9

^m) correspond to data ofRea and Hovan (1995) who showed that the eolian signal of
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Fig. 29 Transport of eolian material from desert and loess sources in China to

the North Pacific Ocean by means ofprevailing westerly winds. Weathered

material from mountainous regions is the primary source of fine-grained

sediment transported onto loess plateaus by winds from the high pressure

systems (Siberian High, fig. 8). Westerly surface winds and the jet stream

transport dust himdreds of kilometers prior to settling (either dry settling or

rain). Increased dust flux during episodes of increased aridity and wind

strength provides limiting nutrients to plankton, causing plankton booms and

increased rate of sedimentation (modified from Pye, 1995; McCarthy and

Mudie, 1998).
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central North Pacific samples contained almost no material coarser than 10 fim while

hemipelagic sediment contained material coarser than 10 ^m.

The peak mean grain size (Fig. 23) can be correlated with the large grain size ofloess

deposits in the Lingtai Section of China. Examination ofthe eolian grain size contribution to

the average grain size of sediments sampled reveals a dramatic increase in contribution of

sediments during about 3.1, 2.9-2.6, 2.5, 1.8, 1.6, and 1.0-0.7 Ma. Assuming that an increase

in grain size reflects an increase in eolian flux (occluding ice rafted detritus at 881 and 882)

is it possible to show increased sedimentation by measuring the proportion of eolian grain

size to that ofboth allochthonous and autochthonous silica grain size. The eolian:biogenic of

grain size can then be related to the average mean grain size throughout that site. During

peaks in grain size the eolian input would have been as much as 150 % more than the average

total input of both allochthonous and autochthonous silicious material. While unable to give

a true sedimentation rate, the calculations provides a quantitative number to the ofeolian flux

ofthe ODP cores and supports the idea of increased burial rates preserving foraminifera and

pollen (McCarthy, 2004a,b). This is also supported by seismic data from the JOIDES

Resolution (Fig. 30) showing the progressive increases of lithologic unit thicknesses from a

thin pelagic clay layer from 283 to 247 mbsl, to a radiolarian ooze indicating increased,

warm sea surface productivity from 247 to 221 mbsl overlain by diatom ooze indicating cool

sea surface productivity from 221 to mbsl (Shipboard Scientific Party, 2001).

A sedimentation rate curve for Site 11 79 (Fig. 3 1) shows the increase from 18 Ma to

Present related to the lithologic units I, n, and HE. Assuming Unear sedimentation, the red-

brown pelagic clay (Unit III) had a sedimentation rate of about 1.5 mm/ka. Diatom-bearing

radiolarian ooze (Unit II) had a sedimentation rate of about 6 mm/ka, the radiolarian-bearing

diatom ooze with ash and zeolitic clay of the early Pliocene had a sedimentation rate of about
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Fig. 30 Multichannel seismic line correlated with lithology and unit depth of Site

1179 based on core observation ^omJOIDES Resolution. Strong reflecting

between Units V and Unit IV is the acoustic basement. Strong reflection also

indicates unit boundaries between chert (Unit IV), overlain by red-brown pelagic

clay (Unit III) and diatom-bearing radiolarian ooze (Unit II). The botmdary

between Unit II and Unit I is not sharp, likely due to the similar physical properties

of the two units. Weak reflection within Unit I that correspond to asli layers

(modified from Shipboard Scientific Party, 2001).
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Fig 31 Sediment rate curve at Site 1 179 from 18 Ma to Present using magnetic

polarity vs age (top) and depth (left). Normal polarity is indicated by black and

reverse polarity is indicated by white. The lithology of Site 1 1 79 is depicted along

the right correlating to the increasing sedimentation rate from 1.5 mm/ka (Unit HI),

6 mm/ka (Unit 11), 16 mm/ka (beginning ofUnit I), and 34 mm/ka (about 5 Ma to

Present). Inset shows Units III and II where a change in the sedimentation rate

occurs approximately 1 1 Ma ago (modified from Shipboard Scientific Party, 2001).
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16 mm/ka, and the mid-Pliocene to Present had a sedimentation rate of about 34 mm/ka. The

increase in sedimentation corresponds to increased ice buildup in the northern hemisphere

starting around 3.5 Ma (Maslin et al., 1998).

Vandenberghe and Nugteren (2001) found enhanced deposition of coarse grain loess

in both China and Western Europe during cold periods alternating with warm periods of

decreasing loess and soil deposition comparable to oceanic Dansgaard-Oeschger events. The

apparent cyclicity of grain size was latar shown to follow orbitally forced climate

(precession, eccentricity, and obliquity) (Vandenberghe et al., 2004). External forcing

mechanisms were also evident in cyclical marine and pollen data from Greece, New Zealand

and Japan (Kuwae et al., 2002; Mildenhall et al., 2004; Okuda et al., 2002).

The increase in the magnitude of pollen peaks during the Pleistocene may also show a

linkage to Milankovich periodicity in conjunction with desert expansion (Bush et al., 2002;

Ding et al., 1999; Rokosh et al., 2002) and an increase in land area occupied by arid Steppe

and Woodland-Steppe communities during glacials (Zhang et al., 2003; Yan et al., 1999; Sun

et al., 1997; Tungsheng et al., 1996; Liu et al., 2001; Liu et al., 1999a; Liu et al., 2002a). At

ODP Sites 1 179, 881, and 882 large peaks in magnetic susceptiblity, CaCOa, foraminifera

numbers, mean grain size, and pollen concentration occur at roughly 400 ka intervals (Fig.

26, 27, 28). The 412 ka periodicity is an extreme low frequency contribution to eccentricity

found along with the 100 ka frequency and other longer periods at 3.5 Ma, 2.0 Ma, 1.3 Ma

(Williams et al., 1998). The 400 ka cycle is the only periodicity observable with the sample

resolution in this thesis, although there is evidence ofthe 100 ka periodicity where resolution

within the three cores allows the trend to be seen (Fig. 26, 27, 28). Maslin et al. (1996) were

able to show general trends in insolation, magnetic susceptibility, CaCOs, and biogenic opal

at Site 882 with a sampling density of30 cm (needed to depict oceanographic variability of

in the range of Milankovitch orbital forcing). However, equidistance peaks in magnetic





90

susceptibility in all three cores, taken from onboard the JOIDES Resolution, show a definite

periodicity in large peaks every 400 ka throughout the core and matching the largest peaks of

the other climate proxies sampled.

There is an inverse correlation between the mean grain size of all (allochthonous and

autochthonous) siliceous material in the 3 cores and pollen and spore concentrations. Giant

quartz grains observed in Hawaii range from 50 to 100 ^m (Middleton et al., 2001), while the

signal within Site 1 179, 881 and 882 during glacials drops below 50 jun. This is consistent

with the fine grain size of the material deflated from the desert and loess source regions in

China. The coarse fi-action seen during interglacial periods may be explained by the presence

of diatoms and radiolarians in warmer waters following the retreat of the Subarctic Front

(Maher and Thompson, 1991; Morley et al., 1986).

Several studies have been conducted on removal of biogenic silica from marine

samples (Conley and Schelske, 2001; Stuut, 2004). Processing for autochthonous siliceous

material provides less noisy data to compare with mean grain sizes recorded in loess

sequences throughout China, but would miss most ofthe productivity signal.

Grain size data taken from various locations throughout the loess plateaus of Asia

reveal an increase of CaCOs content (Little, 2002) as well as the mean grain size of sediment

within loess sequences relative to paleosol sequences, correlated with marine 5^^0 and

magnetic susceptibility (Derbyshire, 1995; Xiao and An, 1999; Sun and Liu, 2000b; Xiong et

al, 2001; Sun, 2002a). Aerosols from precursor soils contributing to loess formation have

been shown to possess high levels of Ca, Fe, and Ti (Zhang et al., 1993). Introduction of

these concentrated nutrients making up a portion ofthe influx of terrigenous material may

contribute to phytoplankton blooms over the ODP sites in the North Pacific. High levels of

Ca may contribute to saturation of carbonate in the water column and aid in the lowering

deepwater acidity suppressing the CCD during sustained strong winds of glacial periods.
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IVlagnetic susceptibility data from ODP Site 1 179 (Shipboard Scientific Party, 2001),

Site 881 and Site 882 (Rea et al., 1995) indicate increasing values from the mid-Pliocene to

Recent (Fig.32). Pollen data peaks generally occur during periods ofelevated or peaks of

magnetic susceptibility within the ODP cores, correlating well -2.6 Ma and 0.9-0.7 Ma.

Occurrence of ash layers has been associated with many of the susceptibility peaks signifying

a period of high volcanic activity (Rea et al., 1993b), which may be related to the 2.6 Ma

phase of Himalayan-Tibetan uplift partially responsible for shifting global climatic

conditions. When ODP magnetic susceptibility data are compared to magnetic susceptibility

data from the Lingtai Loess sequence in Asia, a correlation ofpeak susceptibility is seen

similar to the pollen and spore correlation and grain size correlation (Figs. 26, 27, 28).

The relationships between proxies from the marine and terrestrial environments are most

likely due to the flux of eolian material from source regions of the desert and loess plateaus

within Asia and China. Spikes in the magnetic susceptibility found in the ODP marine core

during glacials suggests removal of fine grained, highly magnetic Fe-rich material is from

unarmoured loess deposits leaving only coarse grained material behind. Conversely,

paleosol layers are characterized by high magnetic susceptibility due to microbial activity

during the moist, warm environments of deposition.

Magnetic susceptibility of loess-paleosol sequences are primarily a result of

magnetite and maghaemite (Liu et al., 1999c). A strong linkage between high latitude

northern hemisphere, particularly Asian climate, and the loess-paleosol magnetic

susceptibility signal was demonstrated by Bloemendal et al. (1995) and Zhu et al. (1995).

During warm-humid interglacial periods paloesol layers are developed bearing a strong

magnetic susceptibility signal due to the formation of fine grained hematite and maghaemite

produced by inorganic and microbial activity (Liu et al., 1999c). There is still debate over

the source and cause of the susceptibility signals from different sites at similar times that no
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Fig. 32 Magnetic Susceptibility correlation between ODP Core Sites 1179, 881, 882

showing times of significant global climatic change. Modified from Weeks et al. (1995);

Shipboard Scientific Party (2001).
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one theory explains fiiUy (Sun and Liu, 2000b) . Loess layers produced in glacial periods

have reduced signals because the arid conditions are not conducive to the formation of fine

iron particles as the soil forming paleosols (Maher and Thompson, 1991).

Spikes of pollen at ODP sites may represent the initial stages ofglaciation when

increased winds removed fine material fi"om yet unarmoured surfaces. Initiation of glacial

stages requires humidity and cool climate for ice growth (Williams et al., 1998). Lowland

areas suitable for sustaining wetlands would be last to succumb to the arid conditions of a

glacial advance. Increasing winds over expanding steppe vegetation remove dust and pollen

fi-om high and lowland areas during large thermal inversions transporting eolian dust to the

North Pacific. This may explain why loess production is most evident at the end of glacial

periods as indicated by Lehmkuhl and Haselein (2000). Only large-grained material (loess)

remains in the rocky deserts and loess plateaus while fine grained siliceous material, fine-

grained Fe, and pollen fi^om a variety of environments have been removed by high sustained

winds of strengthened glacial winter monsoons. A large portion ofthe annual dust transport

in Asia occurs during several spring storms (Nakai et al., 1993). Comparison of mineral dust

carried by storms to normal atmospheric processes shows higher mean deposition and flux

during storms, while the normal processes were the main contributor to the loess plateaus

(Zhang et al., 1993). Therefore, peaks of pollen and spores at ODP Sites 1 179, 881 and 882

most likely record large scale storm events at the onset of glaciation and throughout glacial

periods.

The impact of increased eolian flux during the mid-Pliocene through the Pleistocene

can be seen by the effects limiting nutrients have in the northwest Pacific. The ODP sites in

the Northwest Pacific lie in on or north ofthe Subarctic Front (SAF), presently defined as a

body of low salinity water with a density of ~27.5cje with a isotherm of4°C at 100m (Yasuda,

2003). From 40°N in the west Pacific to 44°N in the east (Fig. 14), the SAF separates waters
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ofthe subarctic gyre from transitional waters ofthe KE (Djiie, 2003). During the LGM the

Kuroshio Current was deflected by a land bridge connecting Taiwan and the Rynkyu Arc

causing a south migration ofthe SAF and KE contributing to cooling in east Asia (Ujii6 and

Ujiie, 1999; Kawahata and Ohshima 2002). However, a 2003 study by Ujiie (2003) failed to

show the southward shift ofthe SAF over the last 370 ka, but did indicate the presence of

mode waters of an 'indistinct KE' based on foraminiferal data collected from the Hess Rise

(34°11.7'N, 179°15.4'E). Subsequent work by Ujiie et al. (2003) revealed an increase in cold

water foraminiferal assemblage during the LGM due to land bridge formation in the Ryukyu

Arc deflecting the Kuroshio Current east a a far more southerly latitude (Ujiie et al., 2003).

A similar southward shift ofthe KE during glacial periods was also indicated over the Hesse

Rise (34°54.25TSr, 179°42. 18'E) based on increase pollen and spore data thought to be derived

from the south Japan Archipelago (Kawahata and Ohshima, 2002). Foraminiferal data from

Findlay (2004) showed planktonic assemblage changes due to a shifting ofthe Kuroshio

Current at glacial periods through the Pliocene into the late Pleistocene.

Examination ofvarious models showing mass transport of ocean currents indicate a

strong flow ofNADW during interglacial periods, represented by present conditions, and a

much weaker flow during the LGM and other glacial maxima (Haupt et al., 2001). Perhaps

the most observable change in the THC occured during a melt water event causing a

complete collapse due to freshwater discharge such as those proposed in the Bipolar Seesaw

hypothesis (Seidov and Haupt, 1997).

The present state ofthe Themohaline Conveyor due to the increased evaporation in

the tropical Atlantic, generation ofNADW, and the formation ofAABW results in extreme

global cooling (Seidov et al., 2001). A feedback imposed by fresh, surface water flux into

the Arctic Ocean that may alter salinity in the North Atlantic (Broecker, 1991). The higher

salinity (32.7 %o) of surface waters of the Pacific is not conducive to deep water formation
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(Warren, 1983). Therefore, the North Pacific cannot form an equivalent to NADW allowing

the LCPW to travel north along the trench systems into the northeast Pacific Basin.

The long residence time ofmodem waters arriving in the North Pacific allows for the

formation of high levels of carbonic acid (H2CO3) due to consumed O2. Turnover ofbottom

water (LPDW) in Pacific is on the order ofthousands ofyears compared to hundreds ofyears

for deep water circulation (Garrison, 2004). Some studies however, suggest turnover of

water within basin systems on a much shorter timescale of several hundred years or less (von

Blanckenburg et al., 1996; Wong and Matear, 1996).

The cortosive nature of Pacific Ocean water would increase over thousands ofyears

if not neutralized (Matsumoto et al, 2001). At present the CCD ranges fi^om -4.5 km to 2.5

km at the ODP Sites 1 179, 881, and 882. Anomalous CaCOs preservation (Fig. 24) at these

sites indicate the CCD was far below the current level during the time of deposition and

implies elevated levels of productivity in the region brought about by eohan influx of

nutrients fi-om Asia (McCarthy et al., 2003).

In order to produce conditions for a collapse ofNADW formation there must be a

pooling of fi^eshened water in the Arctic Ocean and northern Atlantic Ocean to surpass a

salinity threshold causing a water mass of low density to be established. This gradual

weakening ofthe NADW to a threshold would take thousands of years (Broecker, 1991;

Broecker, 1998; Stocker, 1998; Haupt et al., 2001; Maslin et al., 2001; Seidov et al., 2001

Seidov and Maslin, 2001) during a symmetrical circulation involving equilibrium between

NADW and AABW production (Bryan, 1986). Evidence of this process occurring at present

is seen in the cooling and freshening of intermediate waters in the Labrador Sea (Stocker,

1994).

The large increase in eolian flux ofterrigenous sediment found at 2.5 Ma and earlier

(McCarthy et al., 2004b; McCarthy et al., 2003; McCarthy et al., 2004a) represents a cool.
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arid climate conducive to elevated levels of limiting nutrients to otherwise nutrient poor

waters. The terrigenous flux combined with biological marine blooms (Bishop et al., 2002)

create massive sedimentation rates and rapid burial oforganisms otherwise susceptible to

dissolution. The glacial/interglacial modes ofthe THC provide two possibilities as to how

the CCD may be suppressed in the North Pacific allowing CaCOa preservation and CO2

sequestration within ODP Sites 1 179, 881 and 882: 1) The first may be due to ice cover in

the Bering Sea produces a highly dense, cold saline bottom water to form in the North

Pacific. This limited bottom water may be permitted to penetrate mid-latitudes due to a

reduced flow ofPDW fi"om the shunted ACC along the northeastern trench systems. Newly

created Pacific Bottom Water (PBW) would be less acidic than the older resident water

present in the Pacific while theNADW is in operation. Less corrosive PBW creates a

condition reducing dissolution ofCaCOs in the North West Pacific, allowing CaCOa to

accumulate on the sea floor far below the current CCD (Findly, 2004b). 2) The newer, less

acidic waters fi^om the ACC (unaltered by the corrosive NADW) flowing into the Pacific

maintaining the velocities and currents similar to the balanced heat flow mode. The

decreased dissolution ofCaCOs permitted by the lower CCD, allowing deposition and

accumulation ofCaCOa along the ocean floor similar to the previous hypothesis. Previous

work by Haupt et al. (2001) on circulation models yielded no obvious sediment accumulation

change in the Pacific Ocean with large changes in THC. This may imply no change in

current velocity maintaining deep sea drifting and sediment transport. This would imply a

change in the composition (acidity, salinity, temperature) ofthe deep water not a velocity

change.

Water composition would also be changed as a result ofthe addition of terrestrial

CaCOa deflated fi^om loess deposits and transported along with siliclastic, palynomorphs, and

limiting nutrients fi"om elevated regions in Asia, Russian Plain loess-paleosol-cryogenic
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sequences have high CaCOa content within coarse grained loess layers. This would imply

that eolian transport ofthe dust fraction from loess sequences contains a large portion of

CaCOs contributing to the anomalous signals seen at the ODP sites. Combined with the

effects of a glacially altered deep Pacific water chemistry, CaCOa supersaturates the water

column suppressing the CCD and allowing high sedimentation and rapid burial ofdissolution

susceptible marine fauna to accumulate and preserve over short periods.

The evident link between the episodic CaCOa rich, high magnetic suseptibility, and

large grained sediment from the abyssal northwest Pacific and those characteristic of the

loess sequences in central and north China is tied to the uplift ofthe Himalaya-Tibetan

Plateau. Significant upUft began to occur -10-8 Ma with the subsequent onset of eolian

deposition ofdust between 8.3 and 7.6 Ma (Zhisheng et al., 2001), the beginning ofthe

Hipparion Red-Earth Formation underlying the loess/paleosol sequences. Dust deposition at

this time also corresponds to a change throughout Pakistan and China from C3 forests to C4

grasses marking an increase in aridity (Zhisheng et al., 2001). During a second, smaller

uplift, from ~ 3.6-2.6 Ma, the Himalayas reached an elevation high enough to disrupt the

inland extent ofthe summer monsoon, thereby weakening its effects while strengthening the

force ofthe winter monsoons ateady amplified during glacial periods (Raymo and

Ruddiman, 1992; Raymo, 1994; Zhang et al., 2000; Zhisheng et al., 2001; Liu and Yin,

2002).

Sediment eroded from the Himalayas was first deposited into the loess plateaus of

China, then secondarily deposited to the Northwest Pacific through dust transport

mechanisms (Pye, 1995). Strong prevailing westerlies enhanced during glacial winter

monsoon seasons carried fine grain size materials from the deserts and loess plateaus along

with steppe pollen, the dominant vegetation type of cool, arid environments of interior Asia

found among pollen and spore data from ODP Sites II 79 and 882.
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Along with the influx of siliceous grains, pollen and spores to the North Pacific came

limiting nutrients (including Fe and Ca) promoting phytoplankton booms and overall

increased marine productivity in the nutrient poor region. The sustained eolian and biogenic

supply of detritus increased sedimentation rates and allowed rapid burial of organisms.

Preservation of highly oxidation-susceptible organisms was accomplished due to the

weakening ofthe CCD due to oceanic circulation and the inclusion ofCa among the eolian

flux (Fig. 33).

This thesis shows that pollen and spore concentrations and assemblages from abyssal

marine cores can be used to indicate periods of large scale climatic change in wind strength

based on overall concentrations. Moisture regime and temperature associated with glacial

and interglacials must be interpreted based on correlations with terrestrial or near shore

pollen and spore assemblages recording paleovegetation and climate. Abyssal marine core

pollen and spore concentration and assemblages can also indicate terrestrial sediment flux

and general sedimentation abundance.
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Fig. 33 Warm, moist interglacials with low-strength monsoon winds are capable of transporting

only small amounts of terrigenous material to the western North Pacific Ocean. The low

terrigenous flux results in nutrient depleted surface waters and limited marine populations.

Sedimention rates during these times are correspondingly low. Calcareous foraminifera do not

accumulate on the seafloor at Sites 1 179, and 881 >1 km below the modem CCD, and rare at

Site 882, 0.25 km below modem CCD. Cold, dry glacials characterized by strong winter

monsoon winds are capable of transporting vast quantities of terrigenous sediments to the North

Pacific Ocean. This large flux of nutrients promotes the growth ofphytoplankton and

zooplankton, increasing the sedimentation rate. The rapid sedimentation of particles, including

the remains of calcareous plankton, depresses the CCD and allows calcareous foraminifera to

accumulate at mid-latitudes in the abyssal western North Pacific Ocean (from McCarthy et al,

2004b).
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7.0 Conclusions

Analysis of mid Pliocene-Pleistocene pollen and spore and grain size data from

abyssal ODP Sites 11 79, 881, and 882 ofthe northwest Pacific can successfully indicate

major global climate change during times of ice sheet growth and intense northern

hemisphere glaciation as seen by:

1) Terrestrial palynomorphs, allochthonous siliceous grain size correlate well with

marine palynomorphs, foraminifera, and magnetic susceptibility data from abyssal

marine cores and terrestrial data showing major climatic change in Asia from the

mid-Pliocene through the Pleistocene.

2) Pollen and spore concentrations peak during cool, arid climate periods corresponding

to glaciation and increased wind strength facilitating long-range transport.

3) Allochthonous grain size increased during periods climate change to cool, arid

conditions indicative of glaciation.

4) Pollen and spore analyses show an increase in Steppe, Boreal, and Cool Temperate

taxa concentration during cool periods signifying continental glacial conditions.

5) Continental aridity caused by the Himalayan-Tibetan uplift and enhanced by glacial

conditions created large-scale flux of eolian dust-sized material to the northwest

Pacific Ocean.

6) Increase in magnetic susceptibility in abyssal sediments during glacial periods

correspond to increase in eolian flux and indicates nutrient loading (Fe input) to the

northwest Pacific Ocean gyre waters allowing planktonic blooms.

7) Increased eolian and marine detritus in the water column increases sedimentation

suppressing the CCD and allows rapid burial and preservation of oxidization

susceptible palynomorphs and calcareous foraminifera far below the current CCD.
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List of Common Plant Taxa
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Latin English

Abies

Acer

Alnus

Ambrosia

Artemisia

Carex

Carpinus

Ccaya

Castanea

Corylus

Cyperus

Cystopteris

Cupressaceae

Dryopteris

Eriophorum

Fagus

Fraxinus

Galium

Gramineae

Juniper

Juglans

Larix

Picea

Pinus

Polygonum

Populus

Pteridium

Quercus

Sagittaria

Salix

Saxifraga

Sphagnum
Taxodiacae

Taxaceae

Taxus

Tilia

Tsuga

Ulmus

Selaginella

Fir

Maple
Alder

Ragweed
Sagebrush

Sedge

Hornbeam
Hickory

Chestnut

Hazelnut

Flatsedge

Bladderfem

Cedar Family

Woodfern

Cottongrass

Beech

Ash
Bedstraw

Grass Family

Cedar

Walnut

Tamarack

Spruce

Pine

Knotweed

Cottonwood

Brackenfem

Oak
Arrowhead

Willow

Saxifrage

Sphagnum
Bald CypressFamily

Yew Family

Yew
Basswood
Hemlock
Elm

Spikemoss

http://plants.usda.gov/index.html
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