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Late Pleistocene Changes in the Peru Current
Based on Planktonic Foraminifera

1.

Introduction



The goals of this thesis are (1) to calibrate equations for estimating annual

average sea-surface temperature (SST) from planktonic foraminiferal species in the

southeastern Pacific, (2) to reconstruct the record of SST across the Peru Current over

the past 150,000 years, and (3) to identify and evaluate potential mechanisms

controlling SST variations in the Eastern Equatorial Pacific Ocean on glacial-

interglacial timescales.

Previous studies of the Eastern Equatorial Pacific during the Last Glacial

Maximum estimated temperatures to have been only 0-2 ° C cooler than at present

[CLIMAP, 1981]. Recent paleoceanographic studies in this region, however, have

provided evidence for more substantial amounts of cooling (3-5 °C) of the tropical

Pacific during the LGM [Mix et al., 1999, Patrick and Thunell, 1997]. A decrease in

temperature of the tropical ocean of this magnitude requires a mechanism to drive sea

surface cooling.

In the modern ocean the equatorial cool tongue is maintained by equatorial

upwelling and northward flow of cool water in the Peru Current. I hypothesize,

therefore, that a change in the strength of one or both of these processes was

responsible for long-term changes of the Eastern Equatorial Pacific. I explore this

hypothesis by investigating the distribution of foraminiferal fauna and SST in the

Eastern Pacific at present and during the LGM. The western margin of South America

is a region in which few paleoceanographic studies have been conducted due to the

paucity of sediment cores from this area. Newly collected cores in the southeastern

Pacific Ocean facilitated this investigation of SST and faunal changes in this region.

In Chapter 2, I calibrate equations using modern, ancient, and a combination of

modern and ancient samples to estimate SST from the fossil record of planktonic

foraminiferal species, and then apply each of the equations to the coretop samples and

to a set of samples from the Last Glacial Maximum (LGM) to determine the extent of

glacial cooling in the eastern Pacific. Simple models of the oceanic heat budget are

used to explore the mechanisms driving the observed changes. The primary findings in

Chapter 2 are significantly cooler SSTs in the southeast Pacific and an increase in the

intensity of northward advection in the Peru Current during the LGM. This change in



the temperature and strength of the eastern boundary current is sufficient to have

produced the observed LGM cooling of -3° C in the Eastern Equatorial Pacific.

In Chapter 3, I estimate SST changes in the Peru Current over the past 150,000

years using the equations developed in Chapter 2 and samples from three long

sediment cores located off the coast of Peru on the Nazca Rise. These sites were

chosen to monitor changes in the temperature of the Peru Current through time. SSTs

from these sites are used with the model from Chapter 2 to assess the effect of changes

in the temperature of the eastern boundary current on the Eastern Equatorial Pacific.

As a sensitivity test of equatorial temperatures to advection rate, we use three cases,

one with no change in advection, one with a 50% increase, and one with a 100%

increase in the rate of advection. Using this model to partition the effect of equatorial

upwelling suggests that there is a direct relationship between the response of wind-

driven upwelling and precession-controlled insolation. We conclude that both

variations in the temperature and rate of advection off the eastern boundary and in

local equatorial upwelling contribute to temperature changes in the Eastern Equatorial

Pacific.
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2.1 ABSTRACT

Estimates of sea surface temperatures based on foraminiferal faunal species

suggest that the eastern equatorial Pacific Ocean was 3-5° C cooler during the Last

Glacial Maximum (LGM) than at present. New coretops from the southeast Pacific

and long sediment cores off the coast of Peru reveal a likely source of ice-age cooling

in the southeast Pacific Eastern Boundary Current (EBC), where ice-age temperatures

were 6-8° C cooler during the LGM than at present. In this region, ice -age

foraminiferal assemblages have good modern analogs, and transfer functions that

define assemblages based on ancient samples yield results similar to those based on

coretop samples. During the LGM, subpolar assemblages dominate the EBC off Peru

and extend to the Equator. In contrast, the range of the equatorial upwelling

assemblage remains roughly constant. We infer from this that stronger northward

advection of EBC waters was more influential than increased equatorial upwelling in

driving ice-age cooling of the Eastern Tropical Pacific Ocean. Results from a simple

heat budget model support the need to invoke waters advected off the eastern boundary

to explain glacial cooling of the Equatorial Pacific.



2.2 INTRODUCTION

Recent estimates of sea surface temperatures (SST) based on planktonic

foraminifera faunal counts [Mix et al., 1999], oxygen isotope values [Patrick and

Thunell, 1997], and trace metal indices [Lea et al., 2000] indicate that annual sea

surface temperatures in the Eastern Equatorial Pacific were 3-5°C cooler during the

Last Glacial Maximum (LGM) than at present, significantly cooler than reported by

the CLIMAP (1981) study. These results are in closer agreement with terrestrial

temperature estimates for the tropics derived from ice cores [Thompson et al., 1995],

ground water records [Stute et al., 1995] and the extent of former mountain glaciers

[Ciapperton, 1993], as well as with tropical coral temperature estimates [Guilderson et

al., 1994] than previous estimates, which showed little temperature change in the

tropical oceans. Cool equatorial SSTs at the LGM also allow climate models to better

reconcile oceanic, atmospheric, and terrestrial temperatures during the LGM [Crowley,

2000; Hostetler and Mix, 1999; Rind and Peteet, 1985; Webb et al., 1997].

Mix et al. (1999) suggest that the discrepancy in tropical temperature estimates

between their work and that of CLIMAP (1981) is the result of two revisions to the

method used to calibrate foraminiferal species to sea surface temperature. The first

revision is to include ancient samples in the definition of faunal factors used to create

the calibration equation. We refer to this as the downcore calibration method. This

sample selection helps to circumvent the no-analog problem, which results when the

species variability is greater over time than it is spatially in the modern ocean [Hutson,

1977]. The second change to the CLIMAP (1981) methodology is to calibrate the

equation on a regional rather than a global scale. This optimizes the sensitivity of the

equation for those species present in the study area.

In this study we apply the downcore calibration method to create regional

equations appropriate for estimating annual average sea-surface temperatures from

foraminiferal species assemblages in the Southeastern Pacific. A series of newly
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collected coretop samples located along the South American margin help to expand

the sparse data set in this area and to improve the calibrations. We also determine the

difference in temperature estimates that result when ancient samples are included in

the calibration data set and evaluate if LGM SST estimates in this regions are

significantly affected.

Three long sediment cores located in a transect across the Peru Current provide

new LGM samples to be used for determining the extent of glacial cooling in the

eastern boundary current. Evidence that the Eastern Equatorial Pacific was

considerably cooler during the LGM than at present raises questions as to the possible

mechanisms driving such cooling. Was there an increase in northward flow of cold

water in the Peru Current during the LGM? Did an increase in coastal or equatorial

upwelling reduce glacial SSTs? Was a combination of these mechanisms responsible

for the cooler SSTs? Given the potential importance of the eastern boundary currents

in contributing to SST changes and the lack of previous work done in this area, data

from new cores reported here is essential for monitoring past temperature changes in

the Eastern Pacific.

2.3 MODERN OCEANOGRAPIIIC SETTING

The Peru (Humboldt) Current is the largest eastern boundary current in the

world. Stretching almost the full length of South America, it is a major conduit for the

exchange of heat and nutrients from high to low latitudes in the Pacific Ocean [Strub

et al., 1998]. The Peru Current makes up the eastern portion of the southern anti-

cyclonic subtropical gyre that dominates the surface circulation of the South Pacific

(Figure 2.la).

The Peru Current is supplied by water transported eastward in the West Wind

Drift (WWD) at approximately 43° 5 latitude. Upon reaching the South American

continent, the WWD splits into the northward flowing Peru Current and the southward

flowing Cape Horn Current [Strub et al., 1998]. The Peru Current flows equatorward



between 0 and 100 m water depth with a mass transport of 15 to 20x 106 m3/sec

[Wooster and Reid, 1963] and a velocity of - 2 cm/sec [Schaffer et al., 1995]. At

approximately 50 5 the cool current increases in velocity and is deflected away from

the coast to become part of the South Equatorial Current (SEC), which flows westward

between 40 N and 150 S latitude [Wyrtki, 19651. The effect of this cool current on the

SST of the Southeastern Pacific can be seen in Figure 2. lb.

Beneath the SEC lies the Equatorial Undercurrent (EUC), which flows

eastward across the Pacific at depths of 200-250 m. The upper portion of this current is

the source of the 19-24° C water upwelled along the equator near the Galapagos

[Wyrtki, 1981]. The lower portion of the current continues eastward, upwelling cold

water (11-14 °C) off the coast of Peru [Toggweiler et al., 1991]. Both of the SEC and

the EUC contribute to the equatorial cold tongue, which extends westward to 130 °W

longitude [Wyrtki, 1981]. Equatorial upwelling is strong in the austral winter when

there is intensification of the southeast trade winds and divergence is increased. In the

austral summer, the trade winds diminish, upwelling is reduced and the cool tongue is

less prominent [Strub et al., 1998].

Inshore of the Peru Current is the Peru-Chile Countercurrent (PCCC), a weak

and irregular surface current flowing to the south and located approximately 200 km

offshore {Huyer et al., 1991]. The Peru Coastal Current (PCC) flows north inshore of

the PCCC and contributes to the equatorial cold tongue by bringing cold, nutrient-rich

water upwelled along the coast northward [Strub et al., 1998; Wyrtki, 1965] (Figure

2.1).

Upwelling along the South American coast is driven by persistent southeasterly

trade winds resulting in offshore Ekman flow and consequent upward flow of

subsurface waters. A majority of the upwelled water comes from the Poleward

Undercurrent (PUC, also known as the Gunther Undercurrent). The PUC is located

mainly between depths of 50 m and 300 m, with a distinct core near 150 m off Peru

[Huer et al., 1991]. Further offshore beneath the Peru Current, the PUC is a deeper

and slower current, located between 100 m and 400 m depth [Schaffer etal., 1995].

This water mass, which originates in the Equatorial Undercurrent near the Galapagos



Islands, is characterized by cold temperatures, high salinity, low oxygen, and high

nutrients [Strub et al., 1998; Wyrtki, 1965]. Upwelling results in cold SSTs along the

coast and high productivity in these regions due to the high nutrient content of this

water [Strub etal., 1998].

Between 400 m and 1700 m Antarctic Intermediate Water (MW) flows

towards the equator. The AIW is characterized by a salinity minimum between 600

and 900 m, a slightly shallower nutrient maximum, and densities of 27.0-27.35

{Tsuchiya and Tallev, 1998]. Below the MW, salinity and silica maxima mark North

Pacific Water that has crossed the equator and flows southward along the coast of

South America [Schaffer et al., 1995; Tsuchiya and Talley, 1998]. Deeper than

3400 m, Circumpolar Bottom Water spreads equatorward primarily in the Peru-Chile

Trench and through gaps in the Chile Rise and the Sala-y-Gomez and Nazca Ridges

[Lonsdale, 1976]. This water mass is colder, denser and fresher than the overlying

waters from the North Pacific [Tsuchiya and Talley, 1998].
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2.4 MATERIALS

A total of 36 multicores were collected along a north-south transect beneath the

Peru-Chile Current along the western margin of South American during the Genesis ifi

cruise aboard the R/V Roger Revelle (Figure 2.lb). We sampled the uppermost 2 cm

of one multicore for each site for planktonic foraminifera. The samples were freeze-

dried, weighed and washed through a 63 pm sieve using a 0.5% sodium hexa meta

phosphate solution. The remaining coarse fraction was oven dried, weighed, and dry

sieved at 150 xm. The> 150 jm fraction was then divided with a microsplitter until

the sample contained approximately 300 foraminifera. Of the 36 multicore samples

collected, only the 16 cores that contained greater than 275 individual foraminifera

were included in this study (Table 2.1).

Four cores located on the Nazca Rise, RR9702A-63TC (2901 m depth, 18.085°

S, 79.0400 W), Y71-6-12 (2734 m depth, -16.44° S, -77.56° W), RR9702A-69TC, and

RR9702A-69TCPC (both at 3228 m depth, 16.007° 5, 76.328° W) (Figure 2.lb) were

sampled at depth intervals of 4 cm from 0 to 162 cm, 10 cm from 20 to 270 cm, and 10

cm from 260 to 460 cm respectively. The intervals from 0 to 10 cm and from 260 and

380 cm in RR9702A-69PC were devoid of pllanktonic foraminifera and therefore no

samples from these intervals were included. We processed these downcore samples in

the same manner as the multicore samples.

We added the 16 new surface-sediment samples from this study to 216 core-

top samples from the database compiled by Prell (1985), plus data from Coulbourn

(1980), Sverdlove (1983), and Mix et al. (1999) located in the Eastern Pacific between

50° N and 50° S latitude and 140° W and 70° W longitude to make up the database of

232 modern samples (Figure 2.2). The 112 new downcore samples from RR9702A-

63TC, Y71-6-12, and RR9702A-69TC, PC were added to 423 ancient samples from 5

long marine cores (Table 2.2) to make up the database of 535 ancient samples.
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Table 2.1 Location and water depths of the multicores collected on the Genesis
Expedition, Leg ifi aboard R/V Roger Revelle. These samples were added to the
existing database in the region to comprise the 232 coretop samples used in this
study (Figure 2.2).

Multicore Site Latitude Longitude Water Depth (m)

RR9702A-66MC- 1 -16.127 -77.098 2575

RR9702A-64MC-1 -17.035 -78.109 2930

RR9702A-62MC- 1 18.085 -79.040 2937

RR9702A-6OMC- 1 -20.878 -81.499 2480

RR9702A-54MC- 1 -21.359 -81.436 1323

RR9702A-52MC-1 -23.193 -73.345 3418

RR9702A-5OMC- 1 -23.606 -73.345 3396

RR9702A-48MC-4 -32.591 -73.652 3920

RR9702A-46MC-2 -33.277 -73.533 3852

RR9702A-42MC-2 -36.167 -73.682 1028

RR9702A-24MC-1 -41.297 -74.319 246

RR9702A-14MC-4 -43.537 -76.483 3471

RR9702A- 1OMC-2 -46.317 -76.538 2879

RR9702A-8MC-4 -46.350 -76.667 3014

RR9702A-6MC-3 -46.883 -76.600 3298

RR9702A- 1 MC-4 -50.657 -76.955 3964
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Table 2.2 Location and water depths of sediment cores used in this study to make up
the downcore data set of 535 ancient samples (Figure 2.2).

Core Site Latitude Longitude Water Depth (m) Reference

171-3-2 7.10 -85.30 2164 Mix and Morey, 1996

C13-11O -0.06 -95.39 3231 Mix and Morey, 1996

C13-115 -1.39 -104.50 3621 MixandMorey,1996

171-9-101 -5.56 -107.18 3175 Mix and Morey, 1996

.R97O2A-69 -16.01 -76.33 3228 This study

171-6-12 -16.44 -77.56 2734 This study

R9702A-63 -18.09 -79.04 2901 This study
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Figure 2.2 Locations of the 232 coretops (0), 7 long sediments cores (A), and 28
LGM samples () included in the coretop, downcore, and downcore + coretop
equations and used to estimate modern and LGM SST.



The depths of the LGM samples in RR9702A-63TC and RR9702A-69PC were

defined as the depth of the first maximum in the oxygen isotope record of each core.

The isotopic stratigraphy for these cores is presented in Chapter 3 and the isotope data

are given in Appendix B. These two LGM samples were added to the existing 26

LGM samples in the Eastern Pacific [Mix et al., 1999; Moore, 1980; Pisias and Mix,

1997, Ninkovich and Shack! eton, 1975; Shackleton, 1977 ]to complete the LGM data

set (Figure 2.2).

2.5 METhODS

To assess the extent of the no-analog problem [Hutson, 1977J and to evaluate

the best method for estimating mean annual sea surface temperature based on

foraminiferal fauna in the Eastern Pacific, we developed three transfer-function

equations using (A) only the 232 modern coretop samples, (B) only the 535 ancient

downcore samples, and (C) all 767 coretop and downcore samples. For each set of

samples, Q-mode factor analysis was performed [Kiovan and ImbrIe, 1971] followed

by a multiple stepwise regression to derive the relationship between the resulting

factors and modern oceanographic conditions following the transfer function technique

of Imbrie and Kipp (1971).

2.5.1 Fauna! Data

Approximately 300 planktonic foraminifera in each sample were sorted and

identified using the taxonomy of Parker (1962). This taxonomy was straightforward

with the exception of identifying species in the intergrade between N. dutertrei and N.

pachyderma. We did not recognize the P-D intergrade category of Kipp (1976) in the

samples counted for this study. N. dutertrei was distinguished from N. pachyderma

primarily by the presence of an umbilical tooth, 5 or more chambers, and a more pitted
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texture based on the description of Parker (1962). In samples from previous work

where the P-D intergrade was identified, it was grouped with N. dutertrei following

Mix et al. (1999). Species counts are given in Appendix A.

Prior to factor analysis, we converted all species counts to percentages with

closure around the 26 species given in Table 2.3. These are the taxonomic categories

of CLIMAP (1981) with a few exceptions. The pink and white varieties of G. ruber

were grouped together as a single species. G. sacculfer with and without an elongated

final chamber were also grouped. G. menardii and G. tumida were excluded from the

data set due to their resistance to dissolution [Parker and Berger, 19711, and for

consistency with the methodology of Mix et al. (1999) which included LGM samples

from the Atlantic Ocean where these species are not present. The CLIMAP (1981)

study did not retain G. con glometa or G. hexagona, both of which were rare but

included in our study.

2.5.2 Factor Analysis

Q-mode factor analysis is used to model the maximum amount of data using

the fewest statistically independent end members defined empirically in the available

samples. This eliminates redundant information in the data set and makes the

regression equations more robust. Q-mode factor analysis results in a factor score

matrix, which describes the composition of each factor in terms of the species present,

and a loading matrix, which describes the composition of the samples in terms of the

factors.

We performed Q-mode factor analysis on the three data sets using the program

CABFAC [Kiovan and Iinbrie, 1971]. A log transformation of the species percentages

was used to prevent the most abundant from dominating the factors [Mix and Morey,

1996]. Each set of factors defined for the three data sets (coretop, downcore, and

downeore + coretop) was applied to the modern samples by expressing the species

assemblage of each coretop sample in terms of the three different sets of factor scores.
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2.5.3 Multiple Regression

Equations relating modem oceanographic conditions to planktonic foraminifera

species assemblages were calculated by multiple stepwise linear regressions using the

transfer function method of Imbrie and Kipp (1971). The coretop, downcore, and

downcore + coretop factor scores were applied to the coretop species census data to

derive three different sets factor loadings for each coretop site. The factor loadings

were then regressed against modern annual average SST, seasonal SST range,

productivity, pycnocline depth, and mixed layer depth. Each of the equations created

for estimating oceanographic parameters from planktonic foraminifera was then

applied to the modem samples and to the 28 samples from the Last Glacial Maximum.

All modem annual average data except productivity were obtained from the

World Ocean Atlas 1998 (hereafter W0A98) [Ocean Climate Laboratory, 1999],

which contains surface and subsurface information for each of four seasons in 10 x 10

grid boxes. Annual average values for each coretop location were determined using the

value for the 10 grid box in which the sample is located. Productivity values were

obtained from satellite chlorophyll data (CZCS) [Antoine et al., 1996] and averaged

over the nearest fifteen 350 latitude by .72° longitude grid boxes.
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2.6 RESULTS

2.6.1 Factor Analysis

Factor analyses performed on the coretop, downcore and coretop + downcore

samples yield results which are similar for the three data sets. Analysis of the 232

coretop samples produced four significant factors, each of which is dominated by a

unique combination of foraminifera species (Table 2.3). These four factors explain

87% of the coretop data.

Holocene and Pleistocene samples from seven cores (Table 2.2) in the Eastern

Pacific were included in the downcore data set. Analysis of these 535 samples resulted

in four factors that explain 93% of the variance in the downcore data. The factors were

roughly similar in species composition to those from the coretop analysis (Table 2.4).

The coretop and downcore data sets were combined for a third factor analysis

on the 767 samples. Four factors explaining 90% of the variance in the samples were

again retained (Table 2.4).

2.6.1.1 Communalities

The communality of each of the samples indicates how well that sample can be

described by the given set of factors. The communalities of the coretop factors on the

coretop samples were generally high (>0.8) averaging 0.87. Samples with low

communalities (<0.7) were confined to the northwest and southwest regions, as the

environmental conditions of those regions are not as well represented due to sparse

sampling (Figure 2.3a). The communalities of the downcore factors applied to the

coretop samples were lower then those of the coretop factors, averaging 0.76 and were

markedly decreased in the samples having low coretop factor (Figure 2.3b.) The

communalities of the downcore + coretop factors applied to the coretop samples were

between those of the other two cases with a mean of 0.80 (Figure 2.3c).
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Table 2.3 Q-mode factor score matrix for the coretop data set. Factor scores >.30 or
<-.30 indicate the most abundant species in each factor and are shown in bold.
Percentages of the coretop, downcore and downcore + coretop data explained by each
factor are given at the bottom of the factor columns.

Species Equatorial Subpolar Subtropical EBC
Orbulia universa -0.008 0.155 0.055 0.045
Globigerinoides conglobatus -0.001 0.028 0.15 1 -0.067
Giobigerinoides ruber (total) -0.070 -0.098 0.586 0.0 14
Globigerinoides tenellus -0.028 -0.006 0.094 -0.003
Giobigerinoides sacculfer (total) 0.074 -0.062 0.405 -0.079
Sphaeroidinella dehiscens 0.092 0.036 0.024 -0.080
Globigerinella aequilateralis 0.057 0.007 0.251 -0.070
Giobigerinella calida 0.011 -0.02 1 0.113 0.009
Globigerina bulloides -0.052 0.432 0.203 0.391
Globigerinafalconensis -0.029 0.056 0.07 1 0.037
Globigerina digitata 0.076 0.107 0.011 -0.062
Globigerina rubescens -0.015 -0.016 0.061 0.009
Giobigerina quinquiloba -0.056 0.238 -0.027 0.145
Neogloboquadrina pachyderma (s) -0.098 0354 -0.090 0.355
Neogioboquadrina pachyderina (d) 0.068 -0.253 -0.069 0.699
Neogloboquadrina dutertrei 0.913 0.016 -0.023 0.163
Globoquadrina congloinerata 0.095 0.027 0.164 -0.127
Globoquadrinahexagona 0.011 0.010 0.120 0.005
Pulleniatina obliquiloculata 0.313 0.052 0.129 -0.220
Globorotaija inflata 0.054 0.546 -0.059 -0.128
Gioborotaija truncatulinoides (s) -0.009 0.043 0.013 0.024
Globorotaija truncatulinoides (d) 0.021 0.419 -0.031 -0.161
Globorotaija crassaforinis 0.054 0.166 0.004 -0.106
Globorotaija hirsuta -0.004 0.00 1 0.022 0.00 1

Globorotalia scitula + theyeri -0.03 1 0.053 0.046 0.070
Globigerinita glutinata -0.054 0.056 0.503 0.177

Total
Coretop Data Explained 87% 33% 13% 24% 17%
Downcore Data Explained 83% 68% 3% 6% 8%
Downcore + Coretop Data 83% 56% 7% 8% 13%
Explained



Table 2.4 Q-mode factor score matrix for the downcore data set. Factor scores >.30 or
<-.30 indicate the most abundant species in each factor and are shown in bold.
Percentages of the coretop, downcore and downcore + coretop data explained by each
factor are given at the bottom of the factor columns.

Species Equatorial Subpolar Subtropical EBC
Orbulia universa -0.025 0.136 0.062 -0.022
Globigerinoides con globatus -0.070 0.008 0.075 -0.052
Globigerinoides ruber (total) 0.002 0.039 0.452 0.096
Giobigerinoides tenellus -0.046 -0.001 0.087 0.079
Globigerinoides sacculifer (total) -0.054 -0.063 0375 -0.206
Sphaeroidinella dehiscens -0.008 0.002 0.027 -0.044
Globigerinelia aequilateralis -0.110 -0.003 0.225 -0.074
Globigerinellacalida 0.011 -0.018 0.139 0.117
Giobigerina bulloides 0.225 0.443 0.047 0.597
Giobigerinafalconensis 0.041 0.016 -0.004 0.026
Globigerina digitata -0.020 0.036 0.026 -0.02 1
Globigerina rubescens 0.017 -0.010 0.041 0.077
Giobigerina quinquiloba -0.043 0.115 -0.020 0.062
Neogloboquadrina pachydenna (s) -0.189 0.464 -0.084 0.136
Neogloboquadrina pachyderina (d) 0.110 0.507 -0.181 -0.367
Neogloboquadrina dutertrei 0.841 0.103 0.279 -0.151
Gioboquadrina con glomerata -0.078 -0.005 0.161 -0.226
Globoquadrina hexagona -0.102 0.104 0.157 0.169
Pulleniatina obliquiloculata -0.110 0.021 0.276 -0.264
Gioborotalia inflata -0.203 0.489 -0.034 -0384
Globorotalia truncatulinoides (s) -0.007 0.007 0.005 0.004
Globorotalia truncatulinoides (d) -0.006 0.008 0.003 -0.004
Globorotalia crassaformis 0.215 -0.017 -0.047 -0.221
Gioborotalia hirsuta -0.002 0.002 0.001 -0.001
Globorotalia scitula + theyeri -0.02 1 0.112 0.008 0.145
Globigerinita giutinata -0.225 0.137 0.561 0.088

Total
Coretop Data Explained 76% 34% 17% 19% 6%
Downcore Data Explained 93% 27% 25% 39% 2%
Downcore + Coretop Data 83% 46% 16% 18% 3%
Explained
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Table 2.5 Q-mode factor score matrix for the downcore + coretop data set. Factor
scores >.30 indicate the most abundant species in each factor and are shown in bold.
Percentages of the coretop and downcore + coretop data explained by each factor are
given at the bottom of the factor columns.

Species Equatorial Subpolar Subtropical EBC
Orbulia universa -0.012 0.140 0.070 -0.003
Globigerinoides conglobatus -0.087 -0.005 0.139 0.088
Globigerinoides ruber (total) 0.118 0.003 0.506 -0.134
Globigerinoides tenellus -0.004 -0.004 0.096 -0.053
Globigerinoides sacculjfer (total) -0.00 1 -0.088 0.404 0.170
Sphaeroidinella dehiscens -0.029 -0.013 0.041 0.133
Globigerinella aequilateralis -0.055 -0.030 0.259 0.114
Globigerinelia calida 0.072 -0.015 0.116 -0.069
Globigerina bulloides 0.234 0.531 0.097 -0.398
Globigerinafalconensis -0.002 0.046 0.037 -0.028
Globigerina digitata -0.029 0.032 0.036 0.089
Globigerina rubescens 0.034 -0.006 0.047 -0.063
Globigerina quinquiloba -0.071 0.183 0.006 -0.040
Neogloboquadrinapachyderina (s) -0.216 0.490 -0.026 0.064
Neogloboquadrina pachyderma (d) -0.081 0.446 -0.147 0.541
Neogloboquadrina dutertrei 0.893 0.088 -0.052 0.306
Globoquadrina con glomerata -0.107 -0.036 0.206 0.277
Globoquadrina hexagona 0.005 0.059 0.144 -0.030
Pulieniatina obliquiloculata -0.078 -0.058 0.256 0.479
Globorotalia inflata -0.146 0.404 0.007 0.025
Globorotalia truncatulinoides (s) -0.0 17 0.026 0.0 12 0.002
Globo rota/ia truncatulinoides (d) -0.027 0.08 1 0.021 -0.086
Globorotalia crassaformis 0.130 0.018 -0.032 -0.075
Globorotalia hirsuta -0.009 0.003 0.0 12 0.005
Globo rota/ia scitula + theyeri 0.003 0.105 0.028 -0.072
Globigerinita glutinata 0.027 0.128 0.543 -0.134

Total
Coretop Data Explained 80% 40% 17% 12% 10%

Downcore Data Explained 91% 71% 9% 4% 6%
Downcore + Coretop Data 90% 37% 24% 23% 6%
Explained
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2.6.1.2 Faunal Factors

Maps of the distribution of the four faunal factors in modern coretop sediments

show that each of the factors is predominant in a distinct geographic region and that

these regions are similar for the three data sets. The four factors have been named to

reflect their principle location in the modem ocean.

Factor 1 has highest loadings in the warm equatorial waters and is referred to

here as the 'Equatorial' Factor (Figure 2.4a). This factor explains 33% of the variance

in the coretop data, 27% of the downcore samples, and 37% of the downcore + coretop

samples. The coretop 'Equatorial' factor is high in the species N. dutertrei and P.

obliquiloculata, while the downcore and coretop + downcore 'Equatorial' factors have

only a small contribution from P. obliquiloculata. The spatial distribution of the

'Equatorial' factor is roughly similar for each of the three data sets (Figure 2.4).

Factor 2, the 'Subpolar' factor, dominates the cooler, subpolar regions of the

oceans (Figure 2.5a). The coretop 'Subpolar' factor is comprised primarily of G.

bulloides, G. truncatulinoides (dextral), N. pachyderma (sinestral), and G. inflata and

accounts for 13% of the total coretop data. The downcore 'Subpolar' factor is highest

in the species G. bulloides, N. pachyderina (d), N. pachydenna (s) and G. inflata. The

positive score of N. pachyderina (d) in this factor relative to a negative score in the

coretop factor, and the lack of G. truncatulinoides (d) causes this assemblage to have

high loadings in both the subplor regions and the eastern boundary currents (Figure

2.5b). This factor accounts for 25% of the downcore data. The coretop + downcore

'Subpolar' factor explains 24% of the samples in this data set and is most similar in

species composition and distribution to the downcore factor (Figure 2.5c).

G. ruber, G. saccu1fer and G. glutinata are the primary species of foraminifera

found in the third factor in all three of the data sets. This assemblage is called the

'Subtropical' factor, as it is most abundant in the warm oligotrophic waters north and

south of the equator (Figure 2.6a). The 'Subpolar' factor explains 24% of the coretop

data, 39% of the downcore data, and 23% of the downcore + coretop data, and has a

similar geographic range for each of the data sets (Figure 2.6).
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coretop (b) downcore (c) and downcore + coretop equations.
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The fourth fauna! factor is most prevalent in the California and Peru Currents

and has thus been designated the 'Eastern Boundary Current (EBC)' fauna (Figure

2.7a). This factor also has high loadings in the subpolar regions in the Southern

Hemisphere, suggesting that there is some overlap with the 'Subpolar' factor. The

coretop 'EBC' factor is dominated by the species N. pachyderma (dextral), N.

pachyderina (sinistral), and G. bulloides and explains 17% of the coretop data.

The downcore 'EBC' factor has a slightly different species composition,

influenced primarily by G. bulloides (with positive scores) and N. pachyderma

(dextral) and G. inflata (both with negative scores). The 'EBC' factor explains only

2% of the downcore data but was retained for consistency in comparing results to

those from the coretop data. Note that unlike the coretop factor, which had positive

loadings in both the subpolar and coastal regions, the downcore factor has positive

loadings offshore and negative loadings near the coast (Figure 2.7b). The downcore

factor appears to do a better job of separating the effects of coastal and offshore

upwelling.

The downcore + coretop 'EBC' factor is similar to that of the downcore factor

but is opposite in sign and is not influenced by G. inflata. This factor appears to do the

best job of depicting highly productive regions of coastal upwelling. This factor is also

relatively abundant along the equator and here may reflect a coastal and equatorial

upwelling signal or may simply be some combination of the 'Equatorial' and

'Subpolar' factors (Figure 2.7c). The downcore + coretop 'EBC' factor has positive

loadings of N. pack yderma (dextral), P. obliquiloculata, and N. dutertrei, and negative

loadings for G. bulloides and explains 6% of the coretop + downcore data.

Retaining a fifth factor from the factor analysis contributed 2% additional

information to the data sets. In addition, this fifth factor did not appear to have a

distribution that is oceanographically significant, it was therefore excluded.
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2.6.2 Multiple Regression Analysis

We performed multiple regression analysis on the coretop factors and W0A98

annual average sea-surface temperature (SSTmeaII), seasonal range of temperature

(SSTrange), mixed-layer depth (MLD), primary productivity (PP), and pycnodine depth

(PYC). MLD is defined here as the depth at which density is 0.125 units greater than

the minimum (sea-surface) density. PYC is defined as the depth of the shallowest

maximum density gradient below the MLD. PP, MLD, and PYC are independent of

SSTrange (ie. r is not significantly different from zero at the 95% confidence level).

Other oceanographic variables were only weakly correlated to one another with the

exception of PYC and MLD, which are strongly positively correlated, and SST and

SSTrange, which are strongly negatively correlated (Table 6). These highly correlated

variables cannot be estimated independently of each other using this calibration data

set.

The factors in all three of the equations explained 95% of the sea surface

temperature data (i.e., r2 values are 0.95, Table 2.7). For the other variables, a

smaller fraction of the variance is explained; 77-81% for SSTrange or MLD, 65-71% for

PYC, and 44-58% for PP. Thus SSTmn is best explained by the factors and is most

likely to be estimated correctly from the regression equations. Regressions performed

on annual average sea surface temperature and the (A) coretop, (B) downcore and (C)

downcore + coretop factors yielded the following equations, respectively;

(A) SSTrne, = 4.26(F1)2 + 8.16(F1)(F4)+ 17.77(F3)(F4) 9.08(F,) + 4.75(F3)

-13.78(F4) + 21.81

(B) SSTmean 10.18(F2)2 +2.67(F3)2 + 7.64(Fi)(F3) + 9.1(F1)(F4) 6.88(F7)(F4)

+ 9.8 1(F3) -18.55(F2) + 20.55

(C) SSTrnean 4.46(F1)(F3) + 7.03(F1) - 12.46 (F2) + 6.35 (F3) + 20.08



where SSTmn is average annual sea surface temperature, F1 is the factor loading of

the 'Equatorial' factor, F2 is the factor loading for the 'Subpolar' factor, F3 is the factor

loading for the 'Subtropical' factor, and F4 is the factor loading for the 'EBC' factor.

All terms included in these equations are significant at the 95% confidence level. The

regression coefficients for SSTmean, SSTrange , MLD, PYC, and PP are given in

Appendix A.



Table 2.6 Con-elation matrix showing the correlation coefficients (r) resulting when
oceanographic variables are regressed against each other. All variables were found to
be independent of one another with the exception of pycnocline depth and mixed layer
(r =.80) depth and SST and SST range (r =-.80).

Annual

Productivity

Mixed Layer

Depth

Pycnocline

Depth

Seasonal SST

Range

SST 0.28 -0.35 -0.12 -0.80

Seasonal SST Range -0.10 0.03 -0.10

Pycnocline Depth -0.24 0.80

v1ixed Layer Depth -0.33

Table 2.7 Root mean square error and correlation coefficients (r2) resulting from
estimates of oceanographic parameters using the coretop, downcore and downcore +
coretop equations. Here SSTmean is the annual average temperature at the sea surface.
SSTrange is the peak range in seasonal (three month average) SST variation, MLD is the
mixed-layer depth, PYC is the pycnocline depth, and PP is primary productivity.

Coretop

Equation

Downcore

Equation

Downcore + Coretop

Equation

RMSE r2 RMSE r2 RMSE r2

SSTrnean(°C) 1.8 0.96 1.9 0.95 2.0 0.95

SSTrange(° C) 1.1 0.81 1.1 0.79 1.1 0.77

VILD (m) 11 0.81 12 0.77 11 0.8

YC (m) 20 0.65 20 0.66 19 0.71

P (gC/m2yf') 26 0.44 30 0.58 30 0.58
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2.6.3 SST Estimates; Modern

We used the regression equations to estimate SST from the factors for each

data set. There is little correlation between the residuals of SST and the SST estimates

(Figure 2.8), implying that there is no systematic bias in the equations and the

residuals are random with respect to SST. The residuals are also random with respect

to the observed pycnocline depth (r2=0.07), productivity (r2=0.20), mixed layer depth

(r2=0.21), and seasonal range of SST (r2=0.26). The standard deviation of the SST

residuals (RMSE) are 1.8° C, 1.90 C and 2.0° C for the equations basedon the coretop,

downcore and downcore + coretop data, respectively. The residuals exhibit a gaussian

distribution that is slightly skewed towards underestimating SST.

In all three equations SSTs are underestimated in the western section of the

study area and in the Panama Basin, and overestimated along the area roughly

following the East Pacific Rise and along the South American coast (Figure 2.9).

Underestimation in the western region is not surprising as there are fewer samples in

this area and communalities are lowest there (Figure 2.3). High residuals in the

Panama Basin have previously been noted using both foraminifera [Mix et al., 1999]

and radiolaria [Pisias and Mix, 1997] to estimate SST. This area of high residuals

corresponds with anomalously low surface salinities. Low surface saliriities may cause

the plankton to live deeper in the water colunm and therefore affect estimates of

surface temperatures. Overestimation of SST by samples along the coastline and East

Pacific Rise suggest that depth, and therefore dissolution of the carbonate tests, may be

contributing to SST estimates that are too warm in these areas. No correlation,

however, is observed between the residuals and the water depth of the samples (r2 = 0).

A comparison of modern observed average annual sea surface temperatures

from W0A98 (Figure 2.lb) and modern SST estimated at the coretop locations from

each of the equations (Figure 2.10) shows that the observed and estimated SSTs are

very similar. As expected from the residual plots, the warmest temperatures in the

Eastern Pacific are not well reproduced. Similarly, the 26° C water between 120° and

140° W longitude is not reproduced in the estimates.
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Figure 2.8 Regressions of estimated vs. observed SST (left) and of the residuals of the
estimates vs. observed SST (right) as estimated by the a), e) coretop b), 0 downcore
and c), g) downcore + coretop equations.
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2.6.4 SST Estimates; LGM

Samples from twenty-eight cores located in the Eastern Pacific were used to

estimate LGM sea surface temperatures for this region. The samples are concentrated

in the area between 10° N and 10° S latitude and include new samples from cores on

the Nazca Rise. The three equations result in roughly similar SST patterns, with the

coldest water located along the Eastern Boundary and warmer water offshore (Figure

2.11). The downcore equation results in slightly warmer temperatures along the coast

but there is no significant difference between the LUM SSTs estimated by these

equations.

LGM samples located nearest to the equator and in the EBC are described well

(communalities .8) by all of the factor models (Figure 2.12). Given the scarcity of

coretop samples located in the subtropical gyre and south of 10° S, it is not surprising

that the factors do not do a particularly good job of describing the southern LGM

samples. The communality values are significantly correlated to latitude with

decreasing communalities to the south. In general, communalities for the LGM

samples are similar for the three equations. Including ancient samples in the

calibration improved the communalities slightly, but the improvement was not

substantial in this area.

2.6.5. Estimates of SST Change; LGM-Modern

Subtracting the modern estimates from the LGM estimates for each of the three

calibration equations yielded estimates of the change in average annual sea surface

temperature between LGM and the present. Modern estimates were used rather than

W0A98 data so that inherent biases in the transfer function would be minimized [Mix

et al., 1999]. Due to the difference in the number of modern and LGM data points,

modern temperature estimates were interpolated onto a 1° x 1° grid. The value at the

grid point nearest to each LGM sample location was used as the modern estimate for
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that site. We determined the SST anomaly by subtracting this gridded modern

temperature estimate from the LGM estimate.

Maps of the difference between LGM and modern SST estimates reveal

significant cooling in the eastern tropical Pacific during the LGM relative to modern

(Figure 2.13). Temperature changes in the equatorial region are 4-6° C off the coast of

Ecuador, and 1-3° C west of 95° W longitude. These results, comparable to those of

Mix et al. (1999) and Pisias and Mix (1997), are considerably different from

CLIMAP's (1981) estimates of only a 0-2° C decrease in SST over the Eastern

Equatorial Pacific.

The new LGM samples located on the Nazca Rise record a substantial cooling

of 6-9° C in the Peru Current during the LGM. Cooling is greatest near the coast

resulting in an increase in the thermal gradient across the Peru Current. The LGM SST

estimates are 3-5 ° C warmer at RR9702A-63 than at RR9702A-69 compared to a

coretop gradient of 0.5-1.0° C.

The three equations yield similar LGM cooling patterns relative to modern

estimates (Figure 13). Along the equator, SSTs from the downcore and downcore +

coretop equations are similar to each other but slightly cooler than those derived from

the coretop equation. Temperature anomalies in the Peru Current agree well for all

three equations.
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2.7 DiSCUSSION

2.7.1 Comparison ofCalibration Equations

One goal of this study was to determine if a regional calibration and the

inclusion of ancient samples in a calibration equation would improve sea surface

temperature estimates for the Last Glacial Maximum in the eastern boundary current

of the Southeast Pacific. A comparison of results from the three equations used in this

study shows that the statistical error in the calibration data set is slightly higher when

ancient samples are included in the factor definitions (1.8° vs. 2.00 C). When the

downcore samples are added to the calibration, the extent to which the equation

describes the LGM samples (i.e. the communalities) increases. With the exception of

the equatorial band, however, the various methods yield similar results, within

statistical error.

Temperatures estimated from the three equations employed here are similar

because the LGM samples have good modern analogs in this region. Because the

region used for calibration included coretop samples from 50°N to 50° S in the Eastern

Pacific, the modern variability of the fauna was sufficient to describe the LGM

samples in the eastern boundary current. The addition of sixteen modem samples from

the Southeast Pacific to this study increased the modern oceanographic conditions

represented by the coretop data. The two samples with the lowest communalities for

the coretop calibration at the LGM did not improve to acceptable values even when the

ancient samples were added (Figure 2.12). This indicates that there is another

controlling factor on these samples that makes them poorly represented in the

calibration data regardless of the fact that ancient samples were used.



2.7.2. LGM Cooling ofthe Eastern Equatorial Paflc

Foraminiferal transfer functions indicate significant cooling in the Eastern

Equatorial and Southeast Pacific during the Last Glacial Maximum [Mix et al., 1999].

Presently, there are two primary sources of cold water responsible for forming the

equatorial cold tongue; a) equatorial upwelling of cold water from the EUC into the

SEC and b) advection of cold water from the Peru Current into the SEC [Wyrtki,

1981]. Changes in one or both of these mechanisms are therefore the likely source of

glacial cooling in the Eastern Equatorial Pacific.

We expect that an increase in equatorial upwelling during the last glacial would be

accompanied by an increase in the 'Equatorial' faunal factor. In the modern ocean, this

factor displays a pattern centered on, and roughly synimetrical about, the equator

(Figures 2.4a, 2.5a, 2.6a). The LGM 'Equatorial' factor is also high on the equator

with loadings essentially the same as for the coretops (Figure 2. 14a). In general, there

is no significant difference in the distribution of this factor between the present and the

LGM, suggesting little change in equatorial upwelling from modern conditions.

Previous studies have addressed the issue of LGM equatorial upwelling with

conflicting results. Using oxygen isotopes of planktonic foraminifera from two cores

in the eastern and western Pacific, (TR163-31B, 03°58' 5, 83°58' W and MW91-15,

O0O1 5, 1 58°57' E) Patrick and Thuneli (1997) find a glacial decrease in the

temperature gradient between the sea surface and the thermocline. They cite this

decrease as evidence for a shoaling thermocline in the Eastern Equatorial Pacific and

conclude that it is most likely the result of an increase in upwelling along the equator.

Andreason and Ravelo (i997) studied changes to the thermocline depth in the

Eastern Equatorial Pacific using foraminiferal transfer functions. They found only

small changes between the LGM and modern mixed-layer depths and conclude that

divergent equatorial upwelling could not have caused significant SST cooling

[Andreason and Ravelo, 1997]. This result agrees with that of Romine (1982), who

finds a decrease in the radiolarian faunal factor associated with the EUC during the

LGM.
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Studies of biological productivity have also attempted to evaluate the strength

of equatorial upwelling during the LGM. Loubere (1999) infers decreased biological

productivity from benthic foraminifer assemblages and suggests a reduced supply of

nutrients to the surface waters of the Eastern Equatorial Pacific duthg the LGM.

Based on a lack of a correlation between these productivity estimates and records of

SST in the Eastern Equatorial Pacific, Loubere (2000) indicates that cooling was not

the result of increased upwelling on glacial-interglacial timescales.

These results are in conflict with productivity estimates based on organic

carbon accumulation rate [Lyle et al., 1988]. Lyle et al., (1992) used alkenone

temperature estimates to evaluate the change in upwelling flux in the central Pacific.

They assumed that a sea surface temperature decrease caused by upwelling should

correspond to high organic carbon burial due to increased productivity. During the

LGM, these records show a decrease in both SST and productivity relative to modern

values, suggesting that an increase in upwelling was not responsible for the glacial

cooling [Lyle et al., 1992]. Based on these studies and our observation of little or no

change in the equatorial upwelling fauna, we conclude that a mechanism other than

upwelling must be responsible for LGM cooling of the Eastern Equatorial Pacific.

The second mechanism for cooling the tropical Pacific is the advection of

water from the Peru Current into the South Equatorial Current. Presently, there are two

sources of cool water to the eastern boundary current; cool surface waters originating

in the eastern boundary current [Strub et al., 1998] and water from the Poleward

Undercurrent upwelled along the coast [Toggweiier et al., 1991]. If either northward

flow in the Peru Current or coastal upwelling was increased during the LGM relative

today, the eastern boundary could have brought more and/or colder water to the

equator and may have been responsible for cooling the tropics.

Results from cores on the Nazca Rise indicate that the Peru Current

experienced substantial cooling during the LGM (Figure 2.13). A comparison of the

distribution of the 'Subpolar' factor in the modern ocean (Figure 2.5) and at the LGM

(Figure 2. 14b) reveals that in the modern ocean this assemblage is dominant in the

colder waters south of approximately 35° S, while 21,000 years ago this factor was



abundant in the waters of the Peru-Chile Current. This indicates that cold water (with

which the subpolar fauna is associated) was advected northward in the eastern

boundary current at greater rates than at present during glacial times. We infer that

advection into the equatorial cold tongue is at least partially responsible for LGM

cooling in the Eastern Equatorial Pacific.

Evidence for increased glacial advection in the Peru Current agrees well with

other studies from this region. At ODP Site 846 located southeast of the Galapagos

Archipelego, an LGM increase in the percentage of G. bulloides was interpreted as an

increase in the advection of cold water off the eastern boundary into the SEC, due to

either an increase in the intensity of the Peru Current or an increase in the strength of

coastal upwelling [Le et al., 1995].

Mix et al. (1999) showed that sea surface temperature changes in the Eastern

Equatorial Pacific were more closely associated with changes in eastern boundary

forarniniferal fauna than with equatorial upwelling fauna. A study of radiolarian in the

Eastern Pacific also concluded that faunal changes were more closely correlated to

eastern boundary current species then to those associated with the Equatorial

Undercurrent [Pisias and Mix, 1997].

Can LGM cooling due to an increase in the strength of advection in the Peru

Current be differentiated from cooling as the result of an increase in coastal

upwelling? As there is no distinct coastal upwelling fauna distinguishable in this

study, it is difficult to determine which of these processes was most important in

cooling the tropics. Previous studies have used multiple proxies to quantify glacial-

scale changes in upwelling in the Peru Current. Romine and Moore (1981) and

Romine (1982) infer strong coastal upwelling during the LGM from the distribution of

'Peru Current Upwelling' species of radiolarian. These species exhibit a maximum in

the Eastern Equatorial Pacific and adjacent to the South American coast during the

LGM, implying an increase in the amount of cold water reaching the surface via

coastal upwelling.
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Figure 2.14 A) LGM distribution of the coretop 'Equatorial' Factor. A comparison of
this map with Figure 2.4 shows that the distribution of this factor is similar in the
modem and in the LGM. B) LGM distribution of coretop 'Subpolar' Factor. This
factor is significantly more prevalent in the Peru Current during the LGM than in the
modem ocean (Figure 2.5)
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Factor analysis on diatom assemblages used as proxies of primary production

in two cores north of the Nazca Rise (ODP 681A (150 m water depth) and 686A (447

m water depth)) revealed stronger coastal upwelling during intergiacials and weaker

upwelling during glacial periods, including the Last Glacial Maximum [Schrader and

Sorknes, 1990]. A sedimentological study of nearby cores ODP 680B (253 m water

depth) and 686B (447 m water depth), showed the deposition of laminated mud during

warm periods and burrowed sands with low organic carbon during the LGM [Wefer et

al., 1990]. This lithological change in the sediments may also reflect reduced coastal

upwelling during the LGM, although variations in preservation rather than production

may also influence the composition of these cores. Schrader (1992) compared diatom

data with other indicators of upwelling, including weight percentage of organic carbon,

percent of large diatoms, '3C of benthic foraminifera, and Uk37 in ODP 681A and

ODP 686A and found that these proxies are often poorly correlated, making it difficult

to discern past changes in upwelling. Scbrader (1992) concluded that upwelling off the

coast of Peru is variable on decadal and centennial time scales and that a clear glacial-

interglacial pattern is not present.

2.7.3 Increased Advection; Potential Mechanisms

The incursion of 'Subpolar' fauna into the eastern boundary current and the lack

of clear evidence for an increase in coastal upwelling during the LGM, indicates that

an increase in advection of cool (12-16° C) water may have significantly contributed to

reduced sea surface temperatures in the Eastern Equatorial Pacific. Our results show

that the east-west thermal gradient across the Peru Current was steeper during the

LGM than at present. A stronger gradient is consistent with an increase in the flow

intensity of the current [Romine and Moore, 1981]. A potential forcing mechanism for

enhanced northward flow in the Peru Current is enhanced circulation of the subtropical

gyre as the result of an increase in wind stress in the region. Evidence for an increase

in wind strength and a contraction of the entire subtropical anticyclone during the
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LGM has been inferred based on other data in this region [Andreason and Ravelo,

1997; Lamy et al., 1998; Lainy et at'., 1999; Romine, 1982].

Andreason and Ravelo (1997) use estimates of thermocline depth across the

Equatorial Pacific to infer a northwestward displacement of the South Pacific high-

pressure zone. This movement of the gyre would have resulted in an increase in both

the zonal and meridional wind stress over the coast of Peru, causing an increase in the

strength of the Peru Current. This result is consistent with evidence from radiolarian

assemblages, which suggests greater meridional wind stress on the equator during the

LGM relative to the present [Roinine, 1982]. Further to the south, Lamy et al.

(1998,1999) also find indications for a contraction of the subtropical gyre due to a

northward shift of the Southern Westerlies based on the changes in the distribution of

temgenous sediments. Climate models have shown a strengthening of surface winds

during the LGM [Bush and Philander, 1998; Hostetler and Mix, 1999; Manabe and

Hahn, 1977]. Bush and Philander's (1998) model simulation results in a dramatic

strengthening of the trade winds, the SEC, and the EU resulting in increased zonal

advection and subsequent cooling of the equatorial ocean.

2.7.4 A Heat Budget for the Equatorial Pacific

We next consider whether an increase in advection coupled with a decrease in

the SST of the Peru Current can produce the 3-5° C cooling observed in the Eastern

Equatorial Pacific, or whether an increase in equatorial upwelling alone could be

responsible for the observed temperature decrease. Using a simple heat budget based

on that of Bryden and Brady (1985), we model SST changes in the Equatorial Pacific

resulting from variations in the temperature and strength of the Peru Current and of

equatorial upwelling. We have simplified the Bryden and Brady (1985) model by

combining the input and output terms to give net vertical and horizontal temperatures

and fluxes.



The temperature of the equatorial waters (Te) is given by:

Te= (F* Tup * pCp) + (Fad * Tad * pCp) + Qn

(F * pCp) + (Fad * pCp)

where is the upwelling flux, is the temperature of the upwelled water, Fad is the

advective flux, Tad is the temperature of the advected water, Q is the net radiative heat

flux, p is the density of seawater and Cp is the heat capacity. Our simplified version of

the Bryden and Brady (1985) model employs modern transport and temperature values

of 15 SV, 24 °C for the EBC and 27 SV, 22° C for equatorial upwelling, respectively.

Using the above equation, this model produces a modern SST of 26 °C for equatorial

surface water.

In the first model run, we held both upwelling temperature and transport

constant at modern values and allowed the temperature and flow of the Peru Current to

change (Figurel5a). The result shows that increasing the strength of advection without

a temperature change will not produce the 3° C observed cooling in the Equatorial

Pacific. If, however, the temperature of the eastern boundary current is cooled by 6° C,

the minimum change we infer for the region off Southern Peru (Figure 13), equatorial

waters 3° C cooler than modern can be produced by increasing advective transport by a

factor of only -1.3.

As a sensitivity test, the model was also run with constant values for advective

transport and temperature of the EBC to evaluate the effect of changing the intensity

and temperature of local upwelling on the equatorial waters (Figure 15b). In this case,

a 3° C decrease in equatorial temperatures can be produced by increased upwelling

only if the rates are more than quadrupled, an unlikely scenario (Lyle et al., I 992). If a

temperature decrease of upwelling source waters is invoked along with an increase in

upwelling, the temperature of the upwelled water must be 3-4° C cooler to produce the

observed equatorial temperatures coupled with reasonable increase in upwelling
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intensity. A temperature decrease of this magnitude is equivalent to a shallowing of

pycnocine depth by 60 m. This is probably not a plausible solution, as estimates of

LGM pycnocline depths in the eastern equatorial Pacific were only 10-20 m shallower

than modem (Andreason and Ravelo, 1997;Liu et al., 2000). Changes in either

intensity or temperature of upwelling alone, therefore, cannot have caused the

observed equatorial temperature changes.

We conclude that changes in the rate of advection and temperature of water

advected off the eastern boundary must be invoked to explain the LGM cooling of 30

C in the Equatorial Pacific. A plausible solution includes a 70 C cooling of EBC SSTs

(off Southern Peru) based on our data, coupled to a doubling of advective transport off

the eastern boundary at the LGM.
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As a sensitivity test, the models were also run with constant values for

advective transport and temperature to evaluate the effect of changing the intensity and

temperature of local upwelling on the equatorial waters (Figure 2.15 C, D). In both the

Wyrtki (1981) and the Bryden and Brady models (1985), a 3° C decrease in equatorial

temperatures can be produced by increased upwelling only if the initial transport

values are more than quadrupled, an unlikely scenario [Lyle et al., 1992]. If a

temperature decrease is invoked along with an increase in upweffing, the temperature

of the upwelled water must be 3-4° C cooler to produce the observed equatorial

temperatures coupled with reasonable increase in upwelling intensity. A temperature

decrease of this magnitude is equivalent to a shallowing of pycnocline depth by 60 m.

This is probably not a plausible solution, as estimates of LGM pycnocline depth in the

eastern equatorial Pacific were only 10-20 m shallower than modern [Andreason and

Ravelo, 1997; Liu et al., 2000]. Changes in upwelling alone, therefore, cannot have

caused the observed equatorial temperature changes.

We conclude that changes in the magnitude and temperature of water advected

off the eastern boundary must be invoked to explain the LGM cooling of 3° C in the

Equatorial Pacific. Our observations of a 6° C decrease in SST off Southern Peru

provide evidence for such a mechanism.

2.7.5. Comparison with Other LGM Temperature Estimates

The need to reevaluate CLIMAP (1981) sea surface temperatures in the tropical

oceans has been recognized by numerous studies [Crowley, 2000; Mix et al., 1999;

Pinot et al., 1999; Prell, 1985; Waelbroeck et al., 1998] due to the discrepancies

between these temperatures and those from other marine and terrestrial

paleotemperature proxies. Our results of a 3-5° C sea surface temperature decrease in

the Eastern Equatorial Pacific and 6-8° C cooling in the Peru Currentare considerably

lower than previous estimates and may help to reconcile some of these differences.



Regional evidence for substantial LGM cooling comes from depleted 18O of

ice cores in Peru and Bolivia [Thompson et al., 2000; Thompson et al., 1995], lowered

snowline and equilibrium line altitudes on glaciers in the central Andes [Hostetler and

Clark, 2000; Klein et al., 1999], and noble gas concentrations in groundwater in Brazil

[Stute et aL, 1995]. Estimates of modern to LGM temperature changes from these

records range from 5°-12° C. Atmospheric general circulation models attempting to

simulate these temperatures over land are generally unsuccessful unless additional

oceanic cooling is invoked [Bush and Philander, 1998; Hostetler and Clark, 2000;

Pinot et al., 1999; Rind and Peteet, 1985]. Our inferences of substantial SST changes

in this region help to explain the terrestrial record in South America.

Crowley (2000) suggests that land and ocean temperatures can be reconciled

using only a small adjustment to SSTs in most areas, but agrees that substantial

changes may be justifiable in the eastern boundary currents and equatorial upwelling

zones. By confining our calibration samples to those located in the eastern portion of

the Pacific, we have optimized our equation to this region. The result of this regional

calibration and the addition of samples in the Peru Current have been to reveal

substantial cooling and an increase in the thermal gradient across the Peru Current

during the LGM (Figure 2.13). Our results suggest that estimates of LGM coolingmay

be most appropriately determined on a regional, rather than a basin-wide or

worldwide, scale.

2.8 Summary and Conclusion

Here we develop and compare regional calibration equations used to estimate

sea surface temperatures from planktonic foraminifera species assemblages in the

Eastern Pacific between 50° N and 50° S latitude. Ancient samples were included in

two of the calibrations in order to assess the extent of the no-modern-analog problem

in this area by increasing the temporal variability of the reference samples. Factor

analysis performed on three data sets of 232 coretop samples, 535 downcore samples,



and a combination of the 767 coretop and downcore samples each resulted in an

'Equatorial', a 'Subpolar', a 'Subtropical', and an 'Eastern Boundary Current' factor,

named for their modern oceanographic distribution. Stepwise multiple regressions run

on each set of the factors and average annual sea surface temperature (W0A98)

produced a coretop, a downcore, and a downcore + coretop equation with which to

estimate SST from the faunal data.

The equations were applied to the modern samples and to 28 samples from the

Last Glacial Maximum. The resulting sea surface temperature estimates reveal

significant cooling of the Peru Current (6-8° C) and the Eastern Equatorial Pacific (3-

5° C) during the LGM relative to modern temperatures. These estimates help to

reconcile differences between oceanic and terrestrial temperatures at the LGM. Errors

in the temperature estimates were similar for all three equations, implying that in this

area including ancient samples in the calibration did not significantly improve the

temperature results. The faunal patterns reveal that the downcore method appears to

separate coastal and open ocean upwelling systems better than the coretop method.

Changes in the distribution of the cold water, high latitude, 'Subpolaf factor

suggest that an increase in advection of cold water in the Peru Current was largely

responsible for decreased surface temperatures along the coast and in the equatorial

cold tongue during the LGM. A simple heat budget model confirms the need to invoke

changes in the temperature and transport of waters in the eastern boundary current to

account for glacial cooling of the equatorial zone. The increase in flow of this current

may have resulted from a large-scale compression and northward shift of the South

Pacific subtropical gyre during the LGM, resulting in increased wind stress driving a

strengthening of the Peru Current.
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3.1 ABSTRACT

Sea-surface temperatures (SST) in the Peru Current are estimated using

planktonic foraminifera faunal assemblages from three cores located on the Nazca

Rise. Our estimates indicate that temperatures at these sites have varied by as much

as 100 C over the past 150,000 years. Changes in the foraminiferal faunal

composition in these cores through time indicate that SSTs are controlled primarily

by changes in the strength of the Peru Current on glacial-interglacial timescales.

The effects of SST changes in the Peru Current on the Eastern Equatorial Pacific

are evaluated using a simple heat budget model in which equatorial SSTs are

predicted from our estimated Peru Current temperatures. The observed changes in

the eastern boundary current temperatures account for about one half of the

variability in equatorial SSTs. The remaining variance near the equator is probably

associated with local wind-driven upwelling. An attempt to isolate the upwelling

signal as the residual of measured variability less the modeled influence from the

eastern boundary current reveals a link to the orbital cycles. We infer that ice-age

cooling in the Eastern Equatorial Pacific reflects both a direct response of

equatorial upwelling to insolation and a response to eastern boundary current

advection.

3.2 INTRoDucTIoN

Recent studies of sea-surface temperatures (SSTs) indicate that the eastern

tropical Pacific Ocean has been more sensitive to global climate change than

previously resolved by the CLJIMAP study (1981) [Crowley, 2000; Mix et al., 1999;

Patrick and Thuneli, 1997; Pisias and Mix, 1997]. Feldberg and Mix (2001)

suggest that SSTs were significantly reduced in the Southeast Pacific during the

LGM, and concluded based on changes in foraminiferal fauna and a simple heat
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budget model that advection of cool water off the eastern boundary of South

America was instrumental in cooling the Eastern Equatorial Pacific during the

LGM.

Here we assess variations in the Peru Current over the last 150,000 years. Is

the current consistently stronger during glacial periods, or is this phenomenon

unique to the LGM? Are sea-surface temperature (S SI) changes in the eastern

boundary current synchronous with changes in the Eastern Equatorial Pacific

through time? Can we isolate the effects of eastern boundary current advection

from local wind-driven upwelling on SST in the equatorial cold tongue? In this

chapter we address these and other questions relating to the mechanisms of climate

change in this region over the past 150,000 years.

Here we use the 'downcore + coretop' calibration equation derived in

Feldberg and Mix (2001) to estimate sea-surface temperatures from the planktonic

foraminifera species present in three cores, RR9702-69TC, Y71-6-12, and RR9702-

63TC, located off the coast of Peru. Results for the eastern boundary current would

be similar using the other equations tested by Feidberg and Mix (2001). For the

SST equatorial record of RC 13-110, we use the transfer function of Mix et al.

(1999), which was optimized for equatorial conditions. We examine the temporal

changes in foraminiferal fauna and SST estimates in these cores over the past

150,000 years. Comparison of these results with local and regional climate records

allows us to examine possible processes responsible for the large temperature

variations observed in the Peru Current, as welil as to determine the effect of

changes in the strength and temperature of this current on the waters of the Eastern

Equatorial Pacific through time.
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33 SruDy SITES

Three sediment cores located on the flanks of the Nazca Rise, an aseismic

ridge off the coast of Peru, are used to estimate sea-surface temperature in this

study. The cores form a transect beginning approximately 150 km from the coast

and extend seaward perpendicular to the overlying Peru Current (Figure 3.1).

Core RR9702A-69TC (trigger core, hereafter 69TC) (16.007° S, 76.328° W,

3228 m depth) is located closest to the coast. Sediments here are composed

primarily of terrigenous and biogenic sediments with relatively low carbonate

percentages of < 20% in the upper 500 cm of sediment. The modern annual average

SST at 69TC is 19.6° C (Ocean Climate Laboratoiy, 1999, hereafter W0A98).

Core Y71-6-12 (16.443° S, 77.563° W, 2734 m depth) is located 250 km from the

coast and is dominated by siliceous and carbonate biogenic material. Average

annual SST at Y71-6-12 is 19.8°C (W0A98). The site of core RR9702A-63TC

(hereafter 63TC) (18.085° S, 79.040° W, 2901 m depth), approximately 520 km

offshore, has an average annual temperature of 21.1° C (W0A98). This offshore

core is composed primarily of carbonate sediments, with carbonate percentages

between 70% and 90% in the upper 500 cm.

We use core RC13-i10 (0.097° S. 95.653°W, 3231 m depth) as a

representative site for the Eastern Equatorial Pacific. This core is composed

primarily of terrigenous mud and biogenic ooze and is located beneath the

Equatorial Undercurrent. Average annual SST at this site is 23.8° C (W0A98).

The cold water in the Peru Current originates in the eastward flowing West

Wind Drift at approximately 43° S latitude. Upon reaching the South American

continent, the current is redirected equatorward along the coast of South America to

become the Peru Current [Strub et al., 1998]. The Peru Current is a broad, slow

current with a relatively small average transport of 15-20x106 m3/sec [Wooster,

1963] that flows northwestward over the Nazca Rise with a velocity of - 2 cm/sec

in the upper lOOm of the water column [Schaffer et al., 1995]. Near 5° S latitude
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the cool current increases in velocity and is deflected away from the coast. Here

water from the Peru Current enters the South Equatorial Current, which flows

westward between approximately 4° N and 150 S latitude [Wyrtki, 1965].

South of the Nazca Rise near Arica (18.5° S), Iquique (20.2° 5) and

Antofagasta (23.6° S), Chile, major upwelling centers bring waters from the

Poleward Undercurrent upward into the Peru Current [Strub etal., 1998]. This

water is thought to originate in the subantarctic region of the southwest Pacific and

presently has temperatures of 11-14° C and salinities of 34.8-35.0 [Toggweiler and

Dixon, 1991]. In austral the summer when upwelling is most intense, the cold,

nutrient-rich water extends 50-60 km seaward from the coast, with occasional

filaments reaching 75-100 km. Upwelling is less extensive in the austral winter and

its effects are confined to 40-50 km from the coast [Strub et al., 1998].
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Figure 3.1 Location of the cores used in this study (). Major surface currents
(solid blue lines) affecting SST at these sites are the Peru Current and the South
Equatorial Current (SEC), subsurface currents (dashed blue lines) are the Equatorial
Undercurrent (EUC, 200-250 m depth) and the Peru-Chile Counter Current (PCCC,
50-150 m depth) (after Strub et al., 1998). Contours are of annual average sea-
surface temperature [Ocean Climate Laboratory, 1999].
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3.4 MATERIALS

Cores 69TC, Y71-6-12, and 63TC, and were sampled for planktonic

foraminifera every 10 cm from 0 to 270 cm, every 5 cm from 0 to 220 cm, and

every 4 cm from 0 to 162 cm, respectively. This sampling strategy was employed to

obtain samples at approximately 4000-year intervals over the past 150,000 years

taking into account the different sedimentation rates of each core. The intervals

from 0 to 10 cm and below 260 cm in 69TC were barren of planktonic foraminifera.

The sediment samples were freeze-dried, weighed, and washed through a

63pm sieve using a 0.5% sodium hexa meta phosphate cleaning solution. The

remaining > 63 Im coarse fraction of each sample was oven-dried, weighed, and

split into two equal fractions, one to be used for planktonic foraminifera species

counts and one reserved for stable isotope analysis and radiocarbon dating.

The sample fraction used for foraminifera species counts was dry sieved at

150 tm and divided using a microsplitter until the sample contained approximately

350 foraminifera. All planktonic foraminifera in the sample split were identified by

species using the taxonomy of Parker (1962) and counted. Species counts were

converted to percentages with closure around twenty-six species. Raw species

counts for 69TC, Y71-6-12, and 63TC are given in Appendix B.

3.5 CLIRONOSTRATIGRAPIIY

The age models for 69TC, Y71-6-12, and 63TC were constructed primarily

on the basis of correlation of the 6180 records of these cores to the isotope

chronology of core V19-30 (3.35 °S, 83.35° W, 3091 m depth) [Shackleton and

Pisias, 1985]. A recent modification to the age model of V 19-30 [Shackleton,

2000] would make the ages reported here older by 0-1,000 years. Here, we use the

Shackleton and Pisias (1985) age model for benthic foraminiferal 6180 in the



Equatorial Pacific on V 19-30 as a master record (based on the SPECMAP

timescale of Jmbrie et al., 1984) for consistency in comparing this data with other

records. Isotopic peaks and major transitions in the ö180 records and a single

radiocarbon age in each core were used as control points for creating the age

models. We determined the ages of all samples between the control points using

linear interpolation.

3.5.1 Stable Isotopes

Isotopic analyses of ö180 and ö13C in the benthic foraminifera Uvigerina

peregrina and Cibicides wuellerstorsi were performed at Oregon State University.

An average of six individual foraminifera of each species in the size fraction

>150tm were used for analysis. The samples were cleaned ultrasonically in

deionized water, dried, and roasted for 1 hour at 400° C under a vacuum. Isotopic

measurements were made using a FinniganIMAT25 1 mass spectrometer coupled to

an Autoprep Systems carbonate reaction device. The carbonate reactions occurred

under vacuum in 100% orthophosphoric acid at 90° C.

The isotope data is reported using the standard delta () notation in per mu

(°Ioo) relative to Pee Dee belemnite (PDB). Calibration to PDB was done using the

NBS-19 and NBS-20 standards of the National Institute of Standards and

Technology. External precision estimates based on replicate analysis of local

standards are ±0.06°Ioo for 18O and ±0.03°/oo for ö'3C. The stable isotope data for

69TC, Y71-6-12, and 63TC is given in Appendix C. The raw 18O values from

Cibicides wuellerstorsi were increased by 0.64 to correct for a species effect and

averaged with the Uvigerina peregrina data at the same depth to produce a single

18O curve for this core.
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3.5.2 Radiocarbon Dates

Radiocarbon dating was performed on approximately 7 mg of mixed species

of benthic foraminifera from depth intervals of 30-32 cm and 70-72 cm in

RR9702A-69TC, 44-47 cm in Y71-6-12, and 16-17cm in core RR9702A-63TC, to

provide additional constraints on the stratigraphy of these cores. Samples were

chosen at the approximate depths of the LGM based on the stable isotope

stratigraphy. The '4C ages, when reservoir corrected and converted to calendar

years, support a LGM age for these depth intervals. The 14C analyses were done at

the National Ocean Science Accelerator Mass Spectrometer (NOSAMS) Facility at

Woods Hole Oceanographic Institution.

Reservoir corrected ages were determined by subtracting 2100 years from

the raw benthic '4C ages, 400 years of which is a time-dependent global ocean

reservoir correction [Stuiver and Reimer, 1993]. The remaining 1700 years is the

local reservoir correction for the deep southeastern Pacific [Toggweiler et al.,

1989]. Calendar ages were calculated from the reservoir corrected ages using the

CALIB 4.2 software with the marine calibration data set [Stuiver and Reimer,

1993]. The results of theses analyses confirm that the top of these cores contain

Holocene sediment. The AMS raw ages, reservoir corrected ages, and calendar age

range of the samples are reported in Table 3.1.



Table 3.1 Radiocarbon ages for cores used in this study including raw AMS age,
analytical error, reservoir corrected age and calendar age [Stuiver and Reimer,
1993]. Reservoir ages are raw ages minus 2100 years, 400 years of which is a
time-dependent global ocean reservoir correction [Stuiver and Reimer, 1993]. The
remaining 1700 years is the local reservoir correction for the deep southeastern
Pacific [Toggweiler et al., 1989].

Core tepth

(cm)

'4C Raw Age

(yl3P)

'4C Error 'Reservoir Corrected

(years, 1y) 14C Age (yBP)

Calendar Age

(yBP)

69TC 30-32 12700 65 10600 12472

69TC 70-72 18850 85 16750 19839

63TC 16-17 20900 140 18800 22198

Y71-6-12 44-47 17500 95 15400 18285
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3.5.3 Species Index

We found the presence and absence of the species Globorotalia inflata and

Pulleniatina obliquiloculata to be an additional stratigraphic indicator within this

area as G. inflata is common in the Peru Current during cool (roughly glacial)

periods and absent during interglacial periods, while P. obliquiloculata displays the

opposite pattern. Because the isotopic records of 63TC and 69TC were difficult to

interpret, we used a correlation of the percent abundance of these two foraminiferal

species with those in Y71-6-12 to confirm the age model for this core. Although it

is possible that the faunal variations at these three sites are not synchronous, an G.

inflata maximum seen in both cores is a common feature in the Eastern Pacific and

correlates well in Y71-6-12 with a similar spike in G. inflata in cores RC13-i 10

(Mix, unpublished data) and 0DP846 [Le et al., 1995], both located in the Eastern

Equatorial Pacific. It is reasonable, therefore, to expect that the maximum in the

percent abundance of this species would occur at roughly the same time in 63TC

and 69TC as in Y71-6-12. This method provides a method of identifying and

correlating the glacial-interglacial transitions where the isotope data are

inconclusive.

3.5.4 Age Models

The stable oxygen isotope data from Y7 1-6-12 displays a familiar glacial-

interglacial pattern, which was tuned to the benthic forarniniferal 18O record of

V19-30 to produce the age model for this core (Figure 3.2) (Table 3.2). Because of

the similarities in the isotope record of these two cores, the maximum error of this

age model is estimated to be -4 kyr relative to V 19-30. A shift of more than this

amount in either direction would result in a clear mismatch of these records. The

average sedimentation rate in core Y7 1-6-12 is 1.6 cmlkyr.



The isotope record of 63TC is unfortunately less straightforward than that of

Y71-6-12. We use the radiocarbon date at 22.6 ky (calendar age) and the

assumption that the top of the core contains modern sediments to establish the

chronology for the upper part of the record. Between 22 and 150 ka, we used an

iterative process of adjusting the depth-age datum so that both the 18O record and

the percent abundances of G. inflata and P. obliquiloculata in 63TC match those of

Y71-6-12 (Table 3.2). Between 0 and -100 kyr the age model is well constrained

by the radiocarbon date and the faunal abundance. In this section of the record the

maximum error (relative to V 19-30) is estimated to be ± kyr. For intervals older

than 100 ka, however, the age model is less well constrained and is based primarily

on the depth of the marine isotope stage (MIS) 4/5 18O transition. A larger error,

perhaps as much as ± 8 kyr may exist in this section of the record. Applying this

age model to the species data results in reasonable correlations between the cores

for the most abundant species (Figure 3.3). Although the isotope records for these

two cores do not exhibit a clear correlation using this age model, the isotope data

are not violated (Figure 3.2). The average sedimentation rate in core 63TC is 0.6

cmlkyr.

The age model for core 69TC was produced in a similar manner to that of

63TC. We used the two radiocarbon dates as control points in the upper section of

the core and isotope and faunal correlation in the deeper sections (Table 2.3). The

age model is fairly well constrained above 75 ka with an estimated error of ±

kyr. After this point, the core is nearly barren of foraminifera and the stratigraphy is

difficult to determine. For this reason, we will limit our discussion of this core to

the last 75,000 years. The average sedimentation rate in this section of the core is

3.4 cmlkyr.
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Figure 3.2 180 vs. age for V19-30, Y71-6-12, RR9702A-63TC, and RR9702A-
69TC. Isotopes are from benthic foraminifera C.wuellerstorfi and U. perigrina. The
ö'80 data from C. wuellerstorfi were increased by 0.64 per mu and averaged with U.
perigrina data at the same depths to create a single 180 record. Age models for these
cores were constructed as described in the text. Isotopic data is given in Appendix B.
Marine isotope stage boundaries are give on the upper x-axis.



Table 3.2 Depth-age pairs used as control points for constructing the
age models of cores Y71-6-12, RR9702A-69TC and RR9702A-63TC.
Control points are based on comparisons of ö 180 data with V19-30,
AMS dates, and correlation of planktonic foraniiniferal abundances
between cores.

Y7 1-6-12

Depth
5

26
30
35

46
130

146

166

181

186

191

Age
0.8
10.4

12.5

13.6

18.6

74.0
91.0
109.0
121.0
126.0
135.0

RR9702A-69TC
Depth Age

0 0.0
16 3.5

31 12.5

45 14.0

71 19.8

291 80.0

RR97O2A-63TC

Depth Age
0 0.0
17 22.0
42 70.0
52 85.0
88 130.0
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Figure 3.3 Percent abundance of G. inflata and P. obliquiloculata in Y71-6-12,
RR9702A-69TC and RR9702A-63TC vs. age. The timing of species abundance
changes was used to help constrain the age models for these cores.



3.6 SEA-SURFACE TEMPERATURE

3.6.1 Factor Analysis

Q-mode factor analysis was performed on species data from coretop and

downcore samples in the Eastern Pacific (1400 W to 70° W longitude, 50°N to 50° S

latitude) following the method of Imbrie and Kipp (1971) and using the program

CABFAC [Klovan, 1971]. A log transformation of the species percentages was used

in the factor analysis to increase the importance of less abundant species and to

prevent dominant species from overwhelming the variability of the less common

species [Mix and Morey, 1996].

Factor analysis of the foraminiferal species abundances in 767 coretop and

downcore samples resulted in the 'Equatorial', 'Subpolar', 'Subtropical', and 'Eastern

Boundary Current' factors explaining 90% of the total data. These factors are named

for their primary geographical distribution in the modern ocean as determined by

applying the factor scores to coretop samples. The species composition of these factors

and maps of their distributions are given in Feldberg and Mix (2001).

The factor scores were applied to the species assemblages downcore in 69TC,

63TC, and Y71-6-12 to produce factor loadings for each of the samples in these cores.

These factor loadings exhibit significant variations over the last 150,000 years, and

provide insight into the mechanisms of variability in the Peru Current through time

(Figure 3.4).

The 'Subtropical' factor, comprised primarily of G. ruber, G. sacculfer and G.

glutinata, is associated with warm oligotrophic water in the southern subtropical gyre

[Feldberg and Mix, 2000]. Factor loadings are generally low (0.0-0.2) in 63TC and

Y71-6-12 from 150 ka to 100 ka. At 75 ka loadings drop below zero in both cores

and then increase gradually to the present. Maximum values of the 'Subtropical' factor

occur in 63TC and Y71-6-12 in the most recent samples and in 69TC loadings are

greatest 8,000 years ago. This factor is most prevalent in the Peru CulTent within the

last 10,000 years.
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The 'Equatorial' factor, comprised primarily of N. dutertrei and P.

obliquiloculata, is associated with the equatorial upwelling system in the eastern

Pacific. The 'Equatorial' factor loadings in 63TC and Y71-6-12 decrease from 150 ka

to the beginning of MIS 5, then is abundant in both cores throughout the last

interglacial period. Loadings decrease from the MIS 4/5 transition through the LGM

and are high again during the present warm interval. The 'Equatorial' factor has

significantly higher loadings in Y71-6-12 than in RR9702A-63TC during the interval

from 45-70 ka, perhaps because of its position close to the coast where upwelling is

more active. The pattern of change for this factor is roughly the same in RR9702A-

69TC as in the other two cores over the last 75,000 years, although loadings are higher

in the cores closer to the coast of South America.

The 'Eastern Boundary Current (EBC)' factor has highly positive factor scores

for the species N. pachyderma (dextral), N. dutertrei, and P. obliquiloculata, and

highly negative scores for G. bulloides. In coretop sediments, this factor has its highest

loadings along the west coast of South America and along the equator. In the northern

Peru Current loadings of this factor are low in modern samples (Feldberg and Mix,

2001). The 'EBC' factor is most prevalent in 63TC and Y71-6-12 during the interval

from 110-60 ka. After 60 ka, loadings decrease to modern values in these two cores

but remain elevated in 69TC until approximately 18 ka, after which they decrease.



RR9702A-63TC

U

<100

Y71 -6-12 RR9702A-69TC

0

50

100

150 +r1Y -------------1 150
-0.2 0.0 0.2 0.4 0.8 -0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6

0

50

100

150
-0.2 0.2 0.8 1.0 -0.2 0.2 0.8 1.0 -0.2 0.2 0.6 1.0

0 -r--- r------------y 0

U

100

150

50

-. -

a)
0)
< 100

50

100

150 4-_-___i_1___ --r---1--1 150
-0.4 0.0 0.4 0.8 -0.4 0.0 0.4 0.8 -0.4 0.0 0.4 0.8

0

50

100

150

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0,8 1.0 0.2 0.4 0.6 0.8 1.0

Factor Loadings

U

J

150

Figure 3.4 Faunal factors for RR9702A-63TC, Y71-6-12, and RR9702A-69TC
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The 'Subpolar' factor, highest in the species G. bulloides, N. pachyderma

(dextral), N. pachyderma (sinistral), and G. inflata, is in coretops associated with cold

waters off Southern Chile (Feldberg and Mix, 2001). This factor is rare in the coretops

off Southern Peru but abundant there during the LGM (- 21 ka). Loadings of this

factor are high (-0.8) at 150 ka and begin to decrease at the beginning of MIS 5. Near

60 ka the factor loadings in 63TC and Y7 1-6-12 increase and remain high through the

LGM. Loadings of this factor are high (0.6-0.8) at the beginning of the 75 ky record of

69TC. At - 20 ka the factor loadings begin to decrease in each of these cores, reaching

minimum values in the most recent samples. As with the 'Equatorial' factor, the

largest changes occurred in 69TC, which is closest to the coast. Changes in the

abundance of the 'Subpolar' factor are roughly coincident with, but in the opposite

sense of, variations in the 'Equatorial' factor at these sites.

3.6.2 Paleo-Temperature Estimates

The cores used in this study provide both temporal and spatial information

regarding changes in sea-surface temperature in the Peru Current over the last full

glacial cycle. We estimated SST for each sample by applying the 'downcore + coretop'

factors to the coretop species assemblages and regressing the resulting factor loadings

on observed modern SST at each of the coretop locations. This produced an equation

to estimate sea surface temperatures from foraminiferal fauna with an RMS error of ±

2.0°C (Feldberg and Mix, 2001). Here, we apply this equation to foraminiferal

assemblages in the downcore samples from RR9702A-69TC, Y71-6-12, and

RR9702A-63TC to estimate SST in the Peru Current over the past 150,000 years

(Appendix D).

The sea-surface temperature histories of these three sites are broadly similar

over the interval of time studied (Figure 3.5). Temperatures at Y71-6-12 and

RR9702A-63TC are 12-15° C from 150 ka to the beginning of MIS 5. At 130 ka

warming begins and temperatures in both cores increase to - 20 ° C in stage 5e,
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comparable with modern temperatures. Warmest temperatures appear to be slightly

younger than MIS 5e, however, spanning the interval -110-120 kyr in core Y71-6-12.

The temperature record of 63TC has three peaks during MIS 5, at 90 ka, 104-108 ka,

and 117 ka, while that of Y71-6-12 has only two SST maxima, near 95 ka and 109 ka.

The warm temperature peaks in Y71-6-12 appear to coincide with cooler times in

63TC, which may indicate an offset in the age models during this period.

Significant cooling occurs at these two sites between 95 and 80 ka. After 80 ka

the SST records diverge as 63TC continues to cool to 12° C and Y71-6-12 warms to

16° C. Temperatures in Y7 1-6-12 remain wanner until -45 ka, after which they

decrease to approximately 12° C. After this time, the cores again have similar

temperature records. Our SST estimates for 69TC begin at 75 ka and display a similar,

although generally cooler, pattern to those of the other two cores.

Sea-surface temperatures reach minima of 12° C at 31 ka in 63TC, 8.5° C at 26

ka in 69TC, and 10.6° C at the LGM (21 ka) in Y71-6-12. These sites warm rapidly

from the LGM to the present, coincident with the deglaciation indicated by the oxygen

isotope data (Figure 3.5). SST estimates from the shallowest samples are 20-22°C and

are within the error bar of annual average modern temperatures at each site (W0A98).
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3.7 DiscussioN

3.7.1 SST Variations in the Peru Current

Feldberg and Mix (2000) concluded that the reduction in sea-surface

temperatures observed off the coast of Peru and in the Eastern Equatorial Pacific

during the Last Glacial Maximum (LGM) was largely a result of an increase in the

strength of the Peru Current relative to today. This explanation was favored over an

increase in coastal or equatorial upwelling based on the shift of the cool water

'Subpolar' faunal factor northward along the eastern boundary. Using the downcore

records from 69TC, Y71-6-12, and 63TC, we can evaluate if SST changes in this

region are associated with variations in the abundance of 'Subpolar' fauna, and

therefore changes in the strength of the Peru Current, over the last 150,000 years.

The 'Equatorial' and 'Subpolar' factors are highly correlated with changes in

SST over the interval of time presented here (Table 3.3). The fauna of the 'Equatorial'

factor is dominant in this region during warm periods and is replaced by the 'Subpolar'

fauna during cooler intervals. We suggest that during these cooler periods the strength

of the Peru Current is increased, extending the range of the subpolar species northward

along the eastern boundary and confining the range of the equatorial species to lower

latitudes. During deglaciations, the current strength decreases, SSTs warm, and fauna

associated with equatorial upwelling can again inhabit the waters off the coast of Peru.

During the MIS 5/6 deglaciation, this substitution of the 'Equatorial' for the

'Subpolar' factor alone was responsible for the SST increase in the Peru Current. At

the last glacial-interglacial transition, however, the 'Subpolar' and 'EBC' factors were

replaced by the 'Equatorial' and 'Subtropical' factors. Similarly, the MIS 2 and 6

glaciations are associated primarily with an increase in the 'Subpolar' factor while

cooling during MIS 4 is related to an increase in the 'EBC' fauna. These exceptions to

the overall relationship of the factors to SST indicate there are additional processes

associated with some glacial-interglacial transitions than those that appear to dominate

the last deglaciation.
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Table 3.3 Correlation coefficients of the faunal factors and sea-
surface temperature for 69TC, Y71-6-12, and 63TC. Sea-surface
temperatures are highly positively correlated with the 'Equatorial'
factor and highly negatively correlated with the 'Subpolar' factor in
all three of these cores.

RR9702A-69TC Y71-6-12 RR9702A-63TC

Equatorial 0.90 0.87 0.83

Subpolar -0.87 -0.88 -0.75

Subtropical 0.61 0.18 0.57

EBC -0.23 0.10 -0.36
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3.7.2 Impacts of Advection on the Eastern EquatorialPacific

Sea-surface temperatures in the Eastern Equatorial Pacific have varied by 3-5°

C over the last 150,000 years as seen in radiolarian [Pisias and Mix, 1997] and

foraminiferal [Mix et al., 1999] temperature estimates from core RC13-1 10. Our

inference that changes in the strength of the Peru Current play a crucial role in

determining SSTs along the eastern boundary of South America may help elucidate the

mechanisms of temperature change in the Eastern Equatorial Pacific.

At present, two primary mechanisms contribute to the strength of the

equatorial cool tongue: a) variations in the temperature and magnitude of advection of

cool water off the eastern boundary, and b) changes in the rate of equatorial upwelling

[Wrtki, 1981]. Here we use a simplified version of the heat budget model of Bryden

and Brady (1985) as described in Feldberg and Mix (2001) and our estimates of SST

in the Peru Current to partition the effects of advection and upwelling on SST at

RC13-1 10 through time. To create a single SST record for the Peru Current for input

to our heat budget models, we averaged the foraminiferal SST estimates for Y71-6-12

and RR9702A-63TC. This composite record of Peru Current SST was used as input to

the heat budget model to predict SSTs at RC 13-110, a representative site for the

Eastern Equatorial Pacific.

In the first model case, we assumed that there was no change in the rate of

advection through time and changed the temperature of water advected off the eastern

boundary. In the second case, we ran the model using a linear relationship between

temperature in the Peru Current and the rate of advection as a test of the sensitivity of

equatorial temperatures to changes in the rate of advection (Figure 3.6). For this case,

we assumed the rate of advection increased by 50% for a 10° C decrease in Peru

Current SST, so that changes in the eastern boundary current alone could account for

the observed LGM cooling along the equator. In the third case, a 10° C decrease in

eastern boundary current temperature corresponds to a doubling of advection. This

case is included as a sensitivity test and is not considered to be realistic.
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Figure 3.6 Model results showing changes in the temperature of Equatorial Pacific
waters (contours) resulting from changes in the temperature and advective transport of
water in the Peru Current (from Feldberg and Mix, 2001). Model parameters are from
Bryden and Brady (1985). Lines on plot indicate the slopes followed to predict
equatorial temperatures assuming 1) no change in advection (solid black line), 2) a
50% increase in advection (dashed red line), and 3) a 100% increase in advection
(dotted blue line) associated with a 100 C temperature decrease in Peru Current
temperatures.
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Model results for the first case, in which advection was held constant at

modern values, indicate that a decrease in temperature of the Peru Current alone can

produce significant changes at the equator but not enough to account for observed

SSTs at RC 13-110 (Figure 3.7). Increasing the rate of advection in the current serves

to increase the amplitude of change near the equator and decrease the mean

temperature of the resulting SST records. A 50% increase in advective rate at the

coolest Peru Current temperatures is a likely case, as LGM equatorial SSTs are well

replicated by the model using this relationship. The case of a doubling of transport is

given here as an upper limit, as values greater than this produces unrealistically low

temperatures for the tropics.

As expected from Figure 3.6, the greatest differences between the model

results occur during the colder periods, while the models agree well with each other

during warmer times (Figure 3.7). The similarity between our model output and SST

estimates at RC 13-110 suggests that about half of the variation in Eastern Equatorial

Pacific temperatures is related to changes in the Peru Current, however distinct

differences between the records indicate that another process must be important in

controlling equatorial SSTs.



30

28

26

24

22

0
20

C/)
U)

18

16

14

12

10

-.- RC13-110
0-- Peru Current
p-- Model Result, 0% Increase in Advection
-.--- Model Result, 50% Increase in Advection
-.-- Model Result, 100% Increase in Advection

0 20 40 60 80 100 120 140

Age(kyr)

77

Figure 3.7 Foraminiferal SST estimates from the Peru Current () (Average of Y71-6-
12 and RR9702A-63TC), Equatorial SST predicted by the Bryden and Brady (1985)
model with no change in advective transport ('v), with a 50% increase in advection rate
(.), and with a 100% increase in advection (s), and SST estimates at equatorial site
RC13-1 10 (s) (Mix et al., 1999).



To partition equatorial SST changes related and unrelated to advection, we

calculated the residuals of our modeled and estimated equatorial SSTs. These

residuals are the portion of the temperature record at RC13-1 10 that cannot be

explained by advection of cool water from the Peru Current according to our estimates.

We interpret this component to be the result of variations in local equatorial upwelling,

assumed to be constant in the model. The magnitude of these residuals can be used to

determine the change in upwelling through time. Using Figure 2.15 in Chapter 2, we

determine that a 30 C increase in the upwelling component of temperature at RC 13-

110 (Figure 3.8) requires an approximately 50% decrease in the rate of upwelling

relative to modern and a 2-3° C increase in the temperature of upwelling.

A comparison of the residuals of the modeled and estimated SSTs at RC13-1 10

and orbital parameters reveal similar patterns (Figure 3.8). The residuals became larger

as advection is increased, but correlation of the pattern of variability to precession and

obliquity remained apparent regardless of advection rate. This correlation indicates

that the strength of equatorial upwelling in the eastern Pacific cycles with periods of

roughly 23,000 and 41,000 years, and is likely to be the result of orbital forcing.

Upwelling changes along the equator may be linked to the orbital cycles via

variations in insolation. Lyle et al. (1992) find coherency between a SST record from

site W8492A-14GC in the central equatorial Pacific and precession. The authors

suggest that during times of higher insolation in austral winter (lower in austral

summer), the inter-hemispheric temperature gradient is decreased, yielding a decrease

in the strength of the trade winds, warming of the cold tongue, and a southward

migration of the ITCZ. A reduction in wind strength decreases divergence at the

equator and therefore reduces equatorial upwelling. This component of SST change

unrelated to advection off the eastern boundary is consistent with this hypothesis as

low precession index values (upward on the graph due to the inverted scale) here

indicates an increase in austral winter insolation, and thus weaker trade winds, reduced

upwelling, and warming at RC13-1 10 (Figure 3.7). This effect in the Equatorial

Pacific occurs roughly in phase with the precession index, suggesting a simple,

relatively direct response of wind-driven upwelling to insolation.
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Figure 3.8 Residual Equatorial SST (RC13-11O SST minus the modeled Equatorial
SST) for estimates with no change in advection plotted with a) the Precession Index
( ) and with the Obliquity Index ( ) [Laskar et al., 1993]. Note the inverted
scale on the Precession Index axis.



The events driving changes in the Peru Current and equatorial Pacific may be

analogous to those of the Benguela Current and equatorial Atlantic. Mix and Morey

(1996) concluded that the Benguela Current has been the major source of SST changes

in the equatorial Atlantic with a smaller contribution from equatorial upwelling, and

suggested that changes in equatorial upwelling are likely due to chang es in the zonal

component of the trade winds forced directly by insolation.

Thus, by partitioning the record into a component related to eastern boundary

advection and related to equatorial upwelling, we suggest that both processes are

important to temperature changes in the Eastern Equatorial Pacific. At the LGM, the

eastern boundary current effect is most strongly expressed because it falls at the same

point in the 23ky precession cycle as the present. As a result, equatorial upwelling was

not significantly stronger during the LGM and cooling was the result of changes in the

strength and temperature of advection.

3.8 SUMMARY AND CONCLUSION

Here we use a regional calibration equation based on planktonic foraminiferal

fauna [Feldberg and Mix, 2000] to estimate Peru Current sea-surface temperature from

three cores on the Nazca Rise over the last 150,000 years. The estimates yield similar

temperature histories for the three site throughout the length of the time series and

reveal that temperatures at these sites have varied by as much as 100 C over the course

of the last glacial cycle.

Changes in the abundance of the 'Subpolar' and 'Equatorial' fauna through

time indicate that variations in the strength of the Peru Current are largely responsible

for temperature changes along the eastern boundary of South America on glacial-

interglacial timescales. During warm periods, the Peru Current is weaker and fauna

from the equatorial region inhabits the eastern boundary. During cooler times, when

the strength of the current is increased, fauna from the subpolar regions is dominant in

the Peru Current and the equatorial fauna is confined to the lower latitudes.
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'Subtropical' and 'Eastern Boundary Current' fauna also show significant variations

downcore but their relationship to SST is less clear.

Using our temperature estimates in the eastern boundary as input to a simple

heat budget model, we partitioned the effects of upwelling and advection by

determining the component of eastern equatorial Pacific SSTs related to variations in

water advected northward in the Peru Current. The difference in temperature between

the model result and the estimated temperature record for RC 13-110 leads us to infer

changes in the strength of equatorial upwelling through time. The similarity of this

record to the 23 kyr and 41 kyr orbital cycles reveals that upwelling is influenced by

variations in orbitally -driven insolation. The connection between the forcing and the

response may be due to changes in the inter-hemispheric thermal gradient, which

modify the strength and position of the trade winds and therefore the intensity of

equatorial upwelling.

Thus, variations in sea-surface temperatures in the Eastern Equatorial Pacific

over the last 150,000 years are due to a combination of changes in the strength of the

Peru Current and equatorial upwelling. The forcing mechanism of changes in advection

is not clear from these data but is most likely related to changes in land-sea thermal

gradients which affect meridional wind strength, and therefore the magnitude for the

eastern boundary currents [Feldberg and Mix, 2000].
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Summary



4.1 PRIMARY RESULTS

The primary goals of this thesis were (1) to calibrate equations for estimating

annual average sea-surface temperature (SST) from planktonic foraminiferal species in

the southeastern Pacific (2) to reconstruct the record of SST across the Peru Current

over the past 150,000 years, and (3) to identify and evaluate potential mechanisms

controlling SST variations in the Eastern Equatorial Pacific Ocean on glacial-

interglacial timescales. Here we sumarize the primary conclusions and suggest areas of

future research needed to supplement this work.

In Chapter 2, we developed and compared regional calibration equations to

estimate SST in the eastern Pacific. These equations were based on three data sets, the

first containing only coretop samples, the second containing only downcore samples,

and the third composed of both the coretop and downcore samples. This was done in

order to assess the extent of the no-modern-analog problem in this area by increasing

the range of variability of the reference samples. Our results indicate that ice-age

foraminiferal assemblages have good modern analogs in the southeast Pacific. Transfer

functions that define assemblages based on ancient samples yield results similar to

those based on the coretop samples.

Estimates of sea-surface temperatures show that the Eastern Equatorial Pacific

Ocean was 350 C cooler and the Peru Current was 6-9° C cooler during the Last

Glacial Maximum (LGM) than at present. These LGM temperatures are substantially

cooler than previously estimated for this region and help to reconcile differences

between oceanic and terrestrial temperatures at the LGM. A comparison of the

foraminiferal species present in these regions now and 21,000 years ago shows that the

'Subpolar' fauna, which is presently confined to high latitudes, was present during the

LGM along the eastern boundary of South America and in the equatorial regions. We

infer from this that stronger northward advection of EBC waters was influential in ice-

age cooling of the Eastern Tropical Pacific Ocean. A simple heat budget confirms the



need to invoke waters advected off the eastern boundary to explain glacial cooling of

the Equatorial Pacific.

In Chapter 3, we examined the temporal variation of the Peru over the past

150,000 years using the 'downcore + coretop' regional calibration equation developed

in Chapter 2 and three sediment cores located off the coast of Peru on the Nazca Rise.

The estimates yield similar temperature histories for the three sites throughout the

length of the records and reveal a temperature range of as much as 100 C at these sites

over the past 150,000 years. As seen for the LGM, changes in the abundance of the

'Subpolar' and 'Equatorial' fauna through time indicate that variations in the strength

of the Peru Current are largely responsible for temperature changes along the eastern

boundary of South America on glacial-interglacial timescales. During warm periods,

the Peru Current is weaker and fauna from the equatorial region inhabits the eastern

boundary. During cooler times, when the strength of the current is increased, fauna

from the subpolar regions is dominant in the Peru Current and the equatorial fauna is

confined to the lower latitudes.

Sea-surface temperature estimates from the Peru Current are used with the heat

budget model from Chapter 2 to assess the effect of changes in the temperature of the

eastern boundary current on the Eastern Equatorial Pacific. The model helps to

partition the component of SST variability which results from changes in the strength

and temperature of advection off the eastern boundary from that associated with

equatorial upwelling. Sea-surface temperatures at equatorial core RC 13-110 determine

the primary mechanism responsible for equatorial temperature changes. The difference

between the model and the observed temperatures is inferred to be that portion of the

record resulting from local wind-drive upwelling. Using this model to partition the

effect of equatorial upwelling suggests that there is a direct relationship between the

response of wind-driven upwelling and orbitally-controlled insolation. We conclude

from this model that both variations in the temperature and rate of advection off the

eastern boundary and in local equatorial upwelling contribute to temperature changes

in the Eastern Equatorial Pacific.



4.2 FUTURE RESEARCH

Greater spatial sampling is needed to supplement this study and to further

address the goals of this thesis. The paucity of samples in the southeast Pacific has

been partially remedied by the Genesis, Leg ifi expedition which collected cores,

including 69TC and 63TC, in a transect parallel to the coast of South America.

Analysis of more of these cores will allow for a better view of changes in sea-surface

temperature and faunal distribution through time and will allow for a more complete

understanding of variations in this eastern boundary current. As dissolution is a factor

for studying foraminifera in the deeper and more southern cores, a multi-proxy

approach, including radiolarian, alkenones, Mg/Ca, and/or other indicators of ocean

temperatures will most likely be necessary to achieve the desired spatial range.

Higher resolution sampling is also needed to resolve the timing of changes in

the Peru Current in relation to other regional and global climate changes. Because our

isotope stratigraphy was difficult to interpret and we had only a few AMS dates, the

chronology of these core are not constrained well enough to draw conclusions

regarding leads and lags of events in this region relative to the northern hemisphere or

the high latitudes. Higher resolution 14C and stable isotope sampling in a single core in

the Peru Current may help to further constrain the chronostratigraphy and enable

further conclusions as to the timing of climatic events in this area.

Our simple heat budget model includes the major heat fluxes into and out of

the Eastern Equatorial Pacific but has greatly oversimplified the system. A more

complex model that includes lateral and dissipative heat fluxes as well as more

temperature estimates across the equator would improve our estimations of upwelling

as partitioned in our model. Another limitation of our model is the assumption that the

rate of advection is linearly related to the temperature in the Peru Current at our sites.

A more rigorous model than that developed here could explore a non-linear

relationship between these parameters and determine the true range of possible

mechanisms which could lead to our observations of SST in the Peru Current and its

effect on the Eastern Equatorial Pacific.
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Appendix A

Equation Coefficients



Appendix

SSTrnean SSTrange MLD PYC PP
A B C A B C A B C A B C A B C

Fl 0.00 0.00 7.03 -4.81 -3.94 0.00 0.00 0.00 0.00 0.00 91.41 39.96 0.00 0.00 0.00
F2 -9.08 -18.55 -12.46 0.00 0.00 4.09 0.00 -15.27 -24.84 0.00 0.00 -89.03 0.00 32.53 0.00
F3 4.75 9.81 6.35 0.00 0.00 0.00 0.00 -45.76 0.00 0.00 70.11 0.00 0.00 0.00 0.00
F4 -13.78 0.00 0.00 0.00 0.00 0.00 0.00 -37.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F1*F1 4.26 0.00 0.00 2.45 0.00 0.00 0.00 0.00 -28.10 0.00 -72.86 -125.02 54.06 48.27 52.60
F2*F2 0.00 10.18 0.00 0.00 0.00 0.00 34.97 0.00 0.00 0.00 0.00 64.05 -45.00 105.92 0.00
F3*F3 0.00 2.67 0.00 -2.66 0.00 0.00 28.60 0.00 21.01 0.00 -91.57 0.00 0.00 0.00 0.00
F4*F4 0.00 0.00 0.00 2.76 0.00 0.00 0.00 31.91 0.00 0.00 84.97 0.00 28.72 0.00 -64.22
Fl*F2 0.00 0.00 0.00 6.97 4.52 2.11 0.00 0.00 0.00 -43.96 0.00 0.00 0.00 0.00 0.00
FI*F3 0.00 7.64 4.46 0.00 -4.60 -4.67 -28.17 0.00 0.00 0.00 -99.46 0.00 0.00 0,00 0.00
F1*F4 8.16 9.10 0.00 0.00 0.00 0.00 -28.54 0.00 95.73 -88.29 -75.63 127.75 0.00 0.00 0.00
F2*F3 0.00 0.00 0.00 0.00 4.47 0.00 0.00 0.00 0.00 0.00 -105.02 0.00 0.00 0.00 0.00
F3*F4 0.00 -6.88 0.00 0.00 3.25 0.00 0.00 87.69 -80.65 0.00 0.00 -92.28 0.00 0.00 0.00
F3*F4 17.77 0.00 0.00 0.00 0.00 0.00 -67.60 -63.73 0.00 -100.07 -73.41 0.00 148.08 88.78 0.00
Intercept 21.88 20.55 20.08 4.48 4.26 2.01 33.99 46.59 38.49 86.79 56.60 91.28 90.02 70.87 105.45

r2 0.96 0.95 0.95 0.81 0.79 0.77 0.81 0.77 0.80 0.65 0.66 0.71 0.44 0.58 0.58
RMSE 1.8 1.9 2.0 1.1 1.1 1.1 ii 12 11 20 20 19 26 30 30

a A= Coretop Equation

B = Downeore Equation

C = Downcore + Coretop Equation
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Appendix B

Planktonic Foraminiferal Species Data



RR9702A Coretops

I
Core IxIyIzITOTALI

1MC-4 1 0 0 0 11 0 0 1 56 0 0 0 13 21 54 28 0 0 0 36 1 0 0 0 0 0 2226MC-39000000057000325270620001414000010 4648MC-41 0000000362002921843000840 1 005 3291OMC-27 00000005600012402465700 0187 00007 45014MC-43 000000020001146400002000000 95
24MC-15 0 1 1 0 0 0 0560 0 0 237337800 0 0 161 0 0 0 0 7 54342MC-21 0000000340001215430000200000 98
46MC-2 1 0 1 0 0 0 0 0 11 0 0 0 0 2 149192 0 3 0 0 0 0 0 0 0 6 365
48MC-40 0 2 0 0 0 0 0 5 0 1 0 0 31381310 0 0 1 0 00 0 06 287
5OMC-i 1 0 3 0 0 1 0 2 7 2 1 0 0 0 117117 1 0 6 17 0 0 0 0 0 4 27952MC-16 0400000700008133750005 000004 24254MC-13 0661190059400002611483431300000 215
6OMC-1 9 5 123 2 38 3 0 18 54 27 3 0 0 1 19 37 21 14 11 69 11 2 7 0 9 52 535
62MC-1 5 3 27 0 36 2 0 0 150 5 0 0 1 5 11 42 14 13 26 21 0 0 0 0 1 32 394
64MC-i0 0 2 0 0 2 0 0640 3 0 0 426698405 0 0 0 0 0 015 238
66MC-13 0 6 0 5 1 0 8250 1 0 1 0 2 6 1 5 2 0 0 0 0 0 074 140



RR9702A.63TC

4 2 4 39 2 30 1 3 3 148 7 2 0 0 6 15 59 5 17 22 45 0 0 0 0 11 32 453
8 8024022111994000521284612240000930299
12 40210401365100 02012351 1359400001017 306
16 501810042950300223755014518212001030 486
22 10 0 24 0 2 0 2 1 65 0 3 0 3 46 10961 3 14 0 177 0 1 0 0 2 59 582
24 8 0 ii 1 3 0 2 0 73 0 0 0 0 28 39 61 1 6 0 110 0 0 0 0 5 15 363
28 13 0 18 0 1 0 2 1 91 0 0 0 3 17 61 70 2 8 1 140 0 1 0 0 4 26 459
32 10 0 16 0 1 0 0 0 60 0 0 0 1 16 65 36 0 1 0 112 0 1 0 0 5 16 340
36 120600010280001558250401200100516282
42 3 0 11 0 3 0 0 1 38 0 0 0 0 1215125 2 7 1 69 1 0 0 0 2 53 379
44 3020000315703005203403110760000410439
48 0 0 11 0 0 0 0 0 33 0 1 0 0 4 16051 0 4 4 43 0 0 0 0 1 5 317
52 7 0 14 0 2 1 2 0 50 0 4 0 0 1110468 4 9 6 26 0 0 0 0 1 9 318
56 8 0 12 0 10 1 1 0 92 0 1 0 1 20 45 75 0 7 11 13 0 0 2 0 7 21 327
62 0010030116902009663705851010610 234
64 4 0 9 0 5 3 1 0 73 0 1 0 2 13 56 74 1 3 16 10 0 0 0 0 5 11 287
67 8 1 22 0 6 0 3 6 85 0 1 0 0 19 51 66 0 10 19 11 0 1 0 0 5 16 330
70 90120111282100295163551410000215 276
74 601010011330001196048151670205023 284
78 9 2 11 0 1 1 1 0 72 0 2 0 0 8 53 94 4 10 14 0 0 1 0 0 13 8 304
80 16 0 40 0 10 0 7 0 112 0 2 1 3 12 93 100 6 3 17 4 0 0 1 0 8 36 471
82 8 0171 101 3 0909 1 0 0187667211171 0 2 0 0 319 356
86 91470303112200023811354198400201317 447
90 6 0 29 3 2 1 2 0 78 3 2 0 2 6511639 1 3 7 9 0 1 0 0 6 21 396
94 81160000168120538623038880000128 288
98 11 2 26 1 1 0 2 1 60 5 0 0 1 34 90 60 0 3 2 9 0 1 0 0 12 12 333
102 3024031017601044110671031163000826 388
122 8 0 54 0 2 0 3 3 177 0 0 0 8 23 189216 0 5 1 57 0 8 4 0 8 18 784
142 10 0 27 0 0 1 3 2 151 3 1 0 9 12 84 122 I 6 6 50 6 1 0 0 Ii 17 523
162 402201022490002266517060680000726 297



Y7 1-6-12

I
Depthja b tet di efg

i
h 1111k!! 1mm Ioip (qjr Is ill" I v Iwix Li' I z ITOTAL4

11 21130113 1391 5011423820000000215 152
16 40140921 1981 500623802733430000220 367
21 40868045107120017742298490000224 326
26 1138160293550001138342716001120540 578
31 10202501292302457195016154000060 357
37 404011500814981068938750961330000834 661
41 4 0 25 0 3 0 0 2 74 4 0 1 3 19 21 20 3 1 118 0 0 0 0 0 9 19 367
46 4 0 13 1 1 0 1 4 110 2 0 2 1 35 36 46 0 7 1 135 0 0 0 0 4 0 449
50 4 0 14 0 0 0 1 0 90 1 1 0 15 12062 73 0 10 1 201 0 0 0 0 7 21 671
56 12 0 6 1 0 1 1 0 43 1 1 1 1 34 23 56 1 2 0 126 I 0 2 0 4 10 383
61 6 0 8 0 2 0 1 1 73 1 1 0 1 78 39 57 0 4 0 175 0 0 3 0 5 11 527
66 11 0 3 1 0 0 1 0 88 3 1 0 5 76 26 58 0 4 0 1.79 1 0 0 0 0 17 540
71 11 0 3 0 0 0 2 1 97 0 0 0 4 38 28 47 2 5 0 142 0 0 2 0 4 8 465
76 5 1 8 0 1 0 2 2 113 0 0 0 2 53 36 53 2 7 1 120 0 0 1 0 5 15 503
80 3030000370020139263122060001004 327
86 16 0 14 0 1 0 1 0 69 0 0 1. 0 10 52 49 0 6 0 151 1 0 7 0 0 2 466
91 140501021112020412397102090177103.1136 782
96 8090000030020011387805 01420 00006 425
101 3 0002 002 90 1 004787507064000003 349
105 11 0 3 0 0 0 2 0 15 0 3 0 1 10 90 80 0 5 0 93 0 0 4 0 0 6 428
111 10 0 5 0 1 0 1 0 79 0 0 0 7 3211294 1 7 6 1171 0 0 0 8 29 621
116 3 0 1 1 1 0 1 1 30 0 3 0 1 11118118 3 4 3 58 0 0 0 0 1 10 484
1120 6 0 10 0 1 0 3 0 71 0 2 0 2 12 138126 3 3 1 49 1 0 4 0 5 9 566



Y7 1-6-12 (Continued)

Deptha b jc dI elf I.i Ii I 1111*11 1mm to 1 I q Iris :1 "lvi wix I I z ITOTALI
125 3 0400000660008251901631 5 0340020512 643
130 404100003801023412112900016000023 485

136 60200012104120274771340499000050 568
141 11 0 4 0 0 1 1 1 116 0 0 0 2 16331 81 2 5 7 0 0 0 0 0 3 16 585
146 3 03 00 1 004305 00167575005 200 1 0 1 3 379
151. 60202 1 0245020013378606400040 1 0 362
156 1 0 0 0 1 1 1 0590 6 0 0 617440 2183 0 0 1 0 0 0 316161 1003013019805002.1516103170001013 440166 702001004802002524950380001021 385
170 10 0 8 0 1 0 1 0 118 0 0 0 4 8 27 103 1 4 11 0 0 0 3 0 5 0 474
176 10 0 11 0 2 0 2 2 136 0 1 0 0 21 59 139 0 3 11 0 0 0 6 0 2 9 590
181 3 0 11 1 2 0 3 0 117 3 0 0 4 57 55 81 6 6 10 2 0 0 0 0 1 9 552
186 130230 2 0 0 31114 1 0 310636840 5200 0 0 0 0 434 635
191 17 0 0 0 6 0 2 0 182 0 2 0 4 302136255 2 10 1 0 0 0 0 0 13 17 1140
1.96 10023020001281 20191059815014200000827 776
201 13 0 12 0 3 0 3 3 131 0 0 1 14202147333 0 9 5 1 1 0 0 0 5 13 1097
206 2 0 17 3 6 0 0 2 106 1 2 1 3 103 69 98 1 10 7 0 0 0 2 0 7 20 666
211 140901002252000 4171992141 7010000099 1013

216 305000107211 01097401321 2010000059 605
221 4 0 18 1 4 0 2 0 153 0 0 0 22 83 26 152 1 3 0 11 0 0 0 0 5 11 717



RR9702A-69TC

20 7010720046020017810289000049 186
30 101401003 12310 00558311520000034 324
40 302902802819101021372692296170000070 542
50 201311000316130045186281 7250000723 335
60 0 0 10 0 1 0 0 0 84 0 0 0 20 12628 128 0 5 0 99 0 0 0 0 11 28 540
70 1 0 13 0 0 0 0 6 112 4 0 0 48 69 9 24 0 3 0 80 0 0 0 0 23 23 415
80 80700000350008391003707098000089 356
90 1003120023780403244165481 702770020623 717
100 1105000 1079100516270320601120000713 504
110 606000 10108220221318935000470000828 485
120 7041003213533041654630010380000014 456
130 9 0 1 1 0 0 0 3 1199 9 1 0 9 303 50 46 1 3 0 90 0 0 0 0 14 28 767
140 3020000012300022022321040650000219 466
150 7040 1 0 1 6623 1 2440435209040000029 286
160 70000000127000468213202 0490000718 335
170 5 0 2 0 0 0 0 1 740 0 0 96022490 0 0580 0 0 0 0 0 280
180 5 0 0 0 0 0 0 0 20 0 1 0 1 15 73 36 0 1 0 125 0 0 0 0 0 22 299
190 1012010201260001613637480609500001622 518
200 6080000268100183471803059000025 303
210 11 0 8 0 0 0 0 1 182 1 2 0 7 11222 36 0 3 0 54 0 0 0 0 1 6 446
220 3 0 2 0 0 0 0 2 134 1 1 0 I 126 11 64 0 2 0 35 0 0 0 0 2 9 393
230 70200000650000295246000146000019 357
240 4 2 2 0 0 0 0 0790 0 0 1642621 1 5 0940 0 0 0 014 313
250 5 0 1 0 0 0 0 0 16 0 0 0 0 19 35 39 0 1 0 132 0 0 0 0 0 11 259
260 600000008 0000191916000830000 110 162
270 1500000 1012902032516614070630000413 568

C



RR9702A-69PC

Depth1g,*i 1,i t, dt e . ih jilt k i 1 tiniti to i via i r I s i I I "I v 1 wix I r I z lIOTAL
260 70000000300000532151807015000001 346
380 90240152201890100754617957170000043 578
390 13 0 7 0 0 1 1 0 76 0 3 0 3 45 149120 0 6 3 6 0 0 4 0 1 9 447
400 ii 0 11 0 1 0 2 0 111 1 1 0 6 17053 54 0 5 0 0 0 0 0 0 7 8 44!
410 ii 0 5 0 0 0 0 1 134 1 2 0 16 80293161 0 4 1 0 0 0 0 0 6 8 723
420 0 0 5 2 0 0 0 0 98 0 1 0 5 71 42 73 0 6 0 0 0 0 0 0 1 5 309
430 7 0 5 1 0 0 0 1 131 0 6 0 4 39 71108 0 7 1 11 0 0 0 0 6 3 401
440 5040000014600049491830001000036 437
450 11 0 4 0 0 0 0 0 140 0 1 0 3 68 73 58 0 5 1 2 0 0 0 0 3 5 374
460 8 0 3 0 2 0 1 1 1440 0 0 3 10211962 0 1 0 12 0 0 0 0 5 3 466

*Key to Foraminifera Species

a Orbulia universa
h Glohigerinoides conglohatus

c Globigerinoides ruber (tota'
d Globigerinoides tend/us
e Globigerinoides sacculzjèr (total)

f Sphaeroidinella dehiscens

g Globigerineila aequilateralis
h Globigerinella ca/ida

I Globigerina bulloides

j Globigerinafa/conensis
k Glohigerina digitata

/ Globigerina rubescens

in Glohigerina quinquiloha

n Neogloboquadrina pachyderma (s)

o Neogloboquadrina pachvderma (d)

p Neogloboquadrina dutertrei

q Gioboquadrina conglornerata

r Globoquadrina hexagona

s Pulleniatina obliquiloculata
t Glohorotalia inflata

u Globorotalia truncatulinoides (s)

v Globorotalia truncatulinoides (d)
w Globorotalia crassajbrnis

x Globorotalia hirsuta
y Glohorotalia scitula + theveri
z Globigerinita glutinata
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Appendix C

Benthic Foraminiferal Stable Isotope Data
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RR9702A-63TC

Depth (cm) Age (cal kya)* CIB &80 CIB &3C UVI o'80 UVI Ô13C

1 1.29 2.98 0.13

5 6.47 3.40 -0.18

9 11.65 3.38 -0.17 3.68 -0.74

13 16.82 3.74 -0.25 4.47 -0.68

17 22.00 3.58 -0.05 4.14 -0.84

21 29.68 4.05 0.02

25 37.36 3.26 0.11 3.86 -0.90

29 45.04 3.22 -0.10 3.68 -0.79

33 52.72 3.44 -0.28 3.73 -0.86

37 60.40 3.12 0.09 3.74 -1.04

41 68.08 3.83 -0.10 3.96 -0.62

45 74.50 3.41 -0.33 3.83 -0.69

49 80.50 3.08 0.12 3.26 -0.57

53 86.25 2.96 0.02 3.76 -0.37

57 91.25 2.14 -0.19 3.20 -0.67

61 96.25 3.25 0.12

65 101.25 2.66 0.13 3.63 -0.98

68 105.00 2.87 0.12 3.32 -0.84

71 108.75 2.91 -0.03 3.05 -0.95

75 113.75 3.29 0.02 3.74 -0.67

79 118.75 3.29 -0.02 3.45 -0.61

81 121.25 3.19 -0.12

83 123.75 2.89 -0.07

87 128.75 3.79 -0.48 4.24 -0.86

91 133.75 3.03 -0.18 4.37 -0.87

95 138.75 3.73 -0.13 3.62 -0.94

99 143.75 3.95 -0.21 4.42 -0.95

101 146.25 4.14 -0.21

103 148.75 4.18 -0.38 4.67 -0.70

107 153.75 4.07 -0.41 4.28 -0.95

111 158.75 4.00 -0.38 4.54 -0.85

115 163.75 3.66 -0.27 4.42 -0.85

119 168.75 3.80 -0.20 4.59 -0.78

121 171.25 3.73 -0.21 4.33 -0.83

123 173.75 3.30 -0.08 4.08 -0.78

127 178.75 3.70 -0.17 4.23 -0.70

131 183.75 3.79 -0.33 4.31 -0.84

135 188.75 3.88 -0.22 4.07 -0.80
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RR9702A-63TC (Continued)

Depth (cm) Age (cal kya)* CIB ö180 CIB ö13C UVI 18Ø UVI ö'3C

139 193.75 3.73 -0.44 4.38 -0.38
141 196.25 4.07 -0.71
143 198.75 3.10 -0.06 4.62 -0.69
147 203.75 3.09 -0.20 3.79 -0.44
151 208.75 3.08 0.12 3.51 -0.59
155 213.75 2.93 -0.20 3.72 -0.36
161 221.25 4.01 -0.14 3.86 -0.56

Y71-6-12

Depth (cm) Age (cal kya)* Spliced Ô180 Spliced '3C
5 0.79 3.40 0.10
11 3.52 3.41 0.10
16 5.80 3.88 -0.06
26 10.37 3.86 -0.01
30 12.50 4.37 -0.09
35 13.60 4.56 -0.21
45 18.15 4.59 -0.26
50 21.24 4.62 -0.30
55 24.54 4.63 -0.19
60 27.83 4.54 -0.21
65 31.13 4.55 -0.20
70 34.43 4.54 -0.17
75 37.73 4.51 -0.19
80 41.02 4.41 -0.12
85 44.32 4.42 -0.08
90 47.62 4.45 -0.13
96 51.58 4.39 -0.10
100 54.21 4.40 -0.28
105 57.51 4.40 -0.23
111 61.47 4.42 -0.20
116 64.77 4.41 -0.22
120 67.40 4.49 -0.22
125 70.70 4.44 -0.22
130 74.00 4.26 -0.10
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Y71-6-12 (Continued)

Depth (cm) Age (cal kya)* Spliced ö'80 Spliced ö'3C

136 80.38 3.91 -0.01

141 85.69 3.80 0.05

146 91.00 3.98 -0.15

151 95.50 3.93 0.10

156 100.00 3.84 0.00

161 104.50 3.87 -0.11

166 109.00 4.20 -0.08

171 113.00 3.98 -0.10

176 117.00 3.62 -0.25

181 121.00 3.53 -0.28

186 126.00 3.72 -0.05

191 135.00 4.90 -0.32

196 144.00 4.73 -0.31

201 153.00 4.69 -0.36

206 162.00 4.66 -0.33

211 171.00 4.78 -0.42

216 180.00 4.72 -0.42

221 189.00 4.82 -0.39

226 198.00 4.58 -0.32

231 207.00 4.59 -0.39
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RR9702A-69TC

Dçpth (cm) Age (cal kya)* CIB &ø CIB &3C IN! ö'80 FYI 3'3C

16 3.50 2.85 0.33 3.52 -0.89

21 6.49 4.1 -0.95

26 9.48 4.75 0.41

31 12.47 4.5 -1.13

41 13.56 4.72 -1.15

46 14.22 4.78 -0.93

51 15.35 5.06 -1.09

56 16.47 5.08 -1.15

61 17.59 5.19 -1.08

66 18.72 4.65 0.03 5.15 -1.14

71 19.84 4.32 -0.17 5.15 -1.21

76 21.21 5.02 -1.16

81 22.57 4.95 -1.05

86 23.94 4.74 0.09 5.05 -1.03

91 25.31 4.34 0.1 4.97 -1.13

96 26.68 4.24 -0.25

101 28.04 4.9 -1.06

106 29.41 3.97 -0.05 5.19 -1.07

111 30.78 4.04 -0.09 5.17 -1.13

121 33.51 3.86 -0.08 4.59 -1.34

126 34.88 4.9 -0.83

131 36.25 3.89 0.07 5.16 -0.84

136 37.61 3.82 0.03 4.7 -1.23

141 38.98 4.5 -1.3

146 40.35 4.32 0.21

151 41.72 3.82 -0.17 4.13 -1.01

156 43.08 3.83 -0.07 4.6 -1.1

161 44.45 4.34 -1.26

166 45.82 4.59 0.41

171 47.19 4.29 0.25 4.88 -1.27

176 48.55 3.54 -0.01 4.65 -0.93

181 49.92 3.78 -0.02 4.54 -1.17

191 52.65 4.99 -0.81

196 54.02 4.17 -0.13 4.79 -1.23

201 55.39 4.5 -1.06

211 58.12 4.52 -1.25

216 59.49 3.94 0.07 4.61 -1.15

221 60.86 3.71 -0.15 4.51 -1.04

236 64.96 3.91 0.06 4.74 -1.06

241 66.33 4.5 -1.38

251 69.06 4.78 -1.12

261 71.80 4.59 -1.3
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Appendix D

Sea-Surface Temperature Estimates



iioi:

RR9702A-63TC

Depth (cm) Age (kyr) SST(°C)

4 5.18 18.60

8 10.35 17.53

12 15.53 14.11

16 20.71 13.21

22 31.60 11.94

24 35.44 13.09

28 43.12 13.29

32 50.80 11.71

36 58.48 11.97

42 70.00 12.06

44 73.00 11.86

48 79.00 12.92

52 85.00 14.52

56 90.00 17.11

62 97.50 14.47

64 100.00 16.87

67 103.75 17.05

70 107.50 17.16

72 110.00 16.16

78 117.50 18.66

80 120.00 18.05

82 122.50 16.32

86 127.50 14.12

90 132.50 11.81

94 137.50 12.91

98 142.50 14.10

102 147.50 13.91

106 152.50 14.30

122 172.50 16.34

142 197.50 16.07

162 222.50 10.93



109

Y71-6-12

Depth (cm) Age (kyr) SST(°C)

11 3.52 21.12

16 5.80 18.49

21 8.08 15.90

26 10.37 16.98

31 12.72 13.01

37 14.51 12.99

41 16.33 12.84

46 18.60 11.92

50 21.24 10.60

56 25.20 13.01

61 28.49 11.21

66 31.79 11.45

71 35.09 11.83

76 38.39 11.76

80 41.02 11.05

86 44.98 12.62

91 48.28 10.86

96 51.58 14.66

101 54.87 14.95

105 57.51 13.89

111 61.47 12.57

116 64.77 15.51

120 67.40 15.11

125 70.70 15.24

130 74.00 15.78

136 80.38 15.19

141 85.69 13.03

146 91.00 15.88

151 95.50 18.85

156 100.00 17.82

161 104.50 15.48

166 109.00 19.19

170 112.20 18.81

176 117.00 18.26

181 121.00 14.92

186 126.00 15.16

191 135.00 13.80

196 144.00 15.17

201 153.00 16.50

206 162.00 14.33

211 171.00 14.61

216 180.00 15.90

221 189.00 16.98



110

RR9702A-69TC

Depth (cm) Age (kyr) SST(°C)

10 3.28 21.84

20 8.88 16.65

30 12.91 15.63

40 14.00 15.75

50 16.25 13.70

60 18.49 11.49

70 20.93 11.26

80 23.67 12.50

90 26.40 8.54

100 29.14 11.82

110 31.87 10.05

120 34.61 9.26

130 37.34 9.90

150 42.81 11.58

160 45.54 11.41

170 48.28 11.19

180 51.01 10.26

190 53.75 8.75

200 56.48 11.44

210 59.22 12.47

220 61.95 11.57

230 64.69 11.41

240 67.42 14.60

250 70.16 11.98

260 72.89 10.00




