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ABSTRACT

Clay minerals, grain sizes, and flux rates of terrigenous sediments in the Lord Howe Rise area provide important in-
formation about the Neogene evolution of climate and physical processes in the southwest Pacific region. Temporal var-
iations in these data suggest that the Neogene history of desertification in Australia was controlled by both the north-
ward drift of the Indo-Australian Plate and the buildup of Antarctic ice sheets. Increased aridity, as defined by a dis-
tinct decrease in smectite/illite ratios and increased accumulation rates of terrigenous matter, occurred in northern
Australia about 13 m.y. ago, expanding to the south during the late Miocene. Periods of maximum aridity coincided
with major cooling events near 12, 9, 5, and 3 m.y. ago. Increased eolian sediment supply and intensified atmospheric
circulation are inferred from the grain size and flux rates of the terrigenous sediments at Site 591 during the last 4 m.y.,
that is, about 0.8 m.y. earlier than similar observations recorded in the Northern Hemisphere. An enhanced oceanic in-
termediate-water circulation is inferred from decreased accumulation rates and a coarsening of both the bulk-sediment
and the terrigenous-sediment fraction at Sites 588 and 590 during the last 3 m.y.

Volcanic activity increased in the southwest Pacific region during the Miocene (21 to 9 m.y. ago) and in the Quater-
nary (0.4 m.y. ago).

INTRODUCTION

During Leg 90 of the Deep Sea Drilling Project, Sites
588, 590, 591, and 592 were drilled along a latitudinal
transect on the Lord Howe Rise between 26 and 36°S
at water depths between about 1000 and 2100 m (Fig. 1,
Table 1). The sediments range in age from the middle
Eocene (Site 588) or early Miocene (Sites 590, 591) to
the Pleistocene and consist of foraminifer-bearing nan-
nofossil oozes and chalks to nannofossil oozes and chalks
(site chapters, this vol.). The use of the hydraulic piston
corer (HPC) and—in greater sub-bottom depths—the ex-
tended core barrel (XCB) facilitated a very good recov-
ery and high quality for all sediment sections and pro-
vided excellent material for studying the paleoclimatol-
ogy and paleoceanography of the southwest Pacific
region.

The purpose of this study is to reconstruct paleoenvi-
ronments from the investigation of the mineralogy, grain
size, and flux rate of the terrigenous (i.e., carbonate-
free, nonauthigenic, inorganic) sediment fraction (Fig. 2).
The main objectives were to understand (1) the evolu-
tion of the Australian climate, (2) changes in atmospheric
and oceanic circulation in the southwest Pacific region,
(3) phases of volcanic activities, and (4) the northward
drift of the Indo-Australian Plate as reflected in the ma-
rine terrigenous sediments at the Lord Howe Rise.

As shown by previous studies from other ocean re-
gions, investigations of the terrigenous sediment frac-
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Figure 1. Positions of the Leg 90 sites drilled on the Lord Howe Rise,
and the dominant atmospheric and oceanic surface circulation pat-
terns in the southwest Pacific (according to Knox, 1970; Ramage,
1970).

tion can provide a useful record of paleoclimate and pa-
leoceanography. Clay mineral analyses can provide in-
formation about the origin of detrital minerals and the
climate of the source area as well as volcanic and tecton-
ic activity (Biscaye, 1965; Griffin et al., 1968; Chamley,
1979; Chamley and Robert, 1979; Leinen and Heath,
1981; Lange, 1982; Robert, 1982; Sarnthein et al., 1982;
Maillot and Robert, 1984; Stein, 1984; Stein and Sarnt-
hein, 1984a). If the terrigenous sediment supply is main-
ly eolian in origin, wind intensity of past times can be

1437



R. STEIN, C. ROBERT

làble

Site

588
590
591
592

1. Site locations and water depths.

Latitude (S)

26°06.70'
31° 10.02'
31°35.O6'
36'28.4O'

Longitude (E)

161°13.60'
163°21.51'
164°26.92'
165°26.53'

Water
depth
(m)

1533
1299
2131
1098

deduced from the grain-size distribution of the terri-
genous matter (Parkin, 1974; Leinen and Heath, 1981;
Sarnthein et al., 1981; Rea and Janecek, 1982; Janecek
and Rea, 1983; Lever and McCave, 1983; Stein 1984,
1985a). The flux rates of dust may yield additional in-
formation on the aridity of the source area because ero-
sion initially increases as vegetation cover decreases (Par-
kin and Padgham, 1975; Leinen and Heath, 1981; Rea
and Janecek, 1982; Stein and Sarnthein, 1984a). In con-
trast, the dust flux from a mature sand and stone desert
is minor, although still significantly more than from a
humid vegetation area. Therefore, maximum dust-flux
rates are recorded in areas of semiarid climate such as in
the southern Sahara and the Sahelian zone (Carlson and
Prospero, 1977; Sarnthein et al., 1982).

THE MODERN REGIME OF SEDIMENT
DISTRIBUTION PATTERNS IN THE

SOUTHWEST PACIFIC

Origin and Significance of Clay Minerals

Smectite can be formed by the weathering of volcanic
products and by pedogenic processes in a humid to semi-

arid climatic regime characterized by areas with low
relief and poorly drained environments (Millot, 1964;
Chamley et al., 1984). Climatic conditions favorable for
the formation of smectite are found in the north and
northeast regions of Australia and in the semiarid belts
enclosing the central Australian deserts (Pedro, 1968) as
well as in southern Australia (Moriarty, 1977).

Regions with high relief and active tectonism as well
as areas with temperate to cold or hot, dry climatic con-
ditions, that is, areas with dominant physical weather-
ing, favor the formation of illite, chlorite, and irregular
mixed-layer clays (Chamley, 1979; Robert, 1982).

Kaolinite is preferentially formed under tropical con-
ditions where chemical weathering dominates, such as
in the lateritic zones in equatorial Africa (Millot, 1964;
Biscaye, 1965; Chester et al., 1971). Thus, kaolinite-rich
soils found today in arid to semiarid areas of central
Australia (Griffin et al., 1968; Moriarty, 1977) may have
been formed during earlier, more humid climatic periods.

Sources of Detrital Materials at the Lord Howe Rise

Several source areas of terrigenous matter and differ-
ent transport systems must be distinguished if the vari-
ations in the terrigenous sediments at the Lord Howe
Rise are to be used as a record of paleoclimate and pale-
oceanography (Fig. 1).

1. Eolian Sediment Supply

The importance of wind-borne material for the sedi-
ment budget of siliciclastic matter in the southwest Pa-
cific region has been recorded in several previous studies
(Marshall and Kidson, 1929; Kidson, 1930; Loewe, 1943;
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4. Volcanic activities

Figure 2. Flow chart of the methods used to determine grain size and composition of the carbonate-
free silt fraction, mass accumulation rates (MAR), and clay mineralogy.
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Healy, 1970; Glasby, 1971; Walker and Costin, 1971; Thie-
de, 1979).

The terrigenous sediment supply in the area investi-
gated is restricted mainly to eolian dust, because the Lord
Howe Rise lies more than 1000 km offshore and is sepa-
rated from the Australian continental margin by the Tas-
man Abyssal Plain. This prevents a supply of fluvial ter-
rigenous matter by turbidity currents. At present, the
eolian sediment flux is dominated by westerly winds bring-
ing dust from the Australian deserts and semideserts
(Fig. 1; Healy, 1970; Glasby, 1971; Sprigg, 1982). The
eolian origin of the sediments is also indicated by the
(eolian) quartz content in recent deep-sea sediments from
the Tasman Sea, which show a distinct decrease from
the Australian continent toward the east (Thiede, 1979).
Kaolinite and illite in the dust are probably derived from
the western and central deserts and semidesert regions
and the eastern highlands of Australia, where they are
dominant components of the fine-sediment fraction (Grif-
fin et al., 1968; Moriarty, 1977; Mienert, 1981). The clay
mineralogy of dust samples collected from snowfields in
southeastern Australia is also dominated by illite and
kaolinite (Walker and Costin, 1971).

In addition to the eolian sediment supplied by the
westerlies, dust may be supplied by two other wind sys-
tems. Surface winds may carry dust from New Zealand
during the southern summer, and tropical cyclones may
supply dust from the northern tropical regions (e.g., the
Melanesian islands) (Fig. 1; Ramage, 1970). Today, the
eolian sediment flux of these two transport systems is
negligible because the vegetation cover is thick in these
areas and volcanicity is absent. However, during phases
of volcanic activity in the tropical southwest Pacific re-
gions and in New Zealand and during phases of both
tectonic events and more arid climatic conditions in New
Zealand, the two wind systems may have become impor-
tant agents of eolian transport toward the Lord Howe
Rise (see Nelson et al., this vol.).

2. Advective Transport of Detritus by Currents

In addition to the eolian sediment supply by winds,
oceanic currents may also influence the terrigenous sedi-
ment balance at the Lord Howe Rise (Fig. 1). The East
Australian Current flows southward off the eastern coast
of Australia; it reaches maximum velocities of about
175 cm/s in the upper 100 m and decreases to 10-20 cm/s
in 1200-m water depth (Fig. 1; Hamon, 1970). This cur-
rent may supply clay-sized material from tropical regions
north of the Lord Howe Rise and from Australia. Ant-
arctic Intermediate Water enters the region from the east
between 10 and 30°S (Wyrtki, 1962) and may also influ-
ence the flux of siliciclastic matter. Or if the currents
reach a critical velocity, they may also winnow the fine
fraction; this may be indicated by reduced bulk accumu-
lation rates and a parallel coarsening of the grain sizes
of both the bulk sediment and the terrigenous sediment
fraction (Stein, 1984; Stein and Sarnthein, 1984b). At
present, the advective transport of detritus toward the
Lord Howe Rise seems to be of minor importance, as

can be inferred from the similarity of dust-flux rates and
terrigenous accumulation rates in the southwest Pacific
region (Windom, 1969; Glasby, 1971). Thus, the carbon-
ate- and biogenic-opal-free, nonauthigenic sediment frac-
tion on the Lord Howe Rise is probably mainly eolian in
origin.

METHODS

The methodology used for this study is outlined in Figure 2. Be-
cause the carbonate-free sediment fraction was very small, it was not
possible to determine all sediment parameters from the same sample.
Thus, one set of samples was used for carbonate measurements, grain-
size analyses, and component analyses of the carbonate-free silt frac-
tion, and another set of samples was used for clay mineral analyses.

Clay Mineral Analyses

The fraction less than 63 µm was decalcified in 0.2 hydrochloric
acid and the excess acid removed by repeated washing and centrifuga-
tion followed by homogenization. The fraction less than 2 µm was sep-
arated by decantation and was fixed as oriented aggregates on glass
slides. Three X-ray diffractograms were made using (1) an untreated
sample, (2) a glycolated sample, and (3) a sample heated for 2 hr. at
490°C. A C.G.R. Theta 60 diffractometer (copper Kα radiation fo-
cused by a quartz curved monochromator) was used at scanning speeds
of 1° 20/min. A receiving slit of 1.25 mm allowed a more precise reso-
lution of poorly crystallized minerals. Semiquantitative evaluations were
based on the peak heights and areas. The data presented in Figures 4
through 6 are given in percentages, with the relative error being ± 5 %
per total clay. The relative abundances of smectite versus illite (S/I in-
dex) and of kaolinite versus illite (K/I index) were obtained from the
ratios of the 001 smectite (18 Å), illite (10 Å), and kaolinite (7 Å)
peaks on the glycolated sample.

The morphology of the smectites was studied by transmission elec-
tron microscope (Chamley, 1980; Chamley et al., 1984; Holtzapffel et
al., 1984). The fraction less than 8 µm was separated by decantation
and the particles were scattered in a solution of tert-Butylamin. A
drop of the suspension was then deposited on a copper grid which had
been previously recovered by a membrane of Collodion. The analyses
were performed using a Philips EM 300 electron microscope.

Carbonate Content

Total carbonate-CO2 and carbonate-CO2 of the fraction less than
63 µm were determined from a subsample by infrared absorption of
CO2 after carbonates were dissolved in hot phosphoric acid. A factor
of 2.274 was used to convert CO2 values into CaCO3 values, taking
calcite as the predominant carbonate mineral. The analytical precision
of this method is about ± 2 % (Stein, 1984).

Composition and Grain Size of the Carbonate-Free Sediment
Fraction

The samples were washed through a 63-µm sieve. The fraction less
than 63 µm was treated successively with hydrogen peroxide and acetic
acid to remove organic matter and calcium carbonate. The carbonate-
free sediment fraction was separated into > 6 µm and < 6 µm subfrac-
tions by the Atterberg method (Mueller, 1967). The > 6 µm fraction
was analyzed for the percentage of biogenic opal and volcanic glass by
smear-slide counts under a microscope. The terrigenous sediment frac-
tion > 6 µm presented in Figure 9 was calculated by subtracting bio-
genic opal >6 µm from the carbonate-free sediment fraction > 6 µm.
The grain-size distribution of the 6 to 63 µm size-fraction was deter-
mined using a Coulter Counter, Model T (McCave and Jarvis, 1973;
Stein, 1985b).

Mass Accumulation Rates

Linear sedimentation rates (LSR) and mass accumulation rates
(MAR) can be used to describe the rate of deposition of sediment in
the ocean. The LSR, that is, the thickness of a sediment section per
time interval, does not take into account the compaction of the accu-
mulated sediment with increasing overburden and age. Thus, it is not
meaningful to compare LSR from different sub-bottom depths (van
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Andel et al., 1975). Using MAR, the compaction problem can be elim-
inated, and a comparison of sediment accumulation on both a tempo-
ral and areal basis is possible.

The MAR were calculated according to van Andel et al. (1975) and
Thiede et al. (1982) using mean porosity (Po) and wet-bulk density
(pwet) data of Morin (site chapters, this vol.) and the LSR (Fig. 3):

MAR (g cm"2 10"3 y-1) = LSR pdry

= LSR ( p w e t - 1 . 0 2 6 - ^ ) ,

whereby LSR = sedimentation rate (cm 10~3 y~1), pdry = dry-bulk
density (g cm"3), and 1.026 = density of interstitial water (g cm"3).
The LSR (Fig. 3) were based on the nannofossil biostratigraphy of
Lohman (this vol.) and Martini (this vol.). The MAR of the carbon-
ate-free sediment fraction can then be calculated by multiplying the
MAR by the wt.% total carbonate-free (i.e., mainly terrigenous) sedi-
ment fraction:

MART = MAR terrigenous sediment
100

That is, we interpret the MAR of the carbonate-free sediment as the
MAR of the terrigenous matter (MART), an assumption which seems
to be permissible because (1) the carbonate-free sediment fraction con-
tains almost no authigenic clay minerals (zeolites are absent or occur
only in trace amounts; Figs. 4 to 6) and (2) biogenic opal is generally
absent or occurs only in minor quantities (Figs. 4 to 6). An exception
may be the late Miocene time interval at Site 591 (i.e., 350 to 200 m
sub-bottom; Fig. 6) where higher abundances of biogenic opal were re-
corded. This would imply that the already low MART of this time in-
terval (see Fig. 11, later) would become even lower.

RESULTS3

Coarse Fraction Abundance

The contents of the fraction greater than 63 µm, mainly
planktonic foraminifers, vary between 5 and 50% at all
three sites (Figs. 4, 5, 6, and 7). Values of less than 10%
are observed in the late Oligocene (Site 588) and in the
late Miocene to Pliocene, between 8 and 3.5 m.y. ago
(Sites 588, 590, and 591). Moderate percentages of coarse
fraction (10 to 20%) occur between 20 and 8 m.y. ago
(Site 588). It was not meaningful to determine the > 63-
µm percentages by wet sieving for samples from Sites
590 and 591 from core depths greater than 280 m (8 m.y.)
and 340 m (10 m.y.), respectively, because of diagenetic
formation of aggregates (Fig. 7). These levels coincide
with the transition from ooze to chalk (site chapters,
this vol.). A more or less distinct increase in the coarse
fraction has occurred in all Leg 90 sites at the Lord
Howe Rise during the last 3 m.y. This increase is more
distinct at the shallower Sites 588, 590, and 592 than at
the deeper Site 591 (Fig. 7).

The data for Site 592 are presented and discussed in detail in the context of the results
for Sites 593 and 594, because the sediment records of these three sites are controlled mainly
by the tectonic evolution of the New Zealand islands (Robert et al., this vol.). However, the
paleoenvironmental history of the area near Site 592 was influenced by eolian and oceano-
graphic processes characteristic of the evolution at the central Lord Howe Rise region that is
discussed in this paper. Thus, some overlapping in the discussion of results from Site 592 is
inevitable.

Age (m.y)

100-

-3 200

300-

400-•

500 4-

Figure 3. Linear sedimentation rates of bulk sediments at Sites 588, 590, 591, and 592 according to the nannofossil biostratigraphy
(Lohman, this vol., and Martini, this vol.).
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Figure 4. Site 588 results. Carbonate concentration values of bulk sediment samples are shipboard data (determined by carbonate bomb; see site chapter, this vol.), supplemented by the author's
data of 138 CaCO3 measurements. Contents of biogenic opal and terrigenous matter are percentages of the carbonate-free sediment fraction <63 µm. Solid triangles indicate samples with
amounts of volcanic glass. Letters A, B, C before core number indicate Holes 588A, B, C, respectively.
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Figure 7. Percentages of sediment coarse fraction >63 µm. " C " indicates intervals with a distinct coarsening
of the bulk sediment fractions, interpreted as winnowing of the fine fraction by increased ("c") or strong-
ly increased ("C") currents (cf. Fig. 9).

Calcium Carbonate Content

In general, all Leg 90 Sites at the Lord Howe Rise are
characterized by high carbonate contents. The Neogene
sediment sequences usually consist of more than about
90% calcium carbonate (Figs. 4, 5, and 6). Only in the
late Oligocene to early Miocene of Site 588 are lower
values of 75 to 90% CaCO3 observed (Fig. 4; for de-
tailed investigations of short-term and long-term cyclic
variations of CaCO3, see Gardner, this vol.).

Clay Minerals

Smectites (40 to 100%) are the dominant clay miner-
als at Sites 588, 590, and 591 (Figs. 4, 5, and 6). Fleecy
particles, generally pedogenic, are often abundant in re-
cent sediments and become sparse in older sediments.
Fine laths, transparent and brittle, sometimes associ-
ated in geometrical figures, are rarely present in Quater-
nary sediments but are very abundant in Miocene and
Paleogene sediments (Plate 1). As in the New Zealand
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section of the Tasman Sea, fleecy particles and very fine
laths correspond to different morphological types of smec-
tites. These laths were formed during in situ recrystalli-
zation of smectites within the interstitial sedimentary en-
vironment, without significant chemical or mineralogi-
cal change (Holtzapffel et al., in press). On the Lord
Howe Rise, as around New Zealand, recrystallization pro-
cesses occur in sediments which are characterized by high
sedimentation rates and where the terrigenous compo-
nents are highly diluted by the biogenic elements (Rob-
ert et al., this vol.). There is no apparent modification in
the recrystallization of the smectites at Sites 590 and 591
during the early Miocene, when recrystallization of the
carbonates began. Nor is there any change in the S/I in-
dex that can be related to the beginning and the develop-
ment of the recrystallization of the smectites. This phe-
nomenon does not influence the paleoenvironmental
significance of the clay minerals. Thick-lathed particles,
as well as globular packs of fine laths (Plate 1) are also
present. These morphological types of particles become
more abundant in levels where volcanic glass is present
and in the vicinity of greenish gray laminae of devitri-
fied volcanic ash (site chapters, this vol.) and probably
correspond to smectites formed during alteration pro-
cesses of volcanic products. The scarcity of these parti-
cles means that this mechanism is not a major contribu-
tor to smectite genesis in the sediments from the Lord
Howe Rise.

Smectites are accompanied by kaolinite (0-35%), il-
lite (0-25%), irregular mixed-layer clays (0-10%), and
chlorite (0-5%). During the Neogene, illite, irregular
mixed-layer clays, and kaolinite increase gradually, where-
as the abundance of smectite decreases (Fig. 4, 5, and
6). Electron micrographs show the presence of very long
and flexuous elements. Rarely present, these fibers are
sometimes associated in clusters (Plate 1). They are very
similar to palygorskite or sepiolite particles but are not
abundant enough to be determined by X-ray diffraction.

The clay mineral assemblages suggest that the sedi-
ments of Sites 588, 590, and 591 can be separated into
the following major intervals:

1. Middle Eocene and late Oligocene

During the middle Eocene, smectite is the only clay
mineral found in the sediments of Site 588. Illite (5%)
and kaolinite (10%) are first recorded in the late Oligo-
cene (Fig. 4).

2. Early Miocene to early Pliocene

Illite and kaolinite both show a further increase from
5% in the early Miocene to 30% in the early Pliocene
(Figs. 4, 5, and 6). Mixed-layer minerals occur in trace
amounts up to about 10%. This time interval is char-
acterized by distinct changes in the relative abundances
of clay minerals (S/I, K/I ratios; Figs. 4, 5, 6, and 8).
These changes are not synchronous at all sites. A de-
crease in the S/I ratio near the early/middle Miocene
boundary (15 m.y.) is paralleled by K/I minima at Sites
588 and 590. A drastic change in the S/I ratios from val-
ues between 19 and 16 to values of about 4 occurs in
sediments deposited during the middle Miocene at Site

588 and during the late Miocene at Sites 590 and 591
(Figs. 4-6). These major changes coincide with lesser
decreases in the K/I ratios (Figs. 4, 5, 6, and 8). At site
591, the early Miocene decrease in S/I is followed by an
increase of the S/I ratio to about 14 in the latest Mio-
cene, followed by a decrease to 2 during the early Plio-
cene (Figs. 6 and 8). More or less distinct maxima in the
K/I ratios are observed in all three sites near 5.5 and
3.5 m.y. (Figs. 4-6).

3. Pliocene to Quaternary

The youngest sediment sections at all three sites are
characterized by clay mineral assemblages of smectite
(40-50%), kaolinite (20-35%), and illite (about 20%)
(Figs. 4-6). The S/I ratios show relatively constant, low
mean values of 1.5 to 2 (Fig. 8). The change to these
low S/I ratios is asynchronous, like the middle Miocene
change, and occurs at Site 588 near 5.5, at Site 590 near
4, and at Site 591 near 3 m.y ago (Fig. 8).

Composition, Grain Sizes, and Flux Rates of the
Carbonate-free Sediment Fraction

The main proportion of the carbonate-free silt frac-
tion is siliciclastic. Biogenic opal is also abundant in sev-
eral core intervals (Figs. 5 and 6).

The content of biogenic opal in the 6- to 63-µm frac-
tion is negligible in the carbonate-free sediment fractions
of Site 588 (Fig. 4). Significant concentrations of bio-
genic opal are observed at Sites 590 and 591 during the
time interval between 14 and 3.6 m.y. These concentra-
tions are clearly greater in the sediments deposited at
2130 m water depth than in those deposited at 1300 m
(Figs. 5 and 6).

Yellowish volcanic glass shards are observed in the Neo-
gene sections prior to 9 m.y. and are more common in
the northern than in the southern Lord Howe Rise re-
gion (Fig. 9; Robert et al., this vol.). A further distinct
volcanic event is indicated by a high content of light vol-
canic glass near 0.4 m.y. ago (Fig. 9). However, both the
amount and the grain size of the Quaternary volcanic
glass particles decrease toward the north, unlike the ear-
ly and middle Miocene glass shards.

The grain size of the terrigenous silt fraction has re-
mained almost unchanged in all sites of the Lord Howe
Rise during the last 15 m.y. (compare histograms in
Fig. 10). In general, the grain-size modes lie near 18 µm.
The similarity of the modes may suggest the same prov-
enance region for the terrigenous silt-sized matter (see
Dauphin, 1980; Sarnthein et al., 1982), that is probably
the Australian continent by analogy to the recent and
subrecent supply regime (Healy, 1970; Glasby, 1971; Thie-
de, 1979). The grain size of volcanic glass shards ob-
served in middle Miocene and Quaternary time intervals
is significantly coarser than the grain size of the terrige-
nous matter supplied from the Australian continent: the
modes lie near 40 µm (Fig. 10). The amount of terrige-
nous medium- and coarse-sized silt (i.e., >6 µm) varies
between 2 and 10% at all three sites prior to 4 m.y. Be-
tween 3 and 4 m.y, the >6 µm fraction at Sites 588 and
590 increases to more than 10%, reaching maximum val-
ues of 30% at Site 590 near 2 m.y. (Fig. 9; Robert et al.,
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Figure 8. Smectite/illite (S/I) ratios of clay mineral assemblages at the Lord Howe Rise. Black arrows
mark the boundary between dominantly high and extremely low S/I ratios. The latter are interpreted
as representative of dominantly arid climate ("A"). Furthermore, those arrows should indicate the
southward expansion of Australian deserts during middle and late Miocene time (cf. Fig. 12).

this vol.). At Site 591, the >6 µm values are signifi-
cantly lower. The maximum values near 0.4 m.y. ago at
all three sites mark a coarse-sized ash layer (Fig. 9).

Changes in the mass accumulation rates of the car-
bonate-free sediment fraction mainly reflect variations
in the terrigenous sediment supply. Maximum MART
are recorded in the latest Oligocene (up to 1.5 g cm"2

so abrupt that it is possibly an artefact of the time scale
applied. The earliest Miocene is characterized by very
low MART (0.05-0.08 g cm"2 10"3 y~1), followed by
a slight increase to about 0.2 g cm"2 10~3 y~1 near
20 m.y. ago (Site 588, Fig. 11). A distinct maximum of
MART of up to 0.5 g cm-2 10"3 y~1 at Site 588, 0.25
g cm"2 10"3 y~1 at Site 590, and 0.7 g cm"2 10 - 3

10"3 y~1). A drastic decrease of the MART occurs at y~1 at Site 591 occurs at 14-13 m.y. (Fig. 11). Values be-
Site 588 near the Oligocene/Miocene boundary (Fig. 11).
This decrease resulted from a change in the LSR (Fig. 3)

tween 0.2 and 0.4 g cm"2 10~3 y~1 dominate at Sites
590 and 591 between 11 and 4 m.y. ago (Fig. 11). At Site
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Figure 9. Terrigenous sediment fraction > 6 µm (i.e., carbonate-free sediment fraction > 6 µm minus bio-
genic opal > 6 µm) in percentages of the carbonate-free sediment fraction <63 µm. Triangles indicate
samples with amounts of volcanic glass. Black dots mark a distinct Quaternary ash layer observed in
all three sites. The increased > 6 µm values during the last 3 m.y. are probably caused by intensified
oceanic currents ("C"), resulting in winnowing of the fine fraction (cf. Fig. 7).

588 the MART gradually decreases between 13 and 9.5
m.y., and values of less than 0.1 g cm"2 10~3 y~1 oc-
cur between 9.5 and 6.5 m.y. ago. Further distinct maxi-
ma of MART are observed at Site 588 near 6 and 4 m.y.
ago. The latter maximum is also recorded at Sites 590
and 591 (Fig. 11, more than 1 g cm"2 10"3 y~1). The
last 3 m.y. are characterized by reduced MART at the
shallower Sites 588, 590, and 592, whereas the MART at
the deeper Site 591 continue to be relatively high (but
lower than those at 4 m.y.) (Fig. 11). In the uppermost
sediment sequences of all four sites (last 500,000 yr.) the
MART values are low, varying from 0.04 to 0.2 g cm"2

10~3 y~!, which is similar to the modern rates of eolian-
dust accumulation in the southwest Pacific (0.08 g
cm"2 10~3 y~1; according to Windom [1969], using the
porosity and wet-bulk density data of the near-surface

samples of the Lord Howe Rise sites). This suggests that
most of the terrigenous sediments at the Lord Howe
Rise have been supplied by winds.

NEOGENE EVOLUTION OF
PALEOENVIRONMENTS AT THE CENTRAL

LORD HOWE RISE

Table 2 summarizes the Neogene evolution of climate
and oceanic circulation in the southwest Pacific region
that can be deduced from the terrigenous-sediment frac-
tion at the Lord Howe Rise.

Oligocene

During the latest Oligocene, the dominance of pedo-
genic smectite in the northern Lord Howe Rise area sug-
gests predominantly warm climatic conditions with al-
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Lord Howe Rise

31 °S

Quaternary
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Figure 10. Typical grain-size distributions of the carbonate-free silt fractions from the Lord Howe Rise
Sites for different time intervals, figured as histograms. Site 588 histograms defined by open circles
(middle Miocene and Quaternary) show grain-size distributions of samples rich in volcanic glass.

ternating periods of humidity and aridity in a source
area characterized by low relief (i.e., Australia). This cli-
matic pattern is similar to that found at present in south-
ern Morocco (Paquet, 1969) and the Chad Basin (Gac,
1979). The gradual increase of the K/I ratio during the
Oligocene at Site 588 (Fig. 4) may have been caused by
the gradual northward drift of the Indo-Australian Plate
toward lower latitudes, resulting in an increased admix-

ture of kaolinite from tropical areas by southward-flow-
ing oceanic currents or by tropical cyclones. High mass
accumulation rates of terrigenous, mainly clay-sized mat-
ter at Site 588 (Fig. 11), if not an artefact of the time
scale applied (see above), are possibly also related to
stronger southward-flowing surface currents in the Tas-
man Sea during the Oligocene (Kennett, 1978b). The lower
percentages of CaCO3 during the late Oligocene (Fig. 4)
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Accumulation rates of carbonate-free sediment (g cm~210~3y~1)

Site 590

0 X 0.5 1.0
»I i i i

Site 591

0.5 1.0 1.5

<L

Age

σ

25 -

Figure 11. Mass accumulation rates of the carbonate-free (mainly terrigenous) sediment fraction (MART) at the Lord
Howe Rise during Neogene times. Black arrows mark the maximum value of recent accumulation rates of terrige-
nous matter recorded in the Pacific (0.01 to 0.2 g cm~ 2 10~3 y~1; Folger, 1978). Open arrows indicate (1) the first
occurrence of distinct maximum values of MART in the middle Miocene, (2) distinct late Miocene maximum of
MART at Site 588, and (3) extreme maxima of MART in the early Pliocene. The change of the MART at Site 588
near the Oligocene/Miocene boundary is so abrupt that it is possibly an artefact of the time scale applied(?).

may be the result of dilution by this increased terrige-
nous supply. The reduction in mass accumulation rates
at the Oligocene/Miocene boundary (Fig. 11) coincided
with a change of circulation regime in the Tasman Sea.
The southward-flowing currents dominating during the
Oligocene decreased in intensity. The intensity of the
northward-flowing bottom waters through the Tasman
Sea also decreased as the western boundary current be-
came strongly established east of New Zealand (Kennett,
1977, 1978b; cf. Robert et al., this vol.).

Early and Middle Miocene

An increase in explosive volcanism in the early and
middle Miocene is suggested by the abundance of vol-

canic glass in sediments on the Lord Howe Rise (Fig. 9).
At the same time, higher abundances of greenish gray
laminae, defined as volcanic ash or diagenetically altered
volcanic ash (Gardner et al., this vol.), as well as of vol-
canogenic smectite are observed. Volcanic glass occurs
more frequently in samples at the northern sites than at
the southern sites. This fact, along with the coarseness
of the volcanic glass shards, suggest a high-energy trans-
port system from north to south like, for example, the
tropical cyclones which today reach wind speeds exceed-
ing Beaufort force 9, that is, 20 to 24 m/s (Ramage,
1970). The suggestion that volcanic ash may have been
supplied by tropical cyclones from the north is further
supported by the fact that the volcanic glass in the Lord
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Table 2. Major changes in paleoenvironment and climatic events and their signals in the sediments at the Lord Howe Rise.
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Signals in the sediment

Abundant light volcanic glass
^ (decrease of both thick-
^ ness of ash layer and

grain size from Site 591
to Site 588)

Decrease of S/I ratios to
Φ Quaternary values;

coarsening of grain sizes
* of terrigenous and

4
4
4

carbonate sediment
fractions

Minimum values of S/I
ratios and K/I ratios;
increased MART

Distinct S/I minimum at Site
j, 591

4fl

Distinct increase of MART}
decrease of S/I and K/I

4 ratios at Site 588

*- Coarse yellowish volcanic
glass (more frequent at
Sites 588 and 590 than at
Sites 591 and 592)

^ Distinct increase of K/I
ratios at Site 588

Interpretations

Intensive volcanism in
southern regions

Dominantly arid
climate in much
of Australia;
increased oceanic
intermediate-
water circulation

Expansion of deserts
and semideserts
in Australia

Increased supply of
illite (probably
from New Zea-
land)

Expansion of deserts
and semideserts
in northern
Australia

Volcanic activity in
tropical regions
of the southwest
Pacific (and New
Zealand)

Increased supply of
kaolinite from
tropical regions

Major events

Quaternary volcanism on
North Island of New
Zealand (Nelson and
Hume, 1977)

Development of major
Arctic ice sheets
(Shackleton and
Kennett, 1975; Shack-
leton and Opdyke,
1977)

Expansion of Antarctic ice
' sheets (Shackleton and

Kennett, 1977; Mercer
and Sutter, 1982);
increased aridity in
South Australia
(Kemp, 1978)

Major cooling in high
northern latitudes
(Denton and Arm-
strong, 1969; Mudie
and Helgason, 1983).
Buildup of AA ice
sheets essentially
complete (Shackleton
and Kennett, 1975)

Development of major
Antarctic ice sheets
(Shackleton and
Kennett, 1975; Wood-
ruff etal., 1981);
desertification in
northern parts of
Australia (Kemp,
1978)

Tectonism and volcanism
,in the Melanesian and
New Hebrides regions
(Crook and Belbin,
1978); volcanism in
North Island of New
Zealand (Crook and
Feary, 1982)

Plate tectonic drift
and related events

it
I

T Northward drift of the
' Indo-Australian

Plate into drier
climatic belts

A I

I| Southward expansion
of Australian
deserts and

i semideserts
f through time

1

Note: MART = mass accumulation rates of terrigenous matter; x = interval characterized by the occurrence of yellowish volcanic glass.

Howe Rise sediments occurred contemporaneously with
tectonic and volcanic activities in the Melanesian and
New Hebrides islands (Crook and Belbin, 1978; cf. Nel-
son et al., this vol.). New Zealand may also have been a
source area of volcanic ash, because volcanic activity
was prevalent on the North Island of New Zealand dur-
ing those times (Crook and Feary, 1982). However, this
explanation is less probable for the northern Sites on the
Lord Howe Rise, because the transport energy of the
surface winds needed to carry dust from New Zealand
(Fig. 1) would be unrealistically high for the long-dis-
tance transport of coarse-silt-sized grains to Site 588 (the
downwind distance from New Zealand to Site 588 ex-
ceeds 2500 km).

The distinct increase of illite at Site 588 during the
middle Miocene near 12.5 m.y. (Fig. 8) suggests increased
desertification in the source area, the northern to cen-
tral parts of Australia (Figs. 8 and 12). Southern Austra-
lia may still have been dominated by alternating humid
and semiarid climatic conditions, however, as is indi-
cated by the continuously high amounts of pedogenic
smectite at the more southern Site 590 (Figs. 8, 12).
Increased desertification in northern and northwestern
areas of Australia at this time was also inferred from
palynological data (Kemp, 1978) and from investigations
of ancient drainage systems (van de Graaff et al., 1977).
The expansion of aridity in northern Australia may have
been caused by both the northward drift of the Indo-
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Figure 12. Interpretation of clay mineral data of Miocene sediments from the Lord Howe Rise.
Paleogeography from Kemp (1978), according to Hayes and Ringis (1973) and Weissel and
Hayes (1972). For atmospheric and oceanic circulation see Figure 1. Dashed line approxi-
mates the 3000 m isobath (Kemp, 1978).

Australian Plate into a drier climatic belt and the devel-
opment of major Antarctic ice sheets during that time
(Shackleton and Kennett, 1975; Kennett, 1977; Savin et
al., 1981; Woodruff et al., 1981). The transition from a
dominantly humid climate to a more semiarid and arid
climate resulted in a reduced vegetation cover and in-
creased availability of eolian sediments in the source
area. This transition is indicated by increased flux rates
of terrigenous matter at the Lord Howe Rise near 14 to
13 m.y., that is about 1 m.y. before maximum aridity
developed in northern and central Australia (Fig. 11).
Concomitant with the buildup of the Antarctic ice sheets,
upwelling at the Subtropical Divergence Zone (Burkov,
1966; Knox, 1970) may have intensified, increasing the
fertility of surface waters and generating greater produc-
tivity, which is reflected in increased deposition of bio-
genic opal at Sites 590 and 591 between 14 and 3.6 m.y.
ago (Figs. 5 and 6).

The distinct S/I minimum at Site 591 near 9 m.y. was
not recorded at nearby Site 590 (Fig. 8). The change in
the clay mineral assemblage at Site 591 may have been
caused by an increased admixture of illite from eastern

or southeastern regions by oceanic currents in water depths
below 1300 m. Because Site 591 is not located in the
same water mass as the shallower Sites 588 and 590, it
may be influenced more by Antarctic or New Zealand
sources than the other two sites. This paleoenvironmen-
tal change coincided with a phase of major cooling in
northern high latitudes (Denton and Armstrong, 1969;
Mudie and Helgason, 1983). The buildup of the middle
to late Miocene Antarctic ice cap was essentially com-
plete near 9 m.y. (Shackleton and Kennett, 1975; Ken-
nett, 1978a).

Late Miocene to Early Pliocene

The sharp decrease of the S/I index at Site 590 dur-
ing the late Miocene can be interpreted as an increased
input of illite, eroded from central Australia as the des-
ert areas expanded southward (Figs. 8, 12). Extremely
low S/I ratios, similar to those of Pleistocene time, oc-
curred at all three sites during the latest Miocene (Site
588) to early Pliocene (Sites 590 and 591) (Fig. 8). They
suggest a major expansion of the Australian deserts and
semideserts, a view which is also supported by land data.
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From palynological data, Kemp (1978) has deduced a
general increase of aridity in central Australia as well as
in the Murray and Gippsland basins. In addition, Lock-
er and Martini (this vol.) recorded an increase in the
supply of opal phytoliths to the Lord Howe Rise, inter-
preted as indicating expanded aridity in Australia. This
change in paleoenvironment was probably related to the
maximum buildup of Antarctic ice masses during latest
Miocene-earliest Pliocene times (Kennett et al., 1975,
Shackleton and Kennett, 1975; Mercer and Sutter, 1982).
Maximum accumulation rates of terrigenous matter are
observed at all sites at the Lord Howe Rise near 4 m.y.
ago (Fig. 11), just after the phase of maximum Antarc-
tic glaciation and aridity in Australia, but contempora-
neously with a major cooling trend in the southwest At-
lantic sector of the Southern Ocean (Ciesielski and Wise,
1977). This increase of eolian sediment supply from Aus-
tralian deserts toward the Lord Howe Rise (i.e., South-
ern Hemisphere) occurs about 0.8 m.y. earlier than a
similar increase of eolian sediment supply from the Sa-
haran desert toward the northeast Atlantic (i.e., North-
ern Hemisphere; Stein, 1985a).

Pliocene to Quaternary

A major change in paleoceanography in the south-
west Pacific near 3 m.y. coincided with the development
of major ice sheets in the Northern Hemisphere (Shack-
leton and Kennett, 1975; Shackleton and Opdyke, 1977;
Keigwin, 1979, 1982; Shackleton et al., 1984) and conti-
nental evidence of glaciation in southern South America
(Mercer, 1976). The extremely low accumulation rates
(Fig. 11) and the concomitant coarsening of both bulk
sediment (Fig. 7) and the terrigenous sediment fractions
in water depths between 1100 m and 1530 m (Fig. 9)
suggest winnowing by intensified currents at these water
depths during the last 3 m.y. This may indicate an inten-
sified advection of water masses in intermediate water
depths (probably the East Australian Current and/or Ant-
arctic Intermediate Water). Thus, the grain size of the
terrigenous sediments at Sites 588 and 590 allows no in-
terpretation in terms of intensity of atmospheric circula-
tion during that time. At Site 591, however, in water
depths below the influence of the East Australian Cur-
rent, the intermediate-water circulation was less enhanced
(Figs. 7 and 9). At this site, the accumulation rates of
terrigenous matter remained high through the Pliocene
and Pleistocene (Fig. 11) and could be interpreted as
continuously high eolian dust input to the central Lord
Howe Rise and/or a supply of clay-sized material by
deeper-water currents.

The low S/I ratios at all Leg 90 sites from the Lord
Howe Rise during the last 3 m.y. may imply dominantly
arid climatic conditions in large parts of Australia dur-
ing late Pliocene and Quaternary times. The relatively
high amounts of the terrigenous coarser-silt fraction at
Site 591 (Fig. 9) may suggest enhanced atmospheric cir-
culation during the last 4 m.y. It is interesting that in-
creased atmospheric circulation and mass flux of dust
were recorded in Northern Hemisphere eolian sediments
from the North Pacific and northeast Atlantic about 0.8
m.y. later (Leinen and Heath, 1981; Rea and Harrsch,

1981; Rea and Janecek, 1982; Janecek and Rea, 1983;
Stein, 1984, 1985a; Stein and Sarnthein, 1984a).

A conspicuous volcanic event was recorded at the Lord
Howe Rise during Quaternary times. Distinct amounts
of light volcanic glass occurred in the sediments of Sites
588, 590, and 591 near 0.4 m.y.; thickness of ash layers
(site chapters, this vol.) and grain size of volcanic glass
particles both decrease from south to north (Fig. 9). This
pattern suggests that the volcanism was centered in south-
ern regions. One possible source area is the North Is-
land of New Zealand, where Nelson and Hume (1977)
have reported Quaternary volcanism connected with the
formation of the Taupo Graben and the Havre Trough.

CONCLUSIONS
1. Two processes were of major importance for the

Neogene evolution of climate and oceanic circulation in
the southwest Pacific: (1) the continued northward drift
of the Indo-Australian Plate and (2) the development of
the Antarctic ice sheets.

2. Desertification in Australia started in the northern
parts of the continent near 14 m.y. and expanded south-
ward during the late Miocene. Maximum phases of arid-
ity coincided with major cooling events near 12, 9, 5,
and 3 m.y., as indicated by distinct minima of the S/I
ratios. Accumulation rates of terrigenous sediments at
the Lord Howe Rise increase during the transition from
a dominantly humid to a more arid climate during the
last 4 m.y., and during the last 3 m.y. the climate of
most of Australia has been dominated by aridity.

3. Upwelling at the Subtropical Convergence Zone
may have been intensified between 14 and 3.6 m.y., re-
sulting in increased productivity, as indicated by signifi-
cant amounts of biogenic opal at Sites 590 and 591.

4. Enhanced oceanic intermediate-water circulation
during the last 3 m.y. is inferred from decreased accu-
mulation rates and a coarsening of both bulk and terrig-
enous sediment fractions at Sites 588 and 590.

5. Periods of explosive volcanicity in the Southwest
Pacific occurred between 21 and 9 m.y. and near 0.4 m.y.,
as is suggested by increased input of volcanic glass to
the Lord Howe Rise sediments.
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SILICICLASTIC SEDIMENTS AT SITES 588, 590, AND 591

Plate 1. (Scale bar = 1 µm.) 1. Sample 588-16-5, 80 cm (× 25000); late Miocene; very fine laths, dispersed in the background or associated in
geometrical figures in this clay fraction, containing 50% smectites associated with 25% illite and 25% kaolinite. 2. Sample 588-16-5, 80 cm
(× 32000); late Miocene; thick-lathed particle. 3. Sample 590A-14-2, 50 cm (× 32000); early Pliocene; globular packs of fine laths in this sam-
ple, containing 65% smectites, 10% illite, 5% irregular mixed-layer clays and 20% kaolinite. 4. Sample 591-16-5, 50 cm (× 12500); early Plio-
cene; cluster of fibers resembling palygorskite/sepiolite.
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