
The Agulhas Current During the Late Pleistocene: 

Analysis of Modern Faunal Analogs 

Abstract. Analysis of micropaleontologic evidence in a deep-sea core in the son 
west Indian Ocean indicates that the Agulhas Current was not a dominant feature 
this region during glacial intervals. Interpretation of the fossil record, based on 
analysis of modern faunal analogs, indicates that during glacial intervals 
Agulhas Current was not the strong, year-round current that it is today. Evidel 
shows that during summer months a weak tropical current was present. Dur 
winter months the current was replaced by cool, high-salinity waters. This int 
pretation suggests that seasonal changes in circulation may have been more p 
nounced in the southwest Indian Ocean during glacial intervals than today. 

The purpose of this report is to de- 
scribe how circulation patterns in the 
southwest Indian Ocean may have 
changed during the last glacial maxi- 
mum. This description is based on an 
analysis of the fossil remains of plank- 
tonic foraminifera within deep-sea core 
RC 17-69, from the southwest Indian 
Ocean (Fig. 1). I have compared each 
sample within the core to modern sam- 
ples, which are used to estimate past 
sea-surface temperatures and salinities, 
and I have used these comparisons to 
reconstruct probable circulation pat- 
terns. 

The Agulhas Current is part of a com- 
plex current system in the southwest In- 
dian Ocean which transports low-salini- 
ty, tropical waters southward through 
the region (Fig. 1). The South Equatorial 
Current bifurcates at the northeastern tip 
of Madagascar, feeding tropical waters 
into the Madagascar and Mozambique 
currents. These currents feed into the 
Agulhas Current and finally into the 
West Wind Drift (1). Occasionally, water 
from the Agulhas Current flows into the 
South Atlantic (2). The Agulhas Current 
is a dominant feature of the southwest 

Indian Ocean throughout the year, 
though the flow is about 30 perc 
stronger during winter months (1). 

Water within the Agulhas Current r 
be distinguished from surrounding 
ters by its characteristic temperatu 
and salinities (2-4) (Table 1). The dis 
bution of assemblages of planktonic f< 
minifera in recent sediments refle 
these major water mass features (5 
(Table 1). For example, an assemblag 
tropical species including Globig 
noides ruber, G. sacculifer, and Gh 
gerinita glutinata is associated with tr 
ical water (including waters within 
Agulhas Current). A second faunal 
semblage, including Globorotalia infl 
and G. truncatulinoides (right-coiling 
riety), characterizes high-salinity s 
tropical water (STW). A third ass( 
blage, including Globigerina bulloic 
Globorotalia truncatulinoides (left-c 
ing variety), and Globigerina pac 
derma (right-coiling variety), is ass( 
ated with subantarctic water (SAW). 
boundary between the second and ti 
faunal assemblages corresponds clos 
with the location of the Subtropical C 
vergence (STC) (7, 8) (Table 1); the s 
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Fig. 1. Schematic diagram of circulation patterns in the southern Indian Ocean. Abbreviatic 
S. Eq., South Equatorial Current; Ma, Madagascar Current; Mo, Mozambique Current; 
Agulhas Current; WWD, West Wind Drift; STC, Subtropical Convergence; and WA, West A 
tralian Current. The location of core RC 17-69, off the southwest coast of Africa, is indical 
The stippled area off the west coast of Australia indicates the region of modern faunal anal 
for glacial faunas in core RC 17-69. 
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tropical assemblage is dominant north of 
the STC, whereas south of the STC, the 
subpolar assemblage is dominant. 

In this report I use the above oceano- 
ith- graphic and faunal criteria to interpret 

of past water mass conditions in the region 
the of core RC 17-69. 
the In an earlier analysis of this core, B6 
nce and Duplessy (9) examined morphologic 
'ing variations of the species Orbulina uni- 
ter- versa. They suggested that an average 
ro- diameter of 450 ,um could be used to in- 

dicate the location of the STC in the 
past. On the basis of this hypothesis and 

al- an analysis of 0. universa within the 
:ent core, they inferred that the STC was lo- 

cated to the north of RC 17-69 through- 
nay out much of the Late Pleistocene. Since 
wa- the STC in this region today marks the 
ires confluence of the Agulhas Current and 
stri- the West Wind Drift (1, 3), their inter- 
ora- pretations suggest that the Agulhas Cur- 
vcts rent could not have flowed southward 
5-7) across this region at these times and that 
e of SAW (today found south of the STC) 
eri- must have occurred at this location. 
obi- What happened to the Agulhas Cur- 
rop- rent during the Late Pleistocene? I have 
the reexamined the top meter of core RC 17- 
as- 69 because it includes the present inter- 

'ata glacial and the last glacial maximum and 
va- thus is representative of climatic ex- 
;ub- tremes within the entire core. My inter- 
em- pretations are based on a total faunal 
les, analysis of the top section, carried out 
oil- with a "modern analog" technique as 
'hy- described below. 
oci- The following method may be used to 
The quantify faunal changes within a deep- 
bird sea core in terms of modem oceano- 
sely graphic conditions. An index of faunal 
'on- similarity (10) may be used to compare 
ub- the fauna from each level to modern 

core-top samples in the Indian Ocean in 
order to identify a subset of modern 
faunal analogs (samples that are most 
similar to the downcore samples). These 
modern samples are important because 
they also may be interpreted as oceano- 
graphic analogs. In other words, oceano- 
graphic conditions which produce a par- 

20? ticular faunal assemblage on the sea floor 
today may be quite similar to those 
which produced virtually identical fau- 
nas in the past. Thus, environmental 
measurements from regions of the mod- 

40? ern samples may be used to estimate past 
sea-surface temperatures and salinities. 
These estimates are based on an average 
of measurements for the subset of mod- 
ern samples, weighted by their similarity 

)ns: index (11). The weighting factor gives 
Ag, greater emphasis to those modern sam- 
WuS- 
ted. ples whose faunas are most similar to 

ogs those downcore. In addition, the varia- 
bility of the modern values may be used 
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as a measure of confidence about each 
estimate (12). For example, an estimate 
could be considered more accurate if it 
were based on a relatively small range of 
environmental values within the modern 
subset than if it were based on a large 
range (13). The above technique differs 
in methodology from the technique of 
Imbrie and Kipp (14). My technique not 
only estimates environmental variables 
but also gives a confidence interval about 
each estimate and identifies the location 
of modern faunal analogs which may be 
useful for interpreting past oceanograph- 
ic regimes (15). 

Stratigraphic analyses of core RC 17- 
69 by 14C dating and 8180/160 analyses (9) 
indicate that the top meter contains a 
continuous record of the past 50,000 
years. The faunal composition within the 
top meter of this core is graphically pre- 
sented in Fig. 2 in terms of the faunal as- 
semblages described above and else- 
where (7). 

The top 25 cm of the core, represent- 
ing Holocene conditions, are dominated 
by a tropical assemblage, an indication 
that during this interval conditions in the 
region were much as they are today. 
Faunal compositions change dramatical- 
ly at the Pleistocene-Holocene boundary 
(25 cm). The section below this bound- 
ary, which includes the last glacial maxi- 
mum, is dominated by a subtropical as- 
semblage. 

Faunas from the Holocene section of 
this core were compared with faunas 
from over 150 modern core-top samples 
from throughout the Indian Ocean (7). 
The modern samples most similar to the 
Holocene section are from the southwest 
Indian Ocean, from the same general re- 
gion as core RC 17-69. This result in- 
dicates that oceanographic conditions 
during the Holocene were similar to 
modem oceanographic conditions. Esti- 
mated temperatures, however, are 
slightly higher and estimated salinities 
are slightly lower than those observed 
today (compare Tables 1 and 2, and see 
Fig. 2). These results suggest that the 
Agulhas Current may have been slightly 
stronger during the Early Holocene. 

In contrast, a comparison between 
faunas from glacial and modem samples 
indicates a very different situation. 
Faunas from modern sediments off the 
west coast of Australia are nearly identi- 
cal to faunas in the lower section of core 
RC 17-69 (see Fig. 1). These results sug- 
gest that the region off the Australian 
coast may be a modern oceanographic 
analog of the southwest Indian Ocean 
during the last glacial maximum. Today 
the region off the Australian coast is 
characterized by a subtropical current 
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which carries cool (< 17?C), high-salini- 
ty (> 35.50 per mil) waters north- 
eastward and a seasonally variable tropi- 
cal current which carries warm, low-sa- 
linity water southward (16). By analogy, 
similar conditions may have occurred in 
the southwest Indian Ocean during the 
last glacial period, producing virtually 
identical faunas in the sediments. 

Summer temperatures for this interval 
are estimated at > 20?C (Fig. 2 and Table 
2). These temperatures suggest the pres- 
ence of tropical water in the region 
which may have been associated with 
warm Agulhas water. Estimated winter 
temperatures, however, are less than 

17?C, and salinities are greater than 35.5 

per mil, an indication that during winter 
months STW may have occupied this re- 
gion (Tables 1 and 2). 

These data suggest that during the 
summer months tropical waters may 
have flowed southward across the re- 

gion. The waters of this tropical current, 
however, were more saline than the wa- 
ters presently within the Agulhas Cur- 
rent. This finding suggests a greater de- 

gree of mixing of tropical waters with 
STW, perhaps within the return Agulhas 
Current (17). During the winter months 
this tropical water was replaced by high- 
salinity STW. The source of these waters 

Table 1. Table 1. Modern relationship between water mass characteristics in the southwest 
Indian Ocean and planktonic foraminifera in Recent sediments. Temperature ranges for the 
Subtropical Convergence are for winter and summer, respectively. Water mass characteristics 
nr,a frnm ) 1\, fnilnna anor- uorriod i?n t0h tPa t nnArL in (7\ 0,1O 11111 \, J, * fLulUla CSu 11M UU 111 i tLIl AL CllU 111 k/ /. 

Tempera- Salinity Dominant Water mass ture (?C) (per mil) faunal group 

Tropical waters 
Warm Agulhas water > 20? < 35.5 Tropical 
Cold Agulhas water 17?-20" < 35.5 Tropical 

Subtropical water < 17? > 35.5 Subtropical 
Subtropical Convergence 10?-14?, 14?-18? 35.4-35.6 Subtropical-subpolar 
Subantarctic water 4?-16? 35.1-35.7 Subpolar 

Table 2. Table 2. Estimated temperatures, salinities, and probable water masses for the sections 
of core RC 17-69 corresponding to the Holocene and the glacial maximum. Abbreviations: 
WAW, warm Agulhas water and STW, subtropical water. 

February (summer) August (winter) 
Core "robable Tempera- Probable Tempera-. robable 

sectn ture Salinity water ture Salinity water 
(?C) (per mil) mass (OC) (per mil) mass 

Holocene 25.6? ? 1.0? 35.37 ? 0.14 WAW 21.4? ? 1.1? 35.29 ? 0.15 WAW 
Glacial 20.7? + 0.6? 35.59 + 0.06 WAW? 16.2? ? 0.5? 35.70 ? 0.08 STW 

Age Isotope Depth 
(years) stage (cm) 

0 
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Fig. 2. Paleoenvironmental analysis of the top meter of core RC 17-69. On the left is strati- 
graphic information from (9). The Holocene-Pleistocene boundary occurs at about 25 cm in the 
core. To the immediate right is a composite diagram showing variations in the percentage com- 
position of faunal assemblages over the last 50,000 years. The tropical, subtropical, and sub- 
polar assemblages are described in the text and in (7); A, B, and C are minor faunal components 
described in (7). The graphs in the middle and to the right show estimated surface temperatures 
and salinities for summer and winter (along with estimated confidence intervals). The topmost 
samples represent modern conditions. Plotted in each of these graphs are the estimated surface 
temperatures and salinities for summer (left) and winter (right) along with the estimated con- 
fidence intervals). These figures are separated into zones based on modern water mass charac- 
teristics (Table 1). Abbreviations: STW, subtropical water; CAW, cold Agulhas water; WAW, 
WAW, warm Agulhas water, and STW, subtropical water. 
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may have been from the west, as a cur- 
rent flowing eastward around the Cape of 
Good Hope (18), or through the "surfac- 
ing" of STW from below as the Agulhas 
Current weakened (19) or changed its 
course (20). 

Why do these interpretations differ 
from those presented by Be and Duples- 
sy (9)? Analysis of the distribution of 
modem assemblages (7, 8) indicates that 
the transition between the subtropical 
and subpolar faunas coincides with the 
approximate location of the STC (Table 
1), with the subpolar assemblage domi- 
nant south of the STC. Thus, if B6 and 
Duplessy's interpretations were correct, 
the subpolar assemblage should domi- 
nate the lower section of the core. Figure 
2 shows that this fauna is never domi- 
nant. According to these criteria, the 
STC must have always been south of the 
core site. Furthermore, according to the 
criteria listed in Table 1, environmental 
estimates from both this report and (9) 
indicate the presence of STW, not SAW, 
during the coldest intervals. The criteria 
on which Be and Duplessy's inter- 
pretations are based (Orbulina universa 
diameters) may not be as precisely de- 
fined as the criteria used in this report 
(21). 

Tropical species dominate the fauna in 
the southwest Indian Ocean today and 
are associated with the continuous 
southward flow of the warm, low-salinity 
water along the African coast. Although 
tropical species were present during the 
last glacial maximum, the fauna was 
dominated by a subtropical assemblage. 
These faunal changes indicate that ad- 
vection of tropical water into the region 
may have been less intense or more vari- 
able, or both, during glacial intervals 
than today. Comparison of these glacial 
assemblages with modern samples in- 
dicates that the region off the west coast 
of Australia may be a modern analog for 
the Agulhas region during glacial inter- 
vals. On the basis of this analogy, and 
estimated temperatures and salinities, I 
conclude that circulation in the Agulhas 
region during the last glacial period 
varied seasonally. A warm, southward- 
flowing current, similar to the Agulhas 
Current today but characterized by high- 
er salinity, may have flowed southward 
during the summer months. During the 
winter months, however, this southward 
flow either decreased, shifted, or was re- 
placed by a cool, high-salinity current 
from the south. This increased seasonal 
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flow either decreased, shifted, or was re- 
placed by a cool, high-salinity current 
from the south. This increased seasonal 
variability in current flow does not nec- 
essarily indicate an expansion or in- 
tensification of monsoon circulation 
throughout the Indian Ocean. In fact, 
computer simulations of ice-age climate 
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(22) suggest that the southwest monsoon 
may have been weaker in the northern 
Indian Ocean. Instead, seasonal weaken- 
ing or reversal of winds may have oc- 
curred within the region and may have 
affected surface circulation (23). 

WILLIAM H. HUTSON 
School of Oceanography, Oregon 
State University, Corvallis 97331 
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High-pressure syntheses have con- 
firmed that olivine and pyroxene trans- 
form, respectively, to spinel and garnet 
structures (1). This transformation is 
compatible with seismic data and is 
thought to account for the 400-km dis- 
continuity in the earth's mantle (2). In- 
asmuch as dislocations and stacking 
faults control the plastic flow properties 
of crystals (3), we began an investigation 
of the nature and structure of these de- 
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fects in ringwoodite and majorite. Our 
purpose was to obtain a qualitative de- 
scription of the rheology of high-pres- 
sure silicate phases and assess the possi- 
bility of deep-mantle convection. 

We report here transmission electron 
microscopic observations of dislocations 
and extended defects in ringwoodite and 
majorite crystals. Ringwoodite is the 
high-pressure y spinel polymorph of oli- 
vine, and majorite is the high-pressure 
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Dislocations in Spinel and Garnet High-Pressure Polymorphs 
of Olivine and Pyroxene: Implications for Mantle Rheology 

Abstract. The meteorite Tenham was observed by transmission electron micros- 
copy and ringwoodite and majorite, the high-pressure polymorphs of olivine and 
pyroxene, were identified. Ringwoodite contains antiphase boundaries and straight 
dislocations that are probably dissociated. Mantle flow of spinel might proceed by 
pure climb, and whole-mantle convection may be possible if the grain size is small 
enough. 

Dislocations in Spinel and Garnet High-Pressure Polymorphs 
of Olivine and Pyroxene: Implications for Mantle Rheology 

Abstract. The meteorite Tenham was observed by transmission electron micros- 
copy and ringwoodite and majorite, the high-pressure polymorphs of olivine and 
pyroxene, were identified. Ringwoodite contains antiphase boundaries and straight 
dislocations that are probably dissociated. Mantle flow of spinel might proceed by 
pure climb, and whole-mantle convection may be possible if the grain size is small 
enough. 

66 66 


	Article Contents
	p.64
	p.65
	p.66

	Issue Table of Contents
	Science, Vol. 207, No. 4426, Jan. 4, 1980
	Front Matter [pp.1-54]
	Letters
	Innovation [pp.6-8]
	From Helsinki to Hamburg [p.8]
	Preparation of DNA Transfer Reagent: Carcinogenic By-Product [p.8]

	Erratum: Caribbean Med School in Washington, D.C.? [p.8]
	Science Centennial [p.9]
	Changes in Atmospheric Carbon-14 Attributed to a Variable Sun [pp.11-19]
	Calmodulin Plays a Pivotal Role in Cellular Regulation [pp.19-27]
	Working Women Scientists and Engineers [pp.28-34]
	News and Comment
	Psychotherapy Faces Test of Worth [pp.35-36]
	Riddle of the Nobel Debate [pp.37-38]
	FAA Attacked over Traffic Control Technology [pp.39-40]

	Briefing
	Appropriate Technology and the Too High Outhouse [pp.40-41]
	Scientists Favorable Toward Extrasensory Perception [p.41]
	A Dearth of Phosphate? [p.41]
	Agent Orange Again [p.41]

	Research News
	The 1979 Nobel Prize for Chemistry [pp.42-46]
	Lobster-Eye X-Ray Telescope Envisioned [p.47]

	Book Reviews
	A Managerial View of Research [pp.48-49]
	Geology in Retrospect [pp.49-50]
	Metallurgy in Antiquity [pp.50-52]
	Energy Transitions [p.52]
	Neurophysiology [pp.52-53]

	Centennial
	Science, a Weekly Record of Scientific Progress of Vol. 1, No. 1, July 3, 1880 [pp.54A-iv]

	AAAS News
	Record Salaries for Scientists and Engineers Battered by Inflation [p.55]
	Science, Engineering, and Diplomacy Fellowships Established [pp.55-56]
	AAAS Socio-Psychological Prize [p.55]
	International Bio-Energy Conference Scheduled for April [p.56]
	Youth Activities in San Francisco [p.56]
	Toronto Meeting in 1981 [p.56]
	For the Library [p.56]

	Reports
	A Meteoritic Component Rich in Volatile Elements: Its Characterization and Implications [pp.57-59]
	Tetrachlorodibenzo-p-Dioxin Quantitation in Stack-Collected Coal Fly Ash [pp.59-61]
	Vertical Distribution and Isotopic Composition of Living Planktonic Foraminifera in the Western North Atlantic [pp.61-63]
	The Agulhas Current during the Late Pleistocene: Analysis of Modern Faunal Analogs [pp.64-66]
	Dislocations in Spinel and Garnet High-Pressure Polymorphs of Olivine and Pyroxene: Implications for Mantle Rheology [pp.66-68]
	Mouse Leukemia: Therapy with Monoclonal Antibodies against a Thymus Differentiation Antigen [pp.68-71]
	Hybridoma Produces Protective Antibodies Directed against the Sporozoite Stage of Malaria Parasite [pp.71-73]
	Sperm-Egg Interaction: Evidence for Boar Sperm Plasma Membrane Receptors for Porcine Zona Pellucida [pp.73-74]
	Antibodies to Cerebroside Sulfate Inhibit the Effects of Morphine and β-Endorphin [pp.75-76]
	Polarization of Fucoid Eggs by a Calcium Ionophore Gradient [pp.77-78]
	Placental β-Endorphin-Like Peptides [pp.78-80]
	Antiallergic Drug Cromolyn May Inhibit Histamine Secretion by Regulating Phosphorylation of a Mast Cell Protein [pp.80-82]
	Intraclonal Variation in Proliferative Potential of Human Diploid Fibroblasts: Stochastic Mechanism for Cellular Aging [pp.82-84]
	Entry of Opioid Peptides into the Central Nervous System [pp.84-86]
	Gene Affecting Superoxide Dismutase Activity Linked to the Histocompatibility Complex in H-2 Congenic Mice [pp.86-87]
	Visual Cortical Neurons: Are Bars or Gratings the Optimal Stimuli? [pp.88-90]
	Nonvolatile Mutagens in Drinking Water: Production by Chlorination and Destruction by Sulfite [pp.90-92]

	Back Matter [pp.93-108]





