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Abstract

Samples for this study were obtained from the abyssal western North Pacific Ocean at

Ocean Drilling Project Sites 882 (50°21.797'N, 167°35.999^E) and 1179 (41°4.787^N,

159°58.786'E). Despite their depth below the present day calcite compensation depth, ~250m

and ~1.5km respectively, these late Pliocene-Pleistocene cores contained large quantities of

carbonate, a small proportion ofwhich is composed of well-preserved foraminiferal tests

with minor to no signs of dissolution. This excellent preservation is unusual in light of their

positions below the current calcite compensation depth.

Globigerina bulloides, Globigerina quinqueloba, and Neogloboquadrina pachyderma

are the dominant species at the more northerly Site 882, whereas A^. pachyderma,

Globorotalia inflata, and G. bulloides dominate Site 1179. This species distribution is a

direct reflection of their respective ambient oceanographic conditions. Cluster analysis of the

identified foraminifera reveals four groups within Site 882, which are largely temperature

and dissolution-controlled, documenting a fluctuating calcite compensation depth and

lysocline as well as indicating a switch to cooler conditions at about 2 Ma. The ODP fauna,

although similar to those collected in nearby sediment traps, have a slightly lower diversity,

and are enriched in thick walled, non-spinose taxa.

Abundance peaks of foraminifera throughout the cores agree well with the timing of

brief suppression of the calcite compensation depth. These suppressions of the calcite

compensation depth are related to increased surface water productivity commensurate with

terrestrial fertilization of otherwise nutrient-poor gyre areas. Furthermore, these events

sequestered CO2 from the atmosphere, contributing to late Cenozoic global cooling. The

majority of the peaks correlate with times of incursions of cold deep Pacific water and rapid

declines of continental ice volume, suggesting that North Atlantic Deep Water interference

may change the source dominance of Pacific deepwater, leading to less acidic, saltier water

conditions, requiring less CaC03 to reach saturation. Several foraminiferal carbonate peaks

also correlate with geomagnetic reversals inferring some climatic control, perhaps through

enhanced cosmic ray bombardment and subsequent increased cloud cover, and species

selection.
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Introduction

Foraminifera are testate protozoans that inhabit a wide variety of marine

environments, from planktonic varieties in the surface waters, to benthic species on or below

the sea floor, from the poles to the equator. Some varieties secrete a test of calcite (CaCOs)

although there are some siliceous and agglutinated species. Due to their abundance in marine

sediments (up to tens of thousands per square meter), they have been used extensively in

palaeontology, with currently more than 3,600 species recognized (Lipps 1993). Their large

munbers, morphologically distinct tests and widespread abundance make them excellent

biostratigraphic zone markers, and have been successfully used for correlation. Quantative

palaeoclimate reconstruction is also possible due to species variability in response to climate

and water nutrient level conditions.

Perhaps the most significant development in uses for foraminifera in the last century

is the analysis of stable isotope ratios, primarily oxygen, in foraminiferal tests. As

foraminifera secrete their tests from sea water, the ratios of carbon and oxygen isotopes

recorded reflect the water conditions at the time of deposition (Zeebe et al. 1999).

Atmospheric water vapor contains preferentially light oxygen ('^O), as it requires less energy

to evaporate, and is therefore depleted in heavy oxygen (^^O) relative to the source water,

usually seawater (Williams et al. 1998). As terrestrial ice accumulates from precipitation of

atmospheric water, ice caps and ice sheets are therefore also enriched in light oxygen. The

isotope ratios in the ocean are therefore a fiinction of temperature and ice volume. Warm

periods increase evaporation levels, and as light oxygen ('^O) is preferentially evaporated,

the source water becomes relatively enriched in heavy oxygen ('^0). The isotope record

gleaned from planktonic foraminifera can therefore be used to interpret shallow water

palaeotemperatures (Zeebe 2001, Hancock and Skinner 2000, Williams et al. 1998).
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Benthic foraminifera are used for different purposes however, as deeper waters tend

to remain at an almost constant temperature regardless of climatic conditions, the oxygen

isotope ratio is thought to reflect the bulk ocean ratio. This is controlled by the quantity of ice

comprising continental ice sheets, as terrestrial ice sequesters light oxygen ('^O) from the

ocean. The benthic record therefore is thought to contain details of the various glaciations for

the past 5 Ma (million years ago). Foraminiferal isotope records were compared to the S'^O

of ice cores such as the Vostok Antarctic cores and the GISP2 Greenland cores (Williams et

al. 1998), and as expected, the ice cores reflected changes in the deep ocean, with an

introduced time lag, indicating that ice volume has a direct effect on bulk ocean oxygen

isotope levels (Berger et al. 1984, Imbrie et al. 1984, WiUiams et al. 1998, Hancock and

Skinner 2000, Shackleton et al. 1990). - 'r a «-*^ .r . b. -v.

Spectral time series analysis revealed periodicities recorded within oxygen isotopes

curves. These periodicities (19-21 ka, 40 ka and 100 ka approximately) are very similar to

periodicities predicted for climate change resulting from changes in the eccentricity of the

Earth's orbit, and inclination and precession of the Earth's axis as it revolves around the sun,

first proposed by CroU in the late 1800's, and later, and more popularly, by Serb

mathematician Milutin M. Milankovich in 1941 (Hancock and Skinner 2000). The

similarities between the oxygen isotope curves and the Milankovich insolation curve lead to

the modem view that the glacial/interglacial cycle is largely controlled by Milankovich

cyclicity (Berger et al. 1984, hnbrie et al. 1984, WiUiams et al. 1998, Hancock and Skinner

2000, Shackleton et al. 1990).

Conventional models for carbonate deposition refer to carbonate sediments being laid

down as the result of the mortality of many calcitic shelled microorganisms accumulating on

the basin floor. However, sea water is corrosive to carbonate under certain conditions, and in

deeper areas, most if not all of the carbonate material descending through the water column
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may be dissolved before reaching the ocean floor (Bathurst 1976). The lysocUne is the level

in the water column at which carbonate begins to dissolve, with dissolution increasing with

depth thereafter, until all carbonate is dissolved. The level at which all carbonate is

completely dissolved is termed the Calcite Compensation Depth (CCD) (Bathurst 1976,

Milliman 1974, Hancock and Skinner 2000, Pipkin et al. 2001).

At shallow depths, water is supersaturated with respect to CaCOs by a combination of

river input and biogenic activity at the surface (Milliman 1974, Hancock and Skinner 2000).

With increasing depth, waters are exposed to less carbonate as it is dissolved in shallower

areas, maintaining saturation. Deep waters are therefore imdersaturated. The horizon of

undersaturation, and therefore the CCD, is controlled by the quantity of precipitating calcium

carbonate, and elevated CO2 levels within the deeper water with depth and age making the

deep waters acidic, increasing dissolution capacity (Bathurst 1976, Milliman 1974, Hancock

and Skinner 2000). > :
I- v; .t .j. v .^

The deep water in the Pacific is effectively a blend of nutrient-poor NADW (North

Atlantic Deep Water) and CPW (Circum Polar Water). Due to the distances involved, the

travel time from the sources to the North Pacific is considerable (600-1000 years for

thermohaline turnover; Hancock and Skinner 2000, Wong and Matear, 1996). Older water

has had increased exposure to the bacterial degradation of decaying organic matter with time,

so the bottom waters become increasingly concentrated with regards to CO2. Upon arrival in

the North Pacific, this old water contains high levels of dissolved CO2 making the bottom

water a dilute carbonic acid, and hence more corrosive towards calcium carbonate (Bathurst

1976, Milliman 1974). This leads to a shallower CCD in the Pacific compared to that at

similar latitudes in the Atlantic. '

As cold water can incorporate more dissolved CO2 than warm water, and temperature

decreases with depth, calcium carbonate is more readily dissolved in deep water. Pressure
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has a similar effect, with increasing pressures also increasing the quantity of CaCOs that may

be held in solution (Mucci et al, 1999, Bathurst 1976, Milliman 1974, Hancock and Skinner

2000).

Surface productivity, and therefore nutrient levels, is also an important effect. High

nutrient levels stimulate surface productivity, saturating the water column, allowing calcium

carbonate to penetrate deeper in the ocean, and aid in raising sedimentation rates in order to

bury, and therefore preserve calcium carbonate. These factors combine to form a depth below

which no calcium carbonate is preserved, the CCD, which is deeper in equatorial regions

because of increased temperature and productivity levels, and shallower at high latitudes in

the Pacific due to low temperatures, low surface bioproductivity, and old bottom water

(Bathurst, 1976). As a result, the CCD in the South Pacific is shallower (-3.5 km on average)

than the CCD in the North Pacific (~4 km on average) (Hancock and Skinner 2000).

Carbonates therefore should not accumulate below the CCD in the oceanic basins.

However, recent sampling by the Ocean Drilling Project (ODP) in the abyssal North Pacific

Ocean has revealed several cores containing as much as fifty percent carbonate, over a

kilometer below the current CCD.

The geomagnetic field is an electro-magnetic field surrounding the Earth, thought to

be generated from a complex dynamo mechanism within the Earth's interior (Hancock and

Skinner, 2000, Merril et al. 1998). The associated processes are poorly understood, but the

field is thought to originate from the conversion of mechanical energy into electrical energy

via a dynamo effect from the rotation of the Earth on the Earth's interior (Stevenson 2003,

Merril etal. 1998). . - .

The geomagnetic field is actually composed to two fields, the dipole and the

nondipole fields. The dipole field comprises 80% of the whole geomagnetic field, and can be

visualized as a pole through the centre of the Earth, and tilted approximately 11° from
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vertical (Fig. 1), where either end intersects the Earth's surface being termed the

geomagnetic poles. The observed magnetic pole, by contrast, is slightly offset from the

geomagnetic pole by the non dipole field, which constitutes the remaining 20% of the entire

geomagnetic field (Merril et al. 1998). While both these components of the Earths field vary

over time, a geomagnetic reversal, or polarity transition, refers to the complete flipping of the

dipole axis, with north becoming south and vice versa (Fatland and Stone 1 998)

It was first observed that some rocks had an inherent magnetism, in the mid 1800's.

Both Delesse and Melloni (Merril et al. 1998) recognized that some rocks have a

magnetization that is parallel to the Earth's magnetic field. Although this was initially

attributed to lightening strikes, later experiments with firing pottery revealed that

magnetization acquired diuing cooling was orientated parallel to the current orientation of the

geomagnetic field. Early in the 1900's, separate works by David and Brunhes (1906) on

recent lava flows, and their baked contacts, showed that not only the lava, but also the baked

rock underneath displayed the same magnetic orientation, parallel to the current field. Some

of the lavas they studied however recorded a magnetization that was roughly opposite to the

current field, results duplicated by Matuyama (Merril et al. 1998) studying lavas several

million years old in Japan. If these recorded magnetic reversals were a result of changes in

the Earths geomagnetic field, then they should be correlateable across the globe, an inference

which came to fruition when measurements were taken across the Atlantic, revealing a

symmetrical pattern of normal and reverse stripes of magnetic anomahes (Merril et al. 1998,

Hancock and Skinner 2000). These anomalies are still used today to estimate seafloor

spreading rates and history in many locations across the world (Ramana et al. 2001, Chaubey

et al. 1995). This discovery gave serious credibility to the then recently proposed theories of

sea floor spreading and continental drift (McElhinny 1973, Merril et al. 1998)

Linkages between the polarity transitions or variations in intensity of the geomagnetic
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1

field and climate are however sparse, although some work has concluded that variations in

the magnetic field indirectly influence heating (by controlling the input of protons and

electrons), stratosphere stability (McCormac and Seliga 1979), cloud formation (Marsh and

Svensmark 2003, Bazilevskaya 2000, Svensmark 2000, McCormac and Seliga 1979 among

others) and thunderstorms (McCormac and SeHga, 1979). •.;
••

Site Descriptions • '•

ODP Site 1179 in approximately 5568 m of water, is situated in the western North

Pacific Ocean (4r4.787'N, 159°58.786'E), off the coast of Japan, west of the Emperor Sea

Mount Chain, and north of the Shatsky Rise (www.ga.gov.au/odp/publications

/191_IR/chap_01/cl_7.htm; Fig. 2). The Bonin, Japan, Kuril and Aleutian trenches from the

west through to the north respectively (Pipkin et al. 2001), trap any incoming terrigenous

sediment, sequestering any major silt, sand and clay input to the deep ocean, such as

turbidites. One of the few influences on this site is a windblown component, supplying an

otherwise sediment starved area with nutrients (Pettke et al. 2000).

The sediments sampled overlie 129 million years of basaltic lithosphere (ODP leg

191 initial findings), with the horizons studied for foraminiferal content ranging between

29.72 to 119.62 mbsf (meters below sea floor) or between 0.74 and 3.45 Ma; Figs. 3 and 4).

A small portion of the sampled sediment interval is calcareous, whereas the majority of the

sediment is composed of diatoms, radiolarians and other siliceous protists, producing a

largely diatomaceous ooze over the 89.9 meters of sampled core. The Miocene/Pleistocene

section of the core which we sampled is therefore mostly a blanket of grey to olive coloured

siliceous clays and oozes, with large numbers of ash horizons, none of which were processed
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for micropaleontological study. High carbonate content was associated with clay-rich

horizons, above ash beds.

ODP Site 1179 is located near the western central edge of the Western Sub Arctic

Gyre (WSAG) (Fig. 2) with the surface mixed layer extending to some 98 m (Honda et al.

2002) and subject to upwelling via Ekman transport during the autumn and winter

(Kuroyanagi et al. 2002). The surface waters in this area are characterized by low

temperatures (<5°-ll°C annually) and relatively high dissolved oxygen and, due to

upwelling, high silica and carbonate levels, promoting relatively high phytoplankton

production, particularly diatoms (Honda et al. 2002, Honda 2002).

ODP Site 882 is located at 50°21.797'N, 167°35.999'E on the west side of the Detroit

Seamount (part of the Emperor Sea Mount Chain) in approximately 3243 m water depth

(Shipboard Scientific Party, 1993; Fig. 2). Being in close proximity to ODP Site 1179 (Fig.

2), ODP Site 882 is under a similar depositional regime, with mainly pelagic sediment.

However, being further north, ODP Site 882 falls within the ice rafting limit, which supplies

some coarser terrestrial material to the area in the form of small dropstones, mainly of

volcanic and metamorphic origin. The entire core again consists largely of homogenous grey

green diatomaceous ooze, increasing concentrations of diatoms with depth, with a small

dropstone component and occasional ash layers; drilling did not penetrate into the underlying

basalt. High carbonate horizons do not have ant correlative sediment type (Shipboard

Scientific Party, 1993). Samples of between 10 and 25 cc were taken from between 219.98

and 24.39 mbsf (-3.35 to -0.57 Ma; Upper Neocene to Pleistocene) for foraminiferal

analysis (Figs. 3 and 4).

ODP Site 882 by contrast is closer to the north side of the central area of the WSAG

(Kuroyanagi et al. 2002; Fig. 2) with a deeper maximum extent of the surface mixed layer

(130 m as of Jan 2000). This area is subject to lower temperatures (2-6.5 °C annually), and
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displaying higher levels of nutrients (NOx, and Si02) than ODP Site 1179, especially in

winter, while maintaining similar salinities (Honda et al. 2002).

This study has four main objectives: 1) To examine the foraminiferal content sites

882 and 1179, which both contain anomalous carbonate from the abyssal North Pacific

Ocean. 2) To apply some statistical techniques to derive assemblage changes over time. 3) To

propose a model for their preservation via CCD suppression, with evidence from ocean

chemistry from other areas. 4) To suggest a mechanism and evidence for a geomagnetic

influence on climate, contributing to the deposition of carbonate over one kilometer below

the current CCD.
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s.{ 2- t"'-4^> ''-,... .i^'



3 ui i

. -c"; t>/'i 1'

>
,

•
'

. 1

.

(
f- 'fk'.

>i



Page 14

Methods '•'=i*> ; • r

^•^•aR ''•'

During ODP Leg 191 (July-September, 2000), samples of 10 or 25 cubic centimeters

(cc) were taken for foraminiferal analysis from the Upper Miocene through Pleistocene

sequence in Holes 1179B and 1179C. These samples were soaked in a 0.02% Calgon

solution for one hour and sieved into two size fractions, greater than 150 nm and 63-150

Jim (Shipboard Scientific Party, 2001).

Samples were selected from ODP Hole 882A and obtained from the Gulf Coast Core

Repository of the Ocean Drilling Program in College Station, Texas, based on high CaCOs

weight percentages of the sediment, as measured onboard the JOIDES Resolution at time of

drilling (Shipboard Scientific Party, 1993). As these samples were of varying sizes and

fiirther palynological and grain size analysis were to be conducted, the quantity prepared for

foraminiferal analysis varied between 10 and 20 cc. These samples were then bathed in a

0.02% Calgon solution for one hour, before being sieved into two size fractions, greater than

150 i^m and 63-150 fxm.

Sieved resudues were then air dried before being hand picked for foraminiferal content

and identified at 45 times magnification using a Leica Zoom 2000 light microscope

following the taxonomy of Saito et al. (1981). The samples were analyzed for species,

quantity, distribution and preservation (Appendix). Early analysis of samples 63-150 ^lm

from ODP Site 1 1 79B revealed very few, if any, foraminiferal tests, so analysis from then on

focused primarily on the larger size fraction, as it contained the vast majority of foraminifera.

Due to large numbers, five samples from Hole 882A required splitting before they could

be counted and idenfified: 882A 4H-5 (58-62 cm), 882A 05H-2 (36-40 cm) and 882A 21H-2

(48-52 cm) required splitting down to one half, while 882A 3H-5 (8-12) and 882A 4H-6 (20-

24) cm required splitfing to '/64 to make counting feasible.
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Sediment ages were estimated by interpolating between dated horizons, assuming a

constant rate of deposition. Age control was based primarily on palaeomagnetic

measurements made onboard the JOIDES Resolution at time of drilling. ODP Site 1 179 has a

complete high-resolution palaeomagnetic record spanning the entire hole (Shipboard

Scientific Party, 2001), allowing for reasonably accurate dating throughout. However, dating

using palaeomagnetism may be difficult because during a magnetic pole reversal event, the

orientation of magnetic minerals in the sediments change only when the pole passes

overhead. Polarity reversals are therefore felt initially at higher latitudes, and later at mid

latitudes and equatorial regions. The speed of transition is therefore important in absolute

dating, which is complicated by inclination shallowing of the magnetic component of the

sediments, which occurs with compaction (Merril et al. 1998, Barton and McFadden 1996),

and has the potential for recording a reversal that appears faster than reality. While the

majority of the Natural Remnant Magnetism (NRM) is acquired at the time of deposition, a

small component of sediment acquires NRM after deposition, resulting in transitions being

recorded over an inaccurately long duration (Mazaud, 1996).

At ODP Site 882 reliable NRM within detection limits was only available for the upper

105 metres of the core, where the NRM intensity abruptly falls off as a result of low

magnetic susceptibility (Shipboard Scientific Party 1993). Palaeomagnetic dating is therefore

only accurate since approximately 1.96 Ma, which represents just over half of the analyzed

core. Below this, age control was obtained using gamma-ray attenuation porosity evaluator

(GRAPE) dates, which is thought to be accurate to a few thousand years (Tiedemann and

Haug, 1995). However, the dates estimated by this method for the upper section were

inconsistent with the absolutely dated polarity transitions recorded within. The Tiedemann

and Haug scheme was displaced by -300 ka in places, for instance at -80 meters depth

(Appendix). Biostratigraphic datums (Shipboard Scientific Party 1993) were also
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incorporated (Fig. 3), and broadly agree with the geomagnetic dates used, but less so with the

Tiedemann and Haug timescale. It is important to note that the biostratigraphic ages were

sometimes inverted, and also covered a broad section of the core, making acciu-ate dating

difficult using biostatigraphy. Despite these difficulties, the Tiedemann and Haug timescale

was used for the lower section of the core (deeper than ~100 m), in order to provide some

age control, although with reservations, keeping in mind the potential inaccuracies of the

dates.

Samples from ODP Holes 1 179B and C were weighed using a Sartorius 4 decimal place

balance. Precision of the balance is better for samples containing large amounts of

foraminifera (samples 1179 B4H6 134-137, 1179 B4H7 10-14, 1179 B4H7 37-40 and 1179

C6H4 90-94). This allowed the calculation of the component of CaCOa comprised by

planktonic foraminiferal tests.

Statistical analyses were performed using the computer program PAST (Hammer et al.

2001). A Q-mode, un-weighted paired-group, Euclidean cluster analysis dendrogram was

constructed to identify group at both ODP Site 882 and Site 1179. This was accomplished

using the combined data fi-om both holes, and samples with more than 40 foraminifera tests,

in an attempt to achieve some statistical significance, while maintaining a large number of

samples. In order to give a reflection of changing assemblages, as opposed to changes in

absolute abundance, the numbers of specimens were converted into percentages of the

sample prior to analysis (Appendix 3). Failure to do this would group samples with respect to

sample size, as opposed to assemblage, and effectively showing sample size vs. age or depth.

For reasons of clarity, only the top ten most abimdant species were considered {Globigerina

bulloides, Neogloboquadrina pachyderma, Globorotalia inflata, Neogloboquadrina blowi,

Globigerina quinqueloba, Neogloboquadrina dutertrei, Globigerinoides ruber,
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Neogloboquadrina eggeri, G. uvula and Neogloboquadrina humerosa in order of descending

abundance).
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Results , !

"
; ;'^

i

A total of 1771 planktonic foraminifera were picked from 61 samples from ODP Site

1179 (Appendix). The majority of identifiable specimens were Globorotalia inflata (299

individuals, 18.97% of total), Neogloboquadrina pachyderma (predominantly dextral, 195

individuals, 12.37% of total) and Globigerina bulloides (178 individuals, 11.29% of total)

which combined represented 42.64% of the picked specimens, and -83% of the identified

species (Fig. 5). In addition to the above, ten other species were identified in smaller

numbers, including Neogloboquadrina dutertrei (Fig. 5, 2.60%), which according to Saito et

al. (1981) is not found in the Pacific, although was referred to by Black et al. (2001) in a

study of the Santa Barbara Basin, and Kuroyanagi et al. (2002) in the western North Pacific.

ODP Site 882 by contrast contained many more foraminifera, a total of 7760 were

counted from 67 samples. This number, when adjusted for splitting where required, gives

112,337 specimens within the samples examined. Site 882 also contained some damaged

specimens, but these comprised only 6.48% (Fig. 6) of the total, as opposed to 37.82% in Site

1179 (Fig. 5). Also differing are the most abundant taxa, the majority of the specimens

(81.67%) being comprised of G. bulloides (47,373 individuals, comprising Al.\l% of the

total), N. pachyderma (dominantly sinistral in the upper section, 26,164 individuals,

comprising 23.29% of the total) and Globigerina quinqueloba (18,207 individuals,

comprising 16.21% of the total). Another 21 species, in smaller numbers, were identified,

with a maximum abundance of 4.24% for Neogloboquadrina cryophila. In addition, ODP

Site 882 contained a more diverse planktonic foraminiferal assemblage than Site 1179, with

24 and 13 planktonic species identified, respectively. This diversity difference may be a

product either of taphonomic differences between cores, or more hospitable conditions above

Site 882 compared to Site 1 179, which will be addressed later.
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The number of foraminifera picked from ODP Site 1179 allows for the reasonable

determination of an average weight of an individual to be determined. Based on this,

calculations to determine of the quantity of foraminiferal CaCOs (and therefore CO2), within

the sediment were conducted. A comparison between the amount of CaCOs represented by

the collected foraminifera, and the measured quantity in the sediment as a whole should

reveal how much of the total CaCOa is represented by foraminifera, assuming that there are

negligible numbers of foraminifera in the size range below 63^m. Calculations reveal that,

foraminifera constitute only 1.8% of the total carbonate from the sediment, with an average

of-0.53% per sample. Foraminiferal calcite is clearly a minor component of the carbonate in

these sediments.

Abundances of foraminifera at Site 1179 peaked in samples B4H-6 134-137 cm (281

individuals, 0.9022 Ma and 35.46 mbsf), B4H-7 10-14 cm (556 individuals, 0.9171 Ma,

35.72 mbsf), B4H-7 37-40 cm (127 tests, 0.9171 Ma, 35.99 mbsf), and sample C6H-4 90-94

cm (443 tests, 2.4909 Ma, 92.22 mbsf; Figs. 3 and 4). These samples correlate well with

spikes in % CaCOs (Fig. 7) measured with a 5011 Carbon Dioxide Coulometer aboard the

JOIDES Resolution post-recovery. There are two further peaks in CaCOa at around 61 mbsf

(-1.65 Ma), and 120 mbsf (-3.4 Ma) (Fig. 7), which do not correlate with high numbers of

foraminiferal tests. Initial shipboard observation of the cores revealed calcite crystals at these

horizons, which may have been the result of local dissolution of buried tests, followed by in

situ crystallization (McCarthy et al., 2004).

The greater number of foraminiferal tests at ODP Site 882, compared to Site 1 179, is

likely the result of the greater proximity of the ocean floor to the CCD (-250 m as opposed to

-1.5 km). The majority of foraminifera, however, were concentrated within seven peaks,

ranging over several samples (Figs. 3 and 4). Peak 1, 24.39 mbs£'-0.52 Ma, peak 2, 35.14-

36.00 mbsf~0.77-0.79 Ma, Peak 3, 43.75-68.21 mbsfO.96-1.57 Ma, Peak 4 102.5 mbsf/2.49
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Ma, Peak 5 115.06-171.25 mbsf73.05-3.18 Ma, Peak 6 180.24 mbsf73.24 Ma, and Peak 7

191.28 mbsf73.33 Ma. The carbonate data for Site 882 is too noisy (ODP Leg 145 Initial

Results, 1992; Fig. 8), but a comparison with depths adjacent to our foraminifer samples

makes the relationship more obvious (Fig. 8) However, given the values suggested by the

weight study, foraminiferal calcite makes up very little of the total calcite in the sediment at

Site 1179.
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Foraminiferal Preservation below the CCD

Calcium carbonate, particularly in the form of well-preserved planktonic calcitic

foraminiferal tests, should not be expected at either site because Site 1 179 is -1500 m below

the CCD and Site 882 is ~250 m below the CCD. The appearance of the foraminifera

themselves within the foraminifera number spikes within ODP Site 1179 indicate that very

little dissolution has taken place. There are commonly very fresh looking surfaces on all

species, and under light microscope used for identification, little evidence was found for any

large scale dissolution. In addition to this, damaged foraminifera appeared to be largely

damaged mechanically, and not by any large scale weakening by dissolution. Even the

partially damaged species exhibited mainly sharp edges along fractures and definite features

for most part of the tests. In contrast, Pflaumann and Jian (1999) found up to 75% fragments

in samples from the South China Sea, which is high compared to the total damaged numbers

observed at Site 882 (typically 6-7%) and Site 1 179 (typically 37.82%).

23 of the 61 samples examined from Site 1179 contained no foraminiferal tests, but

the existence of very small nimibers of thick-walled, non-spinose, dissolution-resistant

species like Globorotalia inflata, and benthic calcareous taxa outside the strong foraminiferal

peaks suggests that the CCD migrated through time, and that the water column may only

have been saturated for relatively short periods, but normally greatly depleted in Ca^"^ and

COb". The shipboard observation of euhedral calcite crystals associated with foraminifera-

poor peaks in CaCOs (up to 21%, Fig. 7; Shipboard Scientific Party, 2001) suggests post-

depositional dissolution and crystallization following a period of rapid foraminiferal flux

(McCarthy et al. 2004). If this is consistently the case over both holes, the observed

dissolution on the tests may be all post depositional. When comparing the percentage of

damaged specimens and benthic taxa. Site 1179 contains a higher proportion of benthic
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species (1.26% as opposed to 0.68%) and damaged tests (37.82% as opposed to 6.47%). This

may indicate that, although samples appear to be mechanically damaged for the most part,

dissolutionwasgenerallyhigherat Site 1179. . - i^v. < ; v

The majority of the observed dissolution is likely to have taken place post

depositionally. Since foraminifera can settle out of the water column over a period of weeks

(Bathurst 1976, Abrantes et al. 2002), there is a short window of opportunity for water

column derived dissolution. While dissolution within the water column undoubtedly takes

place (Pflaumann and Jian 1999), in this case the sedimentation rates over both sites (239.28

years to accumulate 1 cm on average at Site 882, and 290.78 at Site 1179) are sufficiently

slow to allow dissolution of calcitic material for a significantly longer period on the sea floor,

than it took for it to settle out. > ic

At ODP Site 882, however, many samples (e.g., A6H-6 8-12 cm (54.39 mbsf, -1.21

Ma), and 882 A7H-6 58-62 cm (63.89 mbsf, 1.46 Ma)) contain tests showing some degree of

dissolution at the time of deposition. Some samples associated with large foraminifera

number spikes (e.g., 882A 4H-6 20-24 cm, 35.5 mbsf, -0.78 Ma) also display signs of

dissolution on some tests, in addition to perfect specimens.

The assemblages themselves provide insights into degrees of dissolution.

Globigerinoides ruber present in many samples (1.69% of total in Site 1179 (Fig. 5), and

0.33% in Site 882 (Fig. 6)), is a tropical shallow water species, usually associated with warm

water (Black et al. 2001, Pflaumann and Jian 1999) and is ranked second in ease of

destruction by dissolution (Berger 1979). Although G. ruber is relatively rare in most

samples (maximum of 4.76% in Site 882 A8H-2 (91-92 cm)) its preservation is good

evidence that low levels of dissolution were experienced at these depths. The low numbers

are likely attributable to water temperature, as G. ruber is usually associated with warm, sub-

tropical water, and El Nino conditions (Black et al. 2001). G. ruber is also found in small
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quantities today at the ocean surface in this region (Kuroyanagi et al. 2001), again suggesting

that the assemblage preserved is real; with good physical preservation.

Burial history is difficult to resolve as a result of low temporal resolution. The

estimated sedimentation rates, calculated using magnetochrons, reveal that the average

centimeter of sediment at Site 1179 was deposited over a period of about 290 years (ranging

from 228 to 409 years per cm), and at Site 882 of about 240 years (ranging from 56 to 800

years per cm), making the average 4 cm sample about 1000 years in duration, consistent with

the findings of Maslin et al. (1996). This resolution is therefore insufficient to identify

individual short duration events such as storms. El Nino etc., and as such the degree of

preservation may have varied widely over such time periods.

Over a period of 1000 years, the lysocline may have fluctuated between shallow and

deeper depths. This allows for the deposition of partially dissolved/damaged tests, and fresh,

unaltered tests within a short period of time, i.e. within 4 cm of each other, which is the

length of our average sample. With increased sampling resolution, a gradation in test quality

may well be preserved. This may explain why some samples at Site 882, contain perfect

specimens together with some showing signs of dissolution.

As individual samples may therefore reflect differential preservation, controlled by

dissolution, this may lead to skewed assemblages, falsely recording an abundance of

dissolution resistant species, such as G. inflata. Thus well preserved and dissolved/damaged

tests should be contained within a particular sample. With higher resolution, it should be

possible to more clearly document the migration of the CCD and lysocline through the water

column. The sampling resolution differs greatly between sites; being poor at Sites 881 and

884, moderate at Site 1179 and good at Site 882, but peaks in CaCOa can be broadly

correlated across the mid-latitude western North Pacific (McCarthy et al. in press). Similarly,

the two largest peaks in ODP Hole 882A (3h-5 8-12 cm, 24.38 mbsf, -0.524 Ma, and 4h-6
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20-24 cm, 35.5 mbsf, ~0.78 Ma) (Figs. 3 and 4) do not have a recorded counterpart at Site

1 179. It is possible that these horizons were simply not sampled.

p,n-.v,
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Foraminiferal Assemblages

Differential preservation appears to skew assemblages towards resistant taxa. The

samples used in this study appear to record palaeoceanographic conditions at sub-polar Site

882 and the temperate Site 1179 (50°21.8'N, and 4r4.8' N). Site 882 today experiences

water temperatures in the 2 - 6.5 °C range (Honda et al. 2002), and Site 1 179 is bathed in the

sub tropical waters (5 - 1 1 °C range; Honda et al. 2002) of the Kuroshio Current (Oba and

Murayama, 2004). It follows that the assemblages should reflect ambient conditions.

There is a difference in the most common species at both sites: Site 882 is dominated

by Globigerina bulloides, Neogloboquadrina pachyderma, and Globigerina quinqueloba,

and Site 1 179 by Globorotalia inflata, N. pachyderma, and G. bulloides (Figs. 5 and 6).

N. pachyderma and G. quinqueloba are well documented sub-polar species (Saito et

al. 1981, Black et al., 2001, Dowsett and Ishman, 1995, Ujiie et al., 2003). Both G. bulloides

and G. quinqueloba are considered to be indicators of upwelling and flux conditions (Black

et al. 2001, Pflaumann and Jian, 1999), which is consistent with the oceanographic

conditions at Site 882. The greater abundance of damaged specimens at Site 1179 (37.82%

compared to 6.48% at Site 882) may reflect, despite generally small amounts of dissolution

observed on damaged tests, the greater depth below the CCD, as proximity to the lysocline

and associated dissolution may weaken the tests, making them more susceptible to damage.

The dominance oi Globorotalia inflata, a typical gyre-margin species (Kipp, 1976) is typical

of the location of Site 1179 at the edge of the subtropical North Pacific gyre. This

assemblage therefore reflects a mixing of water bodies, as cold and warm core rings that

pinch off the Kuroshio Current, analogous to those seen of the Gulf Stream in the Atlantic

(Hancock and Skirmer, 2000) and migrating east across the North Pacific.
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Assemblage Descriptions v

Cluster analysis was performed on the ten over all most abundant foraminifera

species from each sample from Sites 882 and 1179, containing more than 40 specimens

(Harper 1999; Appendix 3). On the resulting dendrogram, any pairing at more than —9

dissimilarity index (Reinhardt et al. in press), was considered to be a separate group. This

gave rise to 5 distinct groups, plus 3 individual samples (Fig. 9). The greatest dissimilarity

was between the samples from Site 1179 and Site 882. These were joined at —8

dissimilarity, and due to the few samples involved (only 5 samples from Site 1 179 contained

more than 40 specimens, one ofwhich is considered anomalous) no fiirther sub grouping was

conducted. Cluster analysis revealed that Site 1179 is significantly different from Site 882,

and contained insufficient specimens within samples for fiirther analysis. Site 882, however,

contained 4 distinct groups, which accounted for 99.16% of the total foraminifera that were

counted. Group names are descriptive of the interpretation of the assemblages within.

Cool Deep Lysocline Group

The Cool Deep Lysocline Group (Fig. 10 and Table 1) is by far the most common,

containing 96.85% of the counted foraminifera, which represents 10 samples, 14.9% of the

total. It is strongly co-dominated by Globigerina bulloides (mean of 48.38%), Globigerina

quinqueloba (average of 18.79%), and Neogloboquadrina pachyderma (mean of 26.92%).

These specimens are common in cold water, and G. quinqueloba and N. pachyderma are

found primarily in today's sub polar regions. However G. bulloides, is primarily an indicator

of high nutrient levels, being associated with fertile upwelling water, at equatorial latitudes.

Globigerinoides ruber is found in small quantities (0.36% on average), associated with

warmer waters even at equatorial latitudes. G. ruber, however, is highly soluble due to its
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thin, fragile (porous and spinose) test. Although not as susceptible to dissolution, G.

bulloides and G. quinqueloba are also fairly easily dissolved (Berger, 1979). Presence of

these species leads to the interpretation of this group representing cool conditions with high

nutrient levels. The source of these nutrient levels is unlikely to be solely modem levels of

upwelling, as upwelling occurs in these areas of the Pacific under modem oceanographic

conditions (Kuroyanagi et al. 2002). McCarthy et al. (in press) showed evidence that blooms

are associated with high terrestrial nutrient input via dust storms (Bishop et al. 2002), which

do not currently occur with the magnitude sufficient to suppress the CCD below the ocean

floor. The much greater aridity and storminess associated with Plio-Pleistocene glaciations

appear to have briefly increased flux sufficiently to depress the CCD, and allowing

carbonates to be preserved (Nilson and Lhmkuhl, 2001). ^ -Mti? : j n

Due to the perceived level of preservation, one would assume that the deposition rate

would be high, hi fact, the average rate of sediment accumulation for the Cool Deep

Lysocline is 235 years per cm, which is the lowest of the four groups. However, this is

misleading, as although the bulk sedimentation may be lower than the other group, during the

brief periods of carbonate deposition, the sediment rate is assumed to be, briefly, much

higher, occurring on a short enough timescale to be incorporated within one 4 cm sample,

where the background sedimentation rate was much slower, hi addition, the samples

comprising the Cool Deep Lysocline group are almost devoid of diatoms, which make up the

bulk of the sediment the most of the other samples. This indicates low nutrient levels in the

surface waters, with regards to nitrogen and phosphorus, are the common limiting nutrients

to diatom growth, as they absorb them from the ocean water (Lipps, 1993). Foraminifera

however gain these nutrients via diet, and are thus not limited to nitrogen and phosphoras

rich waters.
'
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Warm Deep Lysocline Group

The Warm Deep Lysocline group (Fig. 11, Table 1) represents 0.578% of the counted

foraminifera specimens, which is 5 samples, or 7.5% of the total, and is characterized by

large proportions of G. bulloides (mean of 58.96%), Neogloboquadrina blowi (average

15.41%), Neogloboquadrina eggeri (mean of 10.96%) and Neogloboquadrina duterirei

(Mean of 8.00%). The lack of significant polar species, and the dominance of A^. blowi and N.

dutertrei (temperate species; Pflaumann and Jian, 1999, Saito et al. 1981), indicate that

"Warm Deep Lysocline" waters were warmer than those associated of the "Cool Deep

Lysocline Group Group". N. blowi is a larger foraminifera, having a generally thick, non-

spinose test. It is commonly associated with A'^ duterirei and N. eggeri, indicative of tropical

to temperate upwelling waters, and commonly concentrated in the outer margins of

subtropical gyres (Pflaumann and Jian, 1999, Saito et al. 1981, Kipp 1976). The large

proportion of thick-tested species (benthic taxa and A'^. blowi) suggests that this group may

reflect a bias for dissolution resistant foraminifera. However, the strong dominance of G.

bulloides (58.96%) mean in this group, compared to 48.38%) in "Cool Deep Lysocline Group

Group") indicates that few dissolution sensitive species may have been removed from the

assemblage.

The average sedimentation rate of the "Warm Deep Lysocline Group" is 78.72 years

per cm, which is the highest sedimentation rate observed in these identified groups. This may

be sufficient to cover foraminifera rapidly enough to protect against any dissolution

following CCD or lysocline shallowing. The dominance of G. bulloides suggests that this

group also represents upwelling, and terrestrial flux conditions, as carbonate ions are required

from the upwelling deep water, as well as iron from a terrestrial nutrient supply, an assertion
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confirmed by the corresponding peaks in pollen fi-om Site 1179 (Fig. 13; McCarthy et al.

2004).

Cool Shallow Lysocline Group

The Cool Shallow Lysocline group (Fig. 12) accounts for 0.768% of the total counted

foraminifera, which represents 3 samples, or 3% of the total. The main species here are N.

pachyderma (average of 51.20%), G. bulloides (mean of 23.27%), G. quinqueloba (mean of

11.88%) and G. inflata (mean of 8.51%). The dominance of sub-polar species such as A^.

pachyderma and A^. quinqueloba indicates that the Cool Shallow Lysocline Group represents

cold waters like those of the Cool Deep Lysocline Group Group. The higher proportions of

thicker test, dissolution resistant species, such as G. inflata and N. pachyderma, suggest that

there may be a skewing of the preserved species due to dissolution, either in the water

column, or post-depositional. There are however still some dissolution susceptible species

preserved, such as small quantities of G. ruber, and the somewhat more dissolution resistant

G. quinqueloba, and G. bulloides. However, as these are in smaller quantities than in Cool

Deep Lysocline Group, it is proposed that this group represents times for corrosive water,

perhaps with a lysocline that is shallower in the water column, allowing for more dissolution,

and a resulting skewing of the resistant taxa.

The sedimentation rate for this group is on average 215 years per centimeter, second

lowest of the four group, suggesting high surface productivity compared to today with

regards to foraminifera, but with low diatom productivity, resulting in a low sedimentation

rate. This leads to the interpretation of this group as representing higher bioproductivity than

today, but lower than Cool Deep Lysocline Group. This bioproductivity increase would have

provided higher levers of CaCOs to the water column, suppressing the CCD, and lysocline.
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but to less of an extent as observed in Cool Deep Lysocline Group. This group may be

representative of a transitional period, where surface productivity is high, and surface waters

are cool, but the water column is not yet saturated to the extent of pushing the lysocline to or

below the ocean floor.

Warm Shallow Lysocline Group

The Warm Shallow Lysocline group (Fig. 14) represents 1.621% of the total

foraminifera counted, spread across 16 samples, which in turn is 19.4% of all samples.

Rather differently to the previously described group, the major constituents are A^. blowi

(averaging 35.40%), G. bulloides (averaging 20.02%), N. dutertrei (mean of 17.01%) and N.

eggeri (mean of 10.41%). This assemblage indicates that conditions were warmer during the

Warm Shallow Lysocline Group than present day and the Cool Shallow and Deep Lysocline

Groups, as polar species are rare with the exception of G. bulloides, compared to the

abundant warm water species.

hi addition, the dominance of thick tested solution resistant species such as N. blowi

indicates that this group has suffered dissolution, skewing the assemblage towards warmer

water species. This is however considered to be of limited effect, due to the co-dominance of

dissolution susceptible G. bulloides (albeit in smaller proportions than the deep lysocline

groups) and the presence of G. quinqueloba and G. ruber. This group is indicative of warmer

conditions, with more corrosive waters reflecting a shallower lysocline, perhaps as a result of

lower surface productivity than the deep lysocline groups. '
.

.'

The high sedimentation rate at the time (133.39 years per cm) the second highest of

the 4 groups, and reflects the dominance of diatoms within the sediment, and lower

bioproductivity than the Warm Deep Lysocline group. Similar to the Cool Shallow Lysocline
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group, this assemblage likely reflects a transitional time where surface productivity was high,

but the water column was as yet not fully saturated. n

Anomalous

,

.
t

The cluster analysis also revealed 2 samples that are outliers (Fig. 9). Site 882A-4 H6

70-74 cm, 36 mbsf, -0.79 Ma, 882A-4 H5 134-140 cm, 35.14 mbsf, -0.77 Ma and Site

1179C-6 H4 134-137 cm, 92.66 mbsf, -2.50 Ma group individually, clustering behind 9 on

the dissimilarity index (Harper 1999). Therefore they were ignored when considering the

other group, as they are significantly dissimilar in assemblage from each other and the other

groups. ., • ' . V ' i
-: .^ -'

"'

Distribution of Groups y

The distribution of the described groups (Cool Deep Lysocline Group, Cool Shallow

Lysocline Group, Warm Deep Lysocline Group, and Warm Shallow Lysocline Group) within

the core reveals a cooling and a decrease in bulk sedimentation rate at Site 882 over time

(Figs. 3 and 15). hi the lower section of the core (-3.5 Ma to -3.1 Ma), the group is initially

Warm Deep Lysocline, switching to Warm Shallow Lysocline at -3.33 Ma, remaining so

until. Between -3.18 Ma and -2.93 Ma, the group again reverts to Warm Deep Lysocline

Group, with a subsequent short period ofWarm Shallow Lysocline Group between 2.488 Ma

and 2.433. Following this period, there is a long interval (-2.43 Ma to -1.59 Ma) devoid of

foraminifera, where there is likely to have been a large change in oceanic conditions, as by

-1.59 Ma, the group changes to Cool Deep Lysocline Group Group for the remainder of the

core, with brief punctuations of Cool Shallow Lysocline at 0.97, and 0.79 Ma.
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The change in groups over this section of core is interpreted as recording the

migration of the CCD and lysocline over time. This infers changes in surface productivity,

with samples containing no foraminifera representing times with insufficient surface

productivity to suppress the CCD to below the ocean floor.

The recorded change in temperature correlates broadly with a general reduction in

dust flux from the Tibetan Loess Plateau (Fig. 13), as recorded by Greenland ice cores dust

(Porter, 2001). There is a change in the character of the sediment within these cores: in terms

of a lower sedimentation rate as the result of far fewer diatoms. Warm Deep Lysocline

Group and Warm Shallow Lysocline Group enjoy high sedimentation rates (78.72 and

133.36 years cm'; Table 1), with the upper -1.6 Ma of core accumulating at approximately

235.15 years cm"', despite having the highest average amount of foraminifera (1341 and 27

specimens cc"' for the Cool Deep and Shallow Lysocline as opposed to 16 and 9 cc' for the

Warm Groups (deep and shallow respectively; Table 1). These averages are skewed heavily

however by the presence of the two highest peaks, which are at -0.52 Ma and -0.78 Ma

(Figs. 4 and 15), containing 5613 and 4851 foraminifera per cc respectively, both within the

Cool Deep Lysocline Group. Without the influence of these two large spikes in productivity,

the average number of foraminifera per cc"' would be 44 for the Cool Deep Lysocline Group.

This indicates that surface water conditions were warm, with fluctuating surface productivity

levels between -3.5 Ma and -2 Ma. Thereafter, oceanic conditions were markedly cooler,

and bulk sedimentation rates lower.
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Water Conditions and Bioproductivity

The fact that there are calcareous sediments at these depths in the mid-latitude North

Pacific would traditionally indicate nutrient rich surface water associated with upwelling,

e.g.areas of diverging surface currents in the oceans (eastern equatorial Pacific; Fig.2), or in

areas of coastal upwelling (Gulf of California) (Hancock and Skinner 2000). This is

consistent with the dominance of diatomaceous oozes in these samples. This would require

the eutrophic zone to be rich in silica and calcite, provided by upwelling in this case, and

iron, which is usually the limiting factor in nutrient starved areas (Hayes et al. 2001, Bishop

et al. 2002). There is no large terrestrial source (i.e. rivers etc.) in this area of the North

Pacific. Due to the presence of the ridge system along the continent, terrestrial material

(turbidites etc.) is trapped before it reaches abyssal areas. Terrestrial input therefore must

come fi-om either ice rafting, or an aeolian component (Middleton et al, 2001, Porter, 2001,

Rea, 1994). There must also have been a huge increase in bioproductivity, at the times of our

carbonate peaks, to suppress the CCD to the extent that it is over 1 km deeper than today.

Although sea levels were lower at these times (Ujiie 1999), this would contribute only 30%

at the most of the drop in sea level observed in Site 1179. As Site 882 is in shallower water,

and the CCD is only 250 m above the ocean floor, lower sea levels would have a greater

effect, perhaps lowering the CCD below the sea floor.

The oceanographic conditions in this area are controlled by the interplay of the

Oyashio Current (western boundary current of the Western Sub Arctic Gyre), and the north-

flowing Kuroshio Current (western boundary current of the subtropical gyre; Oba and

Murayama, 2004; Fig. 2). As the Kuroshio Current is warm and saline, and the Oyashio

Current is cold and less saline, there is a large salinity and temperature gradient in the mixed

waters ( between -37° N and ~40°N), the largest gradient in the North Pacific, which is
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reflected in the differing assemblages between holes (Oba and Murayama, 2004).

A recent study of the western North Pacific has identified several groups of

foraminifera that correspond to particular oceanic environments (Kuroyanagi 2001). This

study is particularly applicable to our data as they selected several sites proximal to these

ODP sites. Site KNOT (43°58'N, 155°03'E) is extremely close to Site 1179, and Site SON

(50°0rN, 165°02T) is close to Site 882 (Fig 2).

Of the group identified in this study, the Cool Deep Lysocline Group (Fig. 10) is very

similar to their Group A, sub-polar species category. Both group represent a large percentage

of the total specimens counted (96.72% for Cool Deep Lysocline Group in Site 882, and

96.9% for the Subpolar group in Site SON, which is in close proximity to Site 882). The

dominant species for Subpolar are Neogloboquadrina pachyderma, Globigerina

quinqueloba, Globigerina bulloides and Globigerinata glutinata, which are largely consistent

with the Cool Deep Lysocline Group, except for the scarcity of G. glutinata at these sites.

One possible explanation for this discrepancy is dissolution of G. glutinata in these samples,

although Berger (1979) lists this taxon as relatively resistant to dissolution.

The subtropical spinose species Group B identified by Kuroyanagi et al. (2002) has

no equivalent in this study, as at no time are Globigerinoides ruber and G. sacculifer

dominant. Although this may reflect a change in surface water conditions, as these species

are typically abundant in warm, well stratified waters, it is perhaps more likely that this

assemblage is not represented as a result of a difference in preservation since these species

are very susceptible to dissolution (Berger 1979).

The third group identified in the sediment traps, Group C, was dominated by N.

dutertrei. This is similar in composition to Warm Deep Lysocline Group (Fig. 14), which is

dominated by G. bulloides, N. blowi, N. dutertrei and N. eggeri, the last three being

commonly associated (Pflaumann and Jian, 1999). This assemblage was absent fi"om Site
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SON, which is very close to Site 882, and is associated with warm temperatures (12°-20°C;

Kuroyanagi et al. 2002) and high nutrient conditions, in a post-upwelHng environment

(Kuroyanagi et al. 2002). This implies that upwelling at Site 882 was not as pronounced in

the past, switching to an increased upwelling regime and a resulting group change, at 2 Ma.

Also it suggests that conditions were warmer, as this assemblage is presently not found as far

north as SITE 882, which is consistent with late Cenozoic global cooling (Williams et al.

1998).

The fourth group identified in the sediment trap study was the deep-water, temperate

Group D, consisting mainly of Globorotalia scitula and Globorotalia truncatulinoides. This

group had no equivelent the studied sediments, which may be a result of dilution. Group D

comprised a small proportion of the whole and, due the seasonal nature of its abundance in

the modem ocean, its presence in these cores is likely to have been diluted by the other

identified groups as the sampling resolution is insufficient to observe changes on this

timescale.

In conclusion, the comparison of assemblages implies that surface water conditions

from 2 Ma to 0.5 Ma were similar to today, with the majority of differences attributed to

selective dissolution of susceptible taxa, as illustrated by there being no association between

any of the Shallow Lysocline Groups with modem analogues. Prior to 2 Ma, the

palaeoenvironment was conducive with the flourishing of G. inflata and the associated N.

dutertrei and N. eggeri. This is reflected in the change in group identified at Site 882. The

controlling factor for these species is temperature, as Site 1179 is strongly influenced by the

sub-tropical Kuroshio Current, whereas as Site 882 is further north, and influenced more by

the colder sourced Western Sub Arctic Gyre (WSAG; Oba and Murayama, 2004). These

assemblages may also be controlled by upwelling, thus the change in group may reflect an

evolving upwelling regime. This may, in turn, lower the surface water temperatures, after 2
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Ma, perhaps with the southern migration of the Polar Front, and the onset of glacial

conditions. This is confirmed by the dominance of diatoms in the lower core, which reduce in

number markedly around 2 Ma, as the nitrogen and phosphorus rich zone of the North Pacific

would have moved south fi-om over Site 882, positioning over Site 1179. This change is

reflected in the sedimentation rates, which drop off with time at Site 882, while rising at Site

1179.
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Discussion " J
' v

The proposed model, based primarily on palynological data from Site 1179

(McCarthy et al. 2004, in press), is that during a glacial period, glacially enhanced

continental aridity (Leuschner and Sirocko 2003) increases the potential source for wind

blown material, which fertilizes the mid ocean gyres, stimulating a planktonic bloom. This

increases both carbonate flux and the sedimentation rate, allowing carbonates to be preserved

(McCarthy et al., in press).

The main peaks in the observed foraminifera numbers are at 0.52, 0.78, 0.86, 0.96,

1.46, 2.49 and 3.33 Ma (Fig. 4). Two of those peaks are present in both Sites 1179 and 882

(0.9 and 2.49 Ma). There is however a slight discrepancy between the calculated ages of the

younger peaks. There are several thousand years between the 0.86 Ma peak at Site 882, and

the 0.90 Ma peak at Site 1 179. This is interpreted as being a result of a combination of sUght

variations in the sedimentation rate (given the method used to interpolate ages between

palaeomagnetic reversals or GRAPE dates) and insufficient sampling resolution. It is

therefore likely that these peaks are synchronous.

It is, however, possible that this peak in foraminifera is controlled on a more local

scale than anticipated. For example, a series of dust storms that did not penetrate south

enough, or were simply focused more to the north, limiting sediment supply to the Site 1 179

area, while supplying iron to the Site 882 area. A meandering north south pattern of storm

distribution could therefore partially explain the difference in timing. Despite this, it is

considered more likely that the difference is due to problems with age resolution. These

peaks in particular, as well as some of the other peaks without a correlation between the ODP

sites, such as the -0.78 and -0.52 Ma peaks at Site 882, represent a large scale regional

change in ocean chemistry, perhaps as a result of nutrient input to the surface waters.
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Figure 15 displays the estimated deepwater temperature over time, using S'^O record

measured from benthic foraminifera from the Indian Ocean. With the exception of the 1 .46

Ma peak, all of the observed foraminifera peaks correspond to a time of low deepwater

temperature in the Indian Ocean (Fig. 15, Chen et al., 1995). This may indicate that these

foraminiferal peaks are related to an increased dominance of AABW (Antarctic Bottom

Water), during times ofNADW (North Atlantic Deep Water) cessation (Maslin et al. 2001,

Seidov et al. 2001). There may also be a hnk to times of rapid large-scale glacial melting,

which may interrupt the formation ofNADW in the first place, by diluting the surface waters

of the North Atlantic, and thereby increasing AABW formation (Maslin et al. 2001, Seidov et

al. 2001). As the current deepwater regime in the Pacific is dominated by recirculated

NADW, AABW and Antarctic Intermediate Water (AAIW), the travel time (thermohaline

turnover is in the order of 600 years; Kwiek and Ravelo, 1999, Hancock and Skinner 2000)

leads to the water being corrosive due to the accumulation of CO2 over time from the

decomposition of organic matter. A more dominant AABW would lead to a reduced age for

the North Pacific bottom waters, leading to lower levels of CO2 making the bottom waters

less corrosive (Bathurst, 1976, Milliman, 1974). As a result this less CaCOs would be

required to saturate the water, easing the suppression of the CCD (M.L. Little, personal

communication 2004). Contributing to this would be the high salinity of the AABW, which

would also lower the quantity of CaCOa what may be held in solution. Pacific bottom waters

would then require even less CaCOa to reach saturation. Imbv f
1

'

In support of this, when compared to ice volume simulations (Fig. 15, Chen et al.

1995), the majority of the peaks correspond to times where there is a rapid fall in the quantity

of ice on land. The reduction of ice volume may, if the meltwater is directed appropriately,

dilute the surface water of the Atlantic to the extent that interferes with NADW production

(Maslin et al. 2001, Seidov et al. 2001).
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The trend of global cooling, originating -50 Ma with the initiation of glaciation on

Antarctica (Williams et al. 1998), progressed irregularly through the Cenozoic, culminating

in Northern Hemisphere glaciation and the high amplitude, high frequency glacial cycles of

the Quaternary. Moderate-sized ice sheets had already accumulated in the Northern

Hemisphere by at least 2.4 Ma (Shackleton et al. 1990), and continued to cool, a trend that is

reflected in the group transition observed in the analyzed foraminifera. The transition

between the warmer group (fluctuations between "Deep Lysocline Group" and "Shallow

Lysocline Group", and "Warm Fertile Group") to Cool Deep Lysocline Group at Site 882

occurs between 2.4 Ma and 1.6 Ma (Fig. 15), reflecting an increase in continental ice volume,

and cooling of the Pacific Ocean perhaps by a southern migration of the Polar Front, and

perhaps an increase in upwelling post 2 Ma.

Glacial periods are well documented as being driven by the orbital insolation forcing

produced by variations in the geometry of the Earth's tilt and orbit, changing the seasonal

distribution of solar radiation between the hemispheres (e.g., Berger et al. 1984, Imbrie et al.

1984, WilUams et al. 1998, Hancock and Skinner 2000, Shackleton et al. 1990). The

determination of these changes in the Earth's trajectory through space gave rise for the first

time to a predictable variance throughout the past. The ice cores from Greenland (GRIP2)

and deep ocean sediment 6*^0 record on the whole correlate very well with the proposed

Milankovich cycles (Williams et al. 1998, Shackleton et al. 1990, hnbrie et al. 1984).

During glacials, the temperature differential between the poles and equatorial regions

is increased resulting in an increase in trade wind strength (Hess and McTainsh 1999). As a

result of lower sea levels fi"om continental ice accumulation, there is also considerably more

shelf exposed to the atmosphere. This creates a rain shadow effect on inner continental

regions, promoting lower precipitation levels. A decline in precipitation levels is
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complimented by the increased trade winds, and an associated increase in evaporation that

lead to the development of expansive mid-latitude arid regions during glacial periods

(Hancock and Skinner 2000).

The increased westerly winds, associated with the intensified winter monsoon during

glacials (Leuschner and Sirocko 2003), should therefore transport more fine grained (<2mm)

terrigenous material downwind, in this case, offshore into the western North Pacific. A

weakened summer monsoon should also lead to a change in climate, fi-om warm wet

conditions when the summer monsoon is intense, to cold dry conditions when it is weak

(Porter 2001, Leuschner and Sirocko 2003). Within the Luochuan loess, dust flux is greatest

during glacial periods (0.3-0.35 mm per year), with amounts of dust flux into the Pacific

decreasing with distance off shore (Porter, 2001, Rea, 1994). In support of this, the

geochemistry of the aeolian component of mid Pacific sediments strongly indicates that

source of dust supplied to the ocean over the last 12 Ma (Pettke et al., 2000). There are

correlateable peaks between average grain size in the Tibetan loess plateau, (indicating that

the smaller fi-action has been removed), and carbonate levels in North Pacific sediments

(McCarthy et al. in press). •• "
'

A potential positive feedback mechanism is provided by increased albedo from

increased atmospheric dust, especially in regions where dust is rising, such as the Tibetan

loess plateau in this case, reflecting solar energy (Arimoto 2001). In this respect, fimes of

increased dust flux may be self propagating, as they reduce solar input to an already arid

glacial period. ^ i'

Central gyre areas are typically starved of terrestrial nutrients, calcite and silica being

supplied via upwelling, which occurs today at both ODP sites. The limiting nutrient in these

areas is usually iron (Martin, 1990), supplied either by runoff, or by aeolian material in near-

shore areas. Under modem aeolian regimes, the sites studied are within minor influence of
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terrestrial flux (Rea 1994), and display modem assemblages which are similar to the

assemblages discussed here. Even under today's relatively reduced wind regime, some large

terrestrial, namely large (>62.5 urn) quartz particles, have been observed blown as far as 10

000 km from their source into the Pacific, and as far as Hawaii (Middleton et al. 2001, Pettke

et al. 2000, Dunce et al. 1980, Parrington et al. 1983). The enhanced terrestrial flux suggested

is thought to contribute to blooms in planktonic species, such as diatoms and foraminifera

(Bishop et al. 2002), which saturates the water column with carbonate, suppressing the CCD,

allowing well preserved foraminifera to be deposited on the ocean floor.

Preservation of foraminifera so far below the current CCD strongly supports the

postulated large increase in sea surface productivity, and hence sedimentation rate. In

addition to this, the observation that oxidation susceptible palynomorphs are preserved, in

spikes which correlate well with the observed foraminifera spikes, also indicate rapid burial,

and hence a high sedimentation rate (McCarthy et al. 2004, in press).

It is apparent that the sedimentation rates have changed through time over both ODP

sites, with Site 882 recording a fall in sedimentation rate over time, and Site 1 179 recording a

rise. Diatoms comprise a large quantity of sediment with a high sedimentation rate, and are

almost absent from low sedimentation horizons. There must therefore have been a change in

oceanic conditions, allowing for abundant foraminifera, and limiting diatom growth at site

882, and vice versa for Site 1 179.

Diatoms are unicellular photosynthetic algae, occupying almost every moist

environment (Lipps, 1993). Limiting nutrients for diatoms are typically phosphorus and

nitrogen, and are rare in waters depleted in either, however, some studies suggest that

diatoms still dominate under low phosphorus conditions, despite a reduction in primary

production (Escaravage et al. 1996). Nitrogen is therefore more likely to limit diatoms

specifically. Under modem oceanographic conditions, the North Pacific is characterized by a
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zone of very high Si02 extraction extending laterally, following the polar front, indicating

large numbers of diatoms (Lipps, 1993). Adjacent higher and lower latitudes however are

relatively under populated by diatoms. This area is a mixing zone of the WSAG and the

Kuroshio Current, and latitudinaly follows the polar front over time. As these waters,

currently over Site 882, are enriched in nitrogen (Honda et al. 2002) diatoms are abundant.

However, as the polar front migrates south with the onset of a glacial period. Site 1179

becomes diatom rich, and Site 882 is bathed in nitrogen depleted water, limiting diatom

growth. Planktonic foraminifera are generally not photosynthetic, and gain nitrogen though

diet, perhaps consumption of diatoms, ftirther reducing their numbers, and are therefore not

dependant on high levels of nitrogen within the water (Uhle et al. 1997). This allows

foraminifera to bloom, as a result of abundant nutrients and food (diatoms are known to be

consumed by foraminifera, contributing to their declining population), while not having the

signal diluted by overwhelming numbers of diatoms. This may account for the differing

sedimentation rates between holes, and the presence of foraminifera in sediments with few

diatoms.

The findings within these ODP sites are consistent with these models, as the

assemblages tell a tale of global cooling, which would increase the on-land aridity, hence

increasing the dust flux. The sedimentation rates recorded in these sequences is considerably

higher than the 0-2 cm per thousand years that occurs currently (Haupt et. al. 2001). In

addition to the foraminiferal content, this suggests an increased terrestrial component

fertilizing North Pacific surface waters, which in turn fiiels planktonic blooms.

The timing of these surface water productivity events correlates well with a major

geomagnetic polarity reversal (Fig. 3 and 15). One of the largest peaks at Site 882 is

synchronous with the 0.78 Ma Matuyama/Brunhes polarity reversal, and some other previous

events may have a corresponding peak in foraminiferal content. The ever evolving
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radiometric dating of geomagnetic reversals may lead to inconsistencies in age control. For

instance, as recently as 1984, the literature incorrectly refered to the Matuyama/Brunhes

transition being dated at 0.73 Ma (Imbrie et al. 1984). This, in combination with sampling

inconsistency within this study, have led to inadequate sampling of these transition horizons,

which makes the following proposed theory speculative at best considering the available

data. However the effects of magnetic polarity reversals are a potentially important and

largely overlooked aspect of the climate system.

Several connections have been made between the state of the geomagnetic field and

the atmosphere, such as a correlation between geomagnetic reversals and glaciations (Worm,

1997). The correlations identified were however inconclusive, with the best being r = 0.5, or

a 50% correlation, and the worst being r = -0.045. In addition, the proposed mechanism of ice

buildup and sea level fall accelerating the Earth's rotation proposed is unconvincing.

During periods of polarity transition the field intensity drops dramatically, and the

poles are focused on high to mid latitudes. This would serve to allow a higher number of

charges particles, such as high energy cosmic rays, and ions fi-om the solar wind to penetrate

into the atmosphere due to the weakened field (Fig. 17) Figure 17 illustrates mechanisms that

could drive the formation of clouds via the input of CGR (Galactic Cosmic Rays), or other

charged particles. As a reduction of 10% in the strength of the present day geomagnetic field

would lead to a doubling of atmospheric cosmic ray receipt (Christl et al. 2004), and during

reversals the field can drop by 90% of its current level (Merrill et al. 1998), there is

potentially a 51,200% increase in cosmic ray bombardment during a reversal, relative to

normal conditions. n v^-di .v.'rr,a?..-. ';« -

The geomagnetic field diverts charged particles to the poles where the geomagnetic

field is strongest. As these ions collide with molecules in the air, they emit light, which can

be observed as auroras in low and high latitudes. Currently, these particles are focused on
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polar-regions, which have a low species population, and diversity. The effects of these

charges particles are however potentially damaging. Studies performed in orbit, with little

influence from the geomagnetic field, on the small flowering plant Wolfia arrhiza revealed

that upon impact with a heavy ion (cosmic ray) far from the bud, the chance of initial

mortality is 20%, near the bud -33%, and if hit in the bud over 80% (Facius et al. 1996).

Also, the genetic effects of ion impact may be observed for as many as 15 generations. 381

heavy ion (above oxygen) impacts were documented between December 29"^ and January

lO"' 1993.

Therefore, a reduction in geomagnetic field strength would naturally select against

large, slow reproducing organisms, such as humans, which are at higher risk of impact due to

their physical size and longevity. Assumed health risks include cancer, cataracts, and

neurological disorders (Saganti et al. 2004, Cucinotta 1999), which may increase during a

time of low magnetic field intensity. Small rapidly reproducing organisms, such as

foraminifera and diatoms, should be effected less, as their size, and short lifespan lower their

chances of impact, partially due to the aquatic environment. There is therefore a small

selective pressure in favor of small rapidly reproducing organisms at times of low

geomagnetic field intensity, which is likely to play a small roll in accounting for the

anomalous sediments described, and potentially affecting climate through carbon

sequestration.

In the lower 35 km of the atmosphere, the majority of ionization is a result of

interaction with Galactic Cosmic Rays (GCR) (Marsh and Svensmark 2003, Bazilevskaya

2000, Svensmark, 2000). There is a strong positive correlation between increased GCR

receipt and increased cloud cover in tropical regions, which is thought to be as a result of the

ionization of atmospheric aerosols, which then act as cloud condensation nuclei (CCN),

forming clouds (Marsh and Svensmark 2003, Kirkby and Laaksonen, 2000; Fig. 17). Clouds
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formed under these conditions tend to have higher droplet concentrations, increasing albedo

and inhibiting rainfall, which results in long lived, reflective clouds (Kirkby and Laaksonen

2000), potentially leading to albedo controlled cooling.

Atmospheric ionization is thought to affect the chemistry of aerosols, or the phase

changes of water, increasing cloud cover (Marsh and Svensmark 2003). It therefore follows,

that with the potential 51,200% increase in GCR input, with focus on mid-latitude areas

during times of low geomagnetic field intensity, there should be an associated increase in

cloud cover in tropical areas, and therefore an effect on climate (Kriby and Laaksonen 2000,

Marsh and Svensmark 2003, Marsh and Svensmark 2000, Svensmark 2000, Bazilevskaya

2000, Christl et al. 2004).

The tropics are the most magnetically shielded area of the globe, and thus record very

low quantities of cosmic ray flux (Svensmark, 2000), which during a reversal will be the

opposite, with the geomagnetic poles focused at mid latitudes. This combined with high

evapotranspiration at the tropics may have a large influence on cloud formation.

In summary, it is proposed that during times of reversal of the Earth's magnetic field,

the level of GCR bombardment increased drastically. This increase naturally selects for

planktonic organisms, and stimulates an increase in cloud cover, lowering global

temperature, and affecting the winter Asian monsoon. Glacial aridity, potentially intensified

by lowered temperature fi"om increased cloud cover, enhances the quantity of windblown

terrestrial matter carried into the abyssal North Pacific. This is fiirther enhanced by increased

westerly wind strength associated with times of glaciation, increasing terrestrial nutrient

input, particularly iron, into the sediment starved North Pacific. The increased nutrients fuel

an oceanic bloom, including foraminifera. The carbonaceous material produced dissolves,

saturating the water column, allowing the suppression of the CCD and lysocline. The

corrosiveness of the pacific bottom water may also have been lower during these times, due
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to change in dominance from old NADW to younger, more saline AABW, which would

require less CaCOs to saturate the water column, permitting the deposition of carbonates on

the sea floor. The sequestration of these carbonates lowers the quantity of atmospheric CO2,

in turn lowering global temperatures.
,
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Conclusions

1. Carbonate preserved within sediments from well below the present Calcite

Compensation Depth (CCD) in the abyssal western North Pacific Ocean are at

least partially composed of well preserved foraminiferal tests.

2. Periods of carbonate deposition are on a scale of <1000 years, and correlate with

peaks in terrestrially derived palynomorphs (McCarthy et al, in press), implying a

aeolian control on iron supply to gyre areas in the Western North Pacific.

3. Assemblages identified in this study are less diverse, than assemblages collected

fixjm sediment traps in near-by waters (Kuroyanagi et al. 2002). This indicates

that there may have been some selective dissolution in the water column at time

of deposition. However, many of the tests studied are in very good condition with

the preservation of small quantities of highly soluble species indicating that

dissolution was low during deposition events.

4. Cluster analysis of the preserved assemblages identified four groups at Site 882.

Interpretation of these, and their evolution over time, indicates a change towards

cooler, more intensely upwelling conditions commencing around 2 Ma. Prior to

this, assemblages appear to be predominantly controlled by dissolution, not

temperature, and with increased resolution it may be possible to determine the

history of vertical migration of the lysocline.

5. These findings support the model of short-Hved planktonic blooms, controlled by

iron input via increased terrestrial flux from enhanced glacial westerly winds.

This would then saturate the water column by increased biogenic carbonate

production which in turn lowers the CCD and lysocline, allowing the deposition

of carbonate on the ocean floor, even in abyssal areas.
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6. The timing of carbonate peaks also correlate to times of low deepwater

temperature, implying that they were deposited during times ofNADW shutdown.

During such events, the AABW would be the dominant source of deepwater in the

Pacific, leading to colder waters, and as the travel time is less, the water is

younger. Younger waters are less acidic, plus the AABW has a higher salinity,

and therefore would require less CaCOs to reach saturation, easing CCD

migration. NADW interference is thought to be the result of freshwater input in

oceanic pump areas at the conclusion of glacial periods. The timing of the peaks

described herein almost exclusively correspond to times of sharply declining

continental ice volume, further implying a connection to NADW shutdown.

7. Timing of some of the peaks in foraminifera number corresponds to geomagnetic

reversals, suggesting a cause and effect. A decreased geomagnetic field during

reversals increases the quantity of Galactic Cosmic Rays (GCR) received by the

troposphere. This provides selective pressure against large, slowly reproducing

organisms, and selection for small, rapidly reproducing organisms, such as

foraminifera. CO2 is therefore sequestered by the manufacture and deposition of

calcareous tests, contributing to cooling.
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Solar Wind
< Co* Solar Wind

Fig. 1 . Simplified schematic of the Earth's geomagnetic field, a) Normal conditions: Galactic Cosmic

Rays (GCR),from the Sun and other stars, and the solar wind are deflected by the geomagnetic field.

Positive ions are funneled into the North Pole, and negative ions into the South Pole.The

magnetosphere shields the majority of the earth from the bulk of the charged particles, b) Mid

ReversahThe magnetic field is weaker, allowing more ions to penetrate into the troposphere, and as

the poles are at mid latitudes, GCR are concentrated there, potentially influencing cloud cover,

affecting climate
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Fig. 2. Map of the western North Pacific showing several ODP sites, sediment traps, and major

ocean currents in the area (Modified from Kuroyanagi et al.2002).
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Numbers of Foraminifera per cc

Fig. 3. Depth and ages versus number of foraminifera per cc of sediment for Site 882 and Site 1 179.

Includes biostratigraphic ages for Site 882 , magnetochron dates (both Proceedings of the ODP, 1992)

and GRAPE dates (Teidemann and Haug 1995). Note inverted biostratigraphic dates. Cross shaded

areas represent unstudied core.
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Unidentfiable

10%

Benthic

1.14%

Neogloboquadrina pachyderma

12%

Neogloboquadrina dutiertrei

2.60%

Neogloboquadrina blowi

2.35%

Globorotalia sdtula

0.25%

Globjgerinoides sacculifer

1.08%

Globjgerinoides ruber

1.52%

n=66

Damaged
37.82%

Globjgerina quinqueloba

0.44%

Globorotalojdes hexagona

0.06%

Globoquadrina conglomerata

0.06%
Globjgerina falconensis

0.19%

Globigerina bullojdes

11.29%

Globjgerina cariacoensjs

0.19%

Fig. 5. Bulk percentages of foraminifera for the whole of Site 1 1 79. Presence of G. inflata indicate

temperate conditions while G.bulloides indicates high nutrient levels in the surface waters. Small

proportions of sub-polar species suggests significantly warm water conditions. Large proportion of

damaged tests is though to be reflective of large distance between CCD and ocean floor (~ 1 km)
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Neoglotxxfuadhna kagainis

025%

Globigerinella aequilateralis

00%

Glotxjratalia eastropica

0.06%

Globorotalia palpebra

00%

NeogkJboquadhna pachyderma

2329%

Globigerinoides gomitulus

00%

Globigerina bulloides

42 17%

Neogloboquadrina humerosa

07%

Neogloboquadrina eggeri

1.54%

Neobloboquadrina dutertrei

1 41%

Neogloboquadrina cryopNIa

4 24%
Neogloboquadrina blowi

1 50%

Globorotalia scitula

06%

Globigerinita uvula

09%

Globigerina exumbilicata

0.09%

Globoquadrina conglomerata

00%
Globorotaloides hexagona

001%

Globigerinata glutinata

0.07%

Globigerinoides sacculifer

001%

Globigerinoides obliquis

001%
Globorotalia inflata

1.41%

Globorotalia incisa

0.04%

Fig. 6. Bulk percentages of foraminifera species for all of Site 882. Presence in large proportions of N.

pachyderma and G. quinqueloba indicate cold sub-polar water conditions, G. bulloides and G.

quinqueloba indicate high nutrient levels. Dissolution-susceptible species such as G.ruber,G.

quinqueloba and G. bulloides at this site suggest that carbonate preservation is good.
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Foraminiferapercc

Fig. 7. Depth versus number of foraminifera per cc of sediment and % carbonate of tfie sediment for Site

1179. Green shaded boxes show correlations between foraminifera and carbonate pealcs. Peaks in

carbonate not showing large numbers of foraminifera per cc contained calcite crystals in the sediment,

interpreted as dissolution, then recrystallization of carbonate material. Cross shaded area represents

unstudied core.
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Fig. 8. Depth versus number of foraminifera per cc of sediment and % carbonate of the sediment for Site

882. Green shaded boxes show correlations between foraminifera and carbonate peal<s. Cross shaded

area represents unstudied core.
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882- 37.55 MBSF-0 8241Ma

882- 69 00 MBSF-1 591 7Ma

882- 63.89 MBSF-1.4733Ma

882-68.75 MBSF-15851M<I

882- 34.39 MBSF-0 7556Ma

882- 24 39 MBSF-0 5245Ma

882-39 18 MBSF-0.8591Ma

882- 54.39 MBSF-1.2075Ma

882- 43.75 MBSF-0.9574Ma

882- 35.50 MBSF-0.7800Ma

882-1 55.06MBSF-3.0454Ma

882-209.99MBSF-3.4837Ma

882-1 35.09MBSF-2.9279Ma

882-165 88MBSF-3.1338Ma

882-171.25MBSF-3.1 791 Ma

882- 44.39 MBSF-0.9712Ma

882- 35.70 MBSF-0.7843Ma

882- 36 00 MBSF-0 7908Ma

882-3514MBSF-0.7721Ma

882-191 .28MBSF-3.3262Ma

882-102.45MBSF-2 4861Ma

882-180.24MBSF-3.2433Ma

882-178,92MBSF-3.2328Ma

882-178.69MBSF-3.2310Ma

882-102.50MBSF-24882Ma

882-178.48MBSF-3.2297Ma

882-179.10MBSF-3.2343Ma

882-101 .20MBSF-2.4337Ma

882-181.32MBSF-3.2519Ma

882-190.65MBSF-3.3224Ma

882-181 54MBSF-3 2534Ma

882-190.95MBSF-3.3242Ma

882-1 78.28MBSF-3.2286Ma

882-180 99MBSF-3.2493Ma

882-191 54MBSF-3.3278Ma

1 179-35.72MBSF-O.9097Ma

1 179-35.46MBSF-O.9022Ma

1179-92.22MBSF-2.4909Ma

1 1 79-3599MBSF-0.91 71 Ma

1179-92.66MBSF-2.5008Ma

Cool Deep Lysocline

Warm Deep Lysocline

Cool Shallow Lysocline

. Warm Shallow Lysocline

Site 11 79

Fig. 9. Dendrogram displaying degree of sinnilarity between samples. Analysis was conducted on the 10 most

abundant species from samples containing more than 40 individual foraminiferal specimens. The cut off line

drawn at -9 dissimilarity illustrates 5 different biofacies, and 3 anomalous samples. Samples from Site 1 179

clustered together, and therefore only show that samples from Site 1179 are significantly different form

those in Site 882. Low numbers of high yield sanriples form Site 1 1 79 prevented any further differentiation.
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Table 1 . Summary off each group identified w/ithin Site 882. Numbers represent averages of

all samples included in analysis

Group
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Neogloboquadrina pachyderma

26.92%

Neogloboquadrina humerosa

0.07%

Globigerina bulloides

48.38%

.--ft-r

Neogloboquadrina eggeri

1.54%

Neobloboquadrina dutertrei

1.27%

Neogloboquadrina blowi

1.01%

Globigerinita uvula

0.07%

Globigerinoides ruber

0.36%

Globorotalia inflate

1.58%

n=10

Fig. lO.The average percentage species distribution for the Cool Deep Lysocline group identified

iat Site 882. Large quantities of N. pachyderma and other sub polar species such as G.quinqueloba

indicate that water conditions at this time were cold, supported by low quantities of temperate

species. G. bulloides indicates high nutrient levels with G. ruber and G. quinqueloba indicating that

the sediments are well preserved.
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Neogloboquadrina humerosa

0.15%

Neogloboquadrina eggeri

10.96%

Neogloboquadrina pachyderma

2.07%

Neobloboquadrina dutertrei

8.00%

Neogloboquadrina blowi

15.41%

Globigerinoldes ruber

0.59%

Globlgerina bulloides

58 96%

n=5

Globorotalia inflata

0.89%
Globlgerina quinqueloba

2.96%

Fig. 11. The average percentage species distribution for the Warnn Deep Lysocline biofacies

identified in Site 882. Large quantities of temperate species such as N. dutertrei, N. eggeri and N.

blowi, indicate that surface waters warnn. Large quantities of the dissolution susceptable G,

bulloides, and to a lesser extent G. ruber, indicate that preservation was good, and that the

lysocline was deep in the water column at the time
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Globigerina bulloides

23.27%

Neogloboquadrina pachyderwa

51.20%

n=3

Globorotalia inflata

8.51%

Globigerina quinqueloba

11.68%

Globigerinoides ruber

1.12%

Neobloboquadrina dutertrei

2.73%
Globigerinita uvula

0.96%
Neogloboquadrir)a blow!

0.32%

Fig. 12. The average percentage species distribution for the Cool Shallow Lysocline group

identified in Site 882. Large quantities of sub polar species G. quinqueloba and N. pachyderma

suggest that this group is a cool water assennblage. N. pachyderma being a thick-tested species,

and the relatively small quantity of G. bulloides indicate that dissolutions levels were high, and

that the lysocline was shallow. .'
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Neogloboquadrina pachyderma

1.55%

Neogloboquadrina humerosa

0.54%

Neogloboquadrina eggeri

10.41%

Globigerina bulloides

28.02%

Neobloboquadrina dutertrei

17.07%

Globorotalia inflata

0.30%

Globigerina quinqueloba

5.65%

Globigerinoides ruber

0.30%

Globigerinita uvula

0.77%

n=16
Neogloboquadrina blow!

35.40%

Fig. 14. The average percentage species distribution for the Warm Shallow Lysocline biofacies

identified at Site 882. The emerging dominance of N. blowi and associated N. dutertrei and N.

eggeri suggest significantly warmer, sub tropical water temperatures. Large quantities of N.

blowi, and associated relative low levels of G. bulloides and G. ruber indicate that dissolution was

high with reference to the other groups, as a result of a shallow lysocline.
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Fig. 16. Ice volume simulation for the last 3.6 Ma, adapted from Chen et al. 1995, estimated deep

water temperatures for the same period, with a time averaged mean, also adapted form Chen et al.

1995. Middle left are the foraminifera abundance per cc for Site 882, including N. pachyderma

sinisterahdextral coiling ratio and group analysis (see fig 14). Left are the foraminifera abundance
per cc from Site 1179. Gray bars show correlations between the 4 trends, note the lows in

deepwater temperature correlating with many of the peaks in foraminifera, suggesting that a

change In deepwater source has an Impact on carbonate preservation.
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Fig. 17. This diagram illustrates the possible mechanisms behind increased cloud

formation through increased galactic cosmic rays (CGR) (modified from Kirkby and

Laaksonen 2000)



/

,J~^ c

\

\

'>_

\

.kW-**--.

xv^



Page 65

Appendix 1

1179 Data





m
Q

o

X

jMOiq

euupenboqoiBoa[\^

einfjos

eijeiojoqoiQ

j9/!inooes

sspiouueBiqoiQ

jaqm
SQpiouuaBiqoiQ

eqoienbumb

euudBiqoio
eietiui

eiieiojoqoiQ

euoBexaq

sepioiBfOJoqoio

s/suauoo/e/

euuoBiqoiQ

efejsLuoiBuoo

euupenboqoio

sisuaooeueo

euueBjqoio

sepioiinq

BUuaBjqoio

paBeiueQ

3!M)uag

jS jaquinN |e)oi

0)

S}uaiuui03

^ (33) azjs aidiues

(UJ3 J8d) a)e^ pas

(sjeaX) ejey pag

mdaa

ON ejoo

(Beiuoaeied)

(em) aBv

dSSVU

o

o

o

o

o

<1-

CO

d
in
CM

in

csioo

CO
Xt
CQ

CM

CM

CM

CO

o



/ r.

UlifiQX ^



(0

(0

Q

m

X
o

/Mo/q

BuupenboqoiBo3f\^

Bin;!OS

BjiefoJoqoiQ

jsjjinooes

sapjouueBjqoio

jeqnj

sepiouusBiqoio

eqoianbuinb

euusBiqojQ
ejeyuj

enefojoqoio
euoBexaq

sapioieiojoqoio

Sfsuauooiej

euuaBiqoiQ

e}BJ9LUOlBuO0

BuupBnboqoio

SfSUaOOBUBO

BuudBiqojQ

sapfoiinq

BuuaBiqofQ

peSeiuea

ofqtueg

(30 jad) jaquinN

jequinN |e)oi

siuaiuiuoQ

g^ (30) az!S 9|diuBS

Q.
^ (luo jed) ejey pag

(sjcaX) ajey pes

Midea

ON ejoo

(Beiuoaeied)

(BW) eBv

dsgw

o
7



_;. (^ -^ c c o o o

O CI

o ' o o c

C ' '-J o

:;> o

;^ -i^ V> -li

."; .i> C3

O O O . C

O « o c

o c

') TJ f.

r> o o :i» • o "

'
,

V : o :-» i--pt H-

! ,7 V C'

•;;

1^<:jai





C' o o

O C- C' O O
,

C; CI

S-J

C3 O "•

cs

-« ^---J

/ 4n

•r^ ^1



a>

s
CO

X

c
aa
<

jMOiq

Buupenboqoi6oai\l

Binifos

BjieioJoqojQ

jQpjnooes

sepiouuaBiqoiQ

jaqnj

s&pjouuaBiqojQ

eqoienbumb

euuaBiqojQ

eieiiui

B!ie}ojoqoio

BuoBexaq

sapioieiojoqojQ

sfsuauooiBj

BuuaBiqoiQ

BiBjaaioiBuoo

Buupenboqoio

SjSuaooeuBO

BUuaBjqoio

sapjoiinq

BUuaBiqoio

paBeiueQ

OjMluag

(33 J8d) jaquinN

J5 jaquinN |e)oi

sjuaiuiuoQ

(33) azjs 8|diues

(iu3 jsd) 3)e^ pas

(sjeaX) a)e^ pas I $^

M»daa

ON ajoo

(6euioee|ed)

(BW) aBv

dssn

\l



.,-5 ,).

I'^H:-: i^t;'.i-^

:3R?}{||



(0

(0

Q

m m

X

c
a

SUJeJO:J

jo pesudujoo

8|diues %

(B)

ujeJOdOSI.< MO
mBja/A aBej3Av

OSK
SLuejoj ^o }m6!8M

C9<

aiqej^uapjun

euujapAqoed e

uupenboqoiBoeN

lajpefnp

eujjpenboqoiBoaN

M»daa

ON ajoo

(Beiuoeeied)

(BW) aBv

dssn





CQ

CQ

o

suiejoj

jo pasudiuoQ

8|dLues %

(B)

lueJOd 09K no
)q6ja/vy aBejaAV

0S|.<

.; C9<
CO suiejo^ ^o ;mB!3M

c
a

eiqejpuapmn

eiujspAqoed e

uupenboqojBodN

i9jp9inp

euupenboqoiBo9f\l

mdea

ON ejo3

(Beiuoseied)

(BW) eBv

dSSIAI

o



'.^ O •- O'

-A

*0'>

n^bjij



O

c
a

siuejoj

^o pasuduioQ

8|dujes %

(B)

uiejoj OSK MO
)qBj8M eBejOAv

OSK
suiejoj ^o ;MBjay\A

€9<
siuejo^p mBja/w

8|qe!j)uap!un

eujjapAqoed e

uupenboqojdodN

i9JlJ9inp

euupenboqoi6oai\i

mdea

ON 8JO0

(Oeuioaeied)

(B|/\|) oBv

dsaw
CO

s

o
oo

X

CM

O)

CO



. ; -



SLuejoj

^o pasuduiOQ

ajdiues %

4S uiejod 091'< V^o

iP mSjSM aBej3AV

^* 09K

Sf e9<
(0 suiejo^ ^o )i|6!aM

X

c
aa
<

aiqej^uapjun

euiJspAqoed e

uupenboqojBoaN

iQjpainp

euupenboqoidoeN

mdoQ

ON 9ioo

(6euioee|ed)

(BW) 9Bv

dsgn

o

o

s

o

CM
I
o>
O

00
CO

CO

CO

o
o

co
1^

Io
O
'a-

eg
O)
CO

CO

00

o
o

oo

1^
at

CM
I
o>
O
in
00
a>
CO

CO

oo

o
o

o

CO

I

CO

CM
I
en
O
CO
COo
Tt

CO

Oi

o
o

o
CO

C\J

X
a>
O
00
00o
CO

CM

00

o
o

CM

CO
I
o
CO
N-
CM

CO

CO

06

O
O

o

CO
I
O)
O
m

CO

o
CM
05

o

o

o
CO

CO
I
OJ
o
CM

CO

CM
CO

O)





Appendix 2

882 Data
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Appendix 3

Cluster Analysis Data
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