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ABSTRACT

We provide a record of variations in southwest Pacific Ocean intermediate water flow
that shows a strong correlation between periods of vigorous flow and warm climate phases.
Ocean Drilling Program Site 1119, located at 395 m water depth on the upper continental
dlope east of New Zealand, penetrated 514 m of silts and silty clays (glacial deposits)
punctuated by muds and episodic 0.02-1.2-m-thick terrigenous sands (interglacial depos-
its). The natural gamma-ray record reflects the waxing and waning of the South Island
ice cap since 3.91 Ma. Below 86.19 m composite depth, the succession comprises drift
sediments deposited from north-flowing intermediate Subantarctic Mode Water (SAMW,
~250-800 m depth) and Antarctic Intermediate Water (~800-1100 m depth). A change
from the deposition of large, low-energy drifts on the middle slope to smaller, higher-
energy drifts on the upper slope coincided with global climatic deterioration that occurred
after ca. 3.25 Ma. This change marks an upward expansion of intermediate cold waters,
perhaps caused by the inception of the Subantarctic Front and the consequent commence-
ment of Southland Current—driven SAMW flow.
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INTRODUCTION

Ocean Drilling Program Site 1119 was lo-
cated to provide information about Southern
Hemisphere midlatitude climate change (his-
tory of the Southern Alps ice cap; Carter and
Gammon, 2004), oceanic Subtropical Front
(STF) and Subtropical Water—Subantarctic
Water (SAW) mass migrations (Carter et d.,
2004b), and the relationships between
sediment-drift deposition, climate cycling, and
intermediate-depth water flows. These three
latter relationships are the subject of this
paper.

Site 1119 is located 100 km offshore from
eastern South Island, New Zealand, in a water
depth of 395 m, just oceanward of the shelf
edge (~150 m depth) and on the SAW side
of the STF (Fig. 1, inset). Sediment is shed
eastward from the Southern Alps (Mount
Cook, 3754 m), which are along the Alpine
fault plate boundary between the Pacific and
Australian plates, into about eight major river
systems, three of which coalesce to form the
250-km-long braidplain of the Canterbury
Plains and deliver ~15 Mt of sediment an-
nually to the east coast shoreline (Griffiths and
Glashy, 1985; Hicks and Shankar, 2003). Dur-
ing recent sea-level lowstands, the Canterbury
Plains extended as much as 150 km from the
mountain front toward Site 1119, which was

*E-mail: bob.carter@jcu.edu.au.

then located within ~30 km of the glacial
shoreline and subject to the direct influence of
glacial-riverine sediment plumes.

Seaward of the STF SAW circulates north
and clockwise in a cold-water gyre within the
head of the Bounty Trough. Beneath this
surface-water mass, cold, intermediate-depth
waters also travel northward along the eastern
New Zealand margin (Morris et al., 2001).
Subantarctic Mode Water (SAMW), formed
by seasona convection at the Subantarctic
Front (SAF) (McCartney, 1982), is present at
depths of ~250-800 m, entrained within the
Southland Current (Sutton, 2003), and Antarc-
tic Intermediate Water (AAIW), derived by
subduction at the Antarctic Front, is between
~800 and 1100 m (Lynch-Stieglitz et al.,
1994).

STRATIGRAPHIC SETTING

The South Island shelf is underlain by
eastward-prograding clinoforms of the lower
Miocene to Holocene Otakou Group (Carter
and Carter, 1982) (Fig. 1). Sediment has been
shed from the mountainous western South Is-
land since the inception of the Pacific-Australia
plate boundary there in the latest Oligocene to
early Miocene (Wellman, 1971; Norris and
Carter, 1982; Carter et a., 2004a). The inner
edge of the shelf-sediment prism is exposed
on land, where mildly uplifted Bluecliffs
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Formation—the onshore equivalent of the Site
1119 sediments—comprises gray terrigenous
siltstone with archibenthal molluscan and mi-
crofossil faunas (Morgans et a., 1999). This
siltstone shoals upward gradationally into
shallow-marine sands with shoreface mollus-
can faunas (Southburn Sand; Gair, 1959) and
thereafter into nonmarine coastal-plain sedi-
ment (Carter, 1988) and piedmont gravel
(Browne and Naish, 2003). A similar stratig-
raphy, without the coastal-plain sediment cap,
is present in all offshore petroleum explo-
ration holes through the shelf prism (e.g.,
Clipper-1; British Petroleum et al., 1984).
The eastern South Island shelf varies in width
from 37 to 122 km, implying average progra-
dation rates of 1.5-1.9 km/m.y. since the shelf
started building eastward in the late Oligo-
cene. Typical linear sedimentation rates for the
Bluecliffs Formation are 5 cm/k.y. at the type
locality (Morgans et a., 1999) and as high as
15 cm/k.y. at offshore exploration wells (Cart-
er, 1988).

Clinoform shelf-slope geometry and asso-
ciated continental-slope mud successions are
generadly interpreted as evidence for the by-
passing of sediment across the shelf into
deeper-water, lower energy depositiona loca-
tions by ““mud hopping” or ‘‘turbid-layer by-
pass’ (Cotton, 1918; Stanley, 1985). Howev-
er, this process alone cannot explain the
well-developed sediment drifts that occur on
many seismic profiles through the Canterbury
prograding shelf-slope complex (Fulthorpe
and Carter, 1991; Lu et al., 2003; Lu and Ful-
thorpe, 2004). The largest drifts are as large
as 55 km long, 20 km wide, and 1 km thick.
Smaller drifts, termed “‘sediment waves’ by
Lu and Fulthorpe (2004), are mostly no bigger
than 10 km long, 3 km wide, and 0.1 km
thick. Long axes of drifts are aligned as much
as 15° more westward than the northeastward
strike of the local dope. Individua drifts mi-
grated westward (upslope) under the influence
of the Corialis effect, and the locus of drift
deposition migrated northward consistent with
the direction of intermediate-depth water
movement. At any time, the active drifts were
concentrated along the midslope, seaward of
the contemporary shelf edge from which they
were separated by a channel-like gutter. After
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Figure 1. High-resolution multichannel seismic profile (R/V Maurice Ewing cruise EW00-01; Lu and Fulthorpe, 2004) across eastern
New Zealand margin, through Ocean Drilling Program (ODP) Site 1119. Inset is location map. Three distinctive stratigraphic intervals
were penetrated by drilling: A—upper-slope clinoforms, which represent progradation of shore-connected deltaic foresets during
glacial lowstands, with intercalated interglacial sand-mud drapes; B—small midslope sediment drifts, deposited obliquely along slope
(upslope climbing) from northward-traveling Subantarctic Mode Water (SAMW); and C—large lower-midslope sediment drifts of sim-
ilar architecture to B, but inferred to be migrating less rapidly. Circled numbers to left of drill site indicate approximate age (in Ma).
Detailed characteristics of units A—C are presented in Figure 2 (see text footnote 1), where marked reflectors 11-19 correspond to
junctions between individual foreset sets or drifts and seismic mapping horizons of Lu and Fulthorpe (2004).

attaining their maximum size, individual drifts
become welded to the shelf edge by infill of
the gutter on their upsiope side.

SEDIMENT LITHOLOGY

Site 1119 (Fig. 21) penetrated 86.19 m of
upper-slope terrigenous silt and fine sand (unit
A; 0-0.252 Ma; marine oxygen isotope stages
[MIS] 1-7), which are underlain across a 25
k.y. unconformity by 428 m of similar late
Pliocene-Pleistocene sediment (units B-C;
0.28-3.92 Ma; MIS 8-Gi-11) (Carter et a.,
2004b). Unit A (MIS 1-7) sediments above
the unconformity represent the last two glacial-
interglacial cycles. They comprise downlap-
ping shelf-edge clinoforms deposited on the
upper slope, ~5 km seaward of the shelf break
and ~30 km seaward of the MIS 2 lowstand
shoreline. Unit B contains a higher ratio of
sand and corresponds to the deposition of ap-
proximately seven small midslope sediment

1|_oose insert: Figure 2. Lithology and physical
properties for Site 1119 plotted against geomagnetic
polarity scale (GPS).
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drifts. Unit C is massive silt and clayey silt,
lacks sand, and corresponds to the upper part
of a single large sediment drift. The disposi-
tion of these units, the amount of sand that
they contain, and their sedimentation rates are
summarized in Figure 2 (see footnote 1).
Overall, Site 1119 records a sand thickness of
53.82 m out of a total sediment thickness of
513.5 m, i.e., an average sand:mud ratio of 1:
9.5, and represents a shoaling-upward succes-
sion from ~900 to ~400 m water depth.
Site 1119 cores and formation micro-scanner
(FM'S) images show that units B and C, below
86.19 m composite depth (mcd), comprise
centimeter-scale-bedded silt, clayey silt, and
silty clay, variously burrowed or bioturbated,
and punctuated by 0.2-1.5-m-thick beds of
fine-grained quartzofeldspathic sand (mean
size, 130 wm) and muddy sand. Internally, the
thicker sand units often display pulsatory
changes in sand or silt content; organized
Bouma turbidite structures (e.g., Stow et al.,
1998) are generally not present. Some sands
have both gradational bottoms and tops and

comprise a reverse- to normal-graded mud-
sand-mud triplet, similar to other described
sediment-drift deposits and to the idealized
drift facies models of Faugeres et al. (1984)
and Stow et al. (1998). The overal character-
istics of the Site 1119 muds and sands below
86.19 mcd coincide with those first described
for sediment drifts from the Feni Drift, viz.,
‘“contacts between the different facies may be
more or less planar and sharp, distinctly ero-
sional, or completely gradational, and all three
types are equally common at the base or at the
top of separate beds. ...Mottling occurs
throughout. . .. together with other more or
less distinct and isolated pockets and streaks.
... Bioturbation was clearly a continuous pro-
cess that has modified or destroyed much of
the origina nature of the contacts” (Faugeres
et a., 1984, p. 298). Virtuadly all of the cored
sediments of the Canterbury Drift, between
86.19 and 514 mcd (total depth at Site 1119),
therefore, belong to the silt and sand, mottled
silt and mud, and homogeneous mud sediment-
drift facies of Faugeres et a. (1984) and Stow
et a. (1998).
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Together with the complete double-graded
drift motif, ““top-only”” and *‘mid-only” motif
varieties (Stoker et al., 1998) are common in
the Canterbury Drifts, though without the
macroscopic millimeter-scale lamination and
wispy lamination described from some other
drift deposits. Nonetheless, the presence of
pervasive centimeter-scale bedding in the
background silty clay and clayey silt of units
B and C, together with their large-scale seis-
mic geometry (Fig. 1), indicate deposition
from gentle, rhythmically fluctuating bottom
currents. The fine-silt grain-size mode varies
between ~12 and 25 pm. Comparison with
sortable silts described from other (but abys-
sal) sediment drifts suggests deposition from
currents with mean speeds of ~5-15 cm/s
(e.g., McCave et al., 1996). These speeds cor-
respond to the mid-range of velocities mea-
sured within the modern Southland Current in
eastern New Zealand (Sutton, 2003). Against
this background, the sands that occur inter-
spersed throughout the unit B drifts are inter-
preted to have been emplaced during periods
of enhanced bottom-current activity. The com-
mon presence of sharp bases to theinterglacial
sand beds, in particular, indicates that the em-
placing currents were strong enough to cause
seabed erosion of clayey silt. Typical sand-bed
grain sizes are ~120-250 um, indicating that
the depositional currents attained speeds of
20-30 cm/s or more a 1 m above the bed
(Miller et al., 1977). The common occurrence
of normally graded, muddy tops to sand beds
indicates that a gradual waning of current
speed occurred. The 328 m thickness of units
B and C only contains two thin (<1 cm thick)
beds of graded sand that might be interpreted
as slope turbidites (Carter et a., 1999).

DISCUSSION

Site 1119 shows well the effect of glacial-
interglacia climatic fluctuations on sedimen-
tary processes in a zone of intermediate-depth
current drifts on the middle to upper continen-
tal slope. Small current drifts similar to those
of unit B occur at the modern seafloor at slope
depths of 1100 m, downslope from Site 1119.
That the small upper-slope drifts of unit B do
not extend to the seabed at Site 1119 may re-
sult from a combination of shelf-edge subsi-
dence and an increased magnitude of glacial-
interglacial cycling through the late
Pleistocene, which caused successive low-
stand shorelines to deliver their terrigenous
load in increasing proximity to the shelf edge.
Hinterland uplift, and hence increased sedi-
ment supply into upper-slope clinoforms, may
also have played a role (Lu and Fulthorpe,
2004).

The unit B drift interval was deposited on
the upper slope ~30 km seaward of the shelf
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edge and in inferred paleo-water depths of
400-800 m. Individual drifts are well delin-
eated by spaced, strong, and continuous sig-
moidal reflectors (Fig. 1). The main bodies of
three small drifts, B2-B4, were intersected by
the drill hole. Thin interval B1, comprising
MIS 9, displays seismic characteristics inter-
mediate between those of unit A and under-
lying units B2-B4; this interval has been in-
cluded within unit B because of its location
beneath the downlap unconformity at the base
of unit A. The boundaries between individual
drifts B2-B4, and other nearby drifts visible
on the seismic records, exhibit evidence of |o-
cal erosion, but the essentially complete na-
ture of the Site 1119 climatic record (Fig. 2;
cf. Carter and Gammon, 2004) suggests that
little sediment is missing, even at the bound-
aries between major drifts.

Drifts B1-B4 are underlain by a seismic in-
terval within which the reflections are stron-
ger, more closely spaced than above, and
dlightly irregular (Fig. 1). Landward, these re-
flectors pass lateraly into small slope drifts
similar to (but older than) drifts B2-B4, and
we therefore interpret this interval, B5, as the
seaward tail of these upslope drifts. B5 cor-
responds with the presence in the drill core of
an interval of graded calcareous sands within
a background of silty clays and silts similar to
those in drifts B2-B4 (Fig. 2). The condensed
nature of the B5 drift tails is indicated by the
common presence in B5 sands of glauconite
and carbonate contents of >50%, shell frag-
ments, and abundant calcareous plankton.

The base of unit B5 at 445 mcd is marked
by the deepest calcareous sand bed and a
sharp stratigraphic change (Fig. 2). Beneath
B5, the sediments comprise homogeneous
silty clays, clayey silts, and silts of uniformly
low sand and carbonate content (unit C1),
which pass into slightly calcareous silty clay
at the base of the hole (C2). Seismically, units
C1 and C2 comprise the upper part of the
large midslope drift termed Big Grey (Carter
et a., 1999). This drift was deposited on the
middle slope in estimated paleo—water depths
of ~800-1400 m, and Lu et a. (2003; their
Drift 11) estimated that it commenced growth
in the early-late Miocene, ca. 10.5 Ma

The change in drift style that occurred at
3.25 Ma was accompanied by the incoming of
pulsed carbonate-rich sands (Fig. 2). Though
active tectonism was occurring in the South
Island hinterland from the Miocene onward
(e.g., Carter et a., 2004a), tectonic events are
unlikely to have been the primary control on
this dramatic facies change. Rather, the change
represents an increase in seabed hydraulic en-
ergy together with an increase in production
of both seafloor and planktonic calcareous
faung; i.e., the 3.25 Ma change resulted from
oceanographic rather than orogenic causes.

INTERPRETATION

The results from Site 1119 confirm the ex-
pectation that Canterbury sediment-drift de-
position occurred in concert with fluctuations
in the northward flow of Southland Current—
driven SAMW and perhaps aso in the deeper
AAIW water mass (cf. Lynch-Stieglitz et a.,
1994; Morris et a., 2001; Sutton, 2003). The
site provides a detailed record of the relation-
ship between intermediate-depth water flow,
drift sedimentation, and climate change at sev-
eral different time scales.

First, at the scae of individua glacial-
interglacial cycles, there is a close correlation
between the deposition of the thicker (and
coarser grained) sand beds, which signal en-
hanced bottom-current speeds, and the occur-
rence of periods of warmer climate (Fig. 2).
Some, mostly thin, sand beds also occur in
cold climatic intervals at Site 1119 and per-
haps especially within the transition zone be-
tween cold and warm periods. These patterns
are consistent with the reports by Stow et al.
(1986) and McCave et a. (1995) of enhanced
current flows of intermediate-depth water dur-
ing interglacial periods in the North Atlantic
and with the enhanced thermohaline circula-
tion inferred by Stow et a. (1986), Duplessy
et a. (1991), and Groger et al. (2003) to occur
at glacial-interglacial transitions. One result of
warming conditions, therefore, may be the en-
hanced production around Antarctica of cold
surface meltwater that then sinks at cold-water
fronts to form vigorous AAIW and SAMW
flows. Whatever the precise mechanism,
however, a link between warm climate and
more vigorous advection of Pacific Ocean
intermediate-water flows extends back at least
to 3.25 Main the late Pliocene (Fig. 2).

Second, over longer time scales, a relation-
ship exists between the stratigraphy and sed-
imentology of the Canterbury Drifts and the
late Cenozoic globa climate deterioration.
Marine oxygen isotope records indicate that
late Cenozoic climatic cooling occurred most-
ly in two phases, a two-step decline between
16 and 10 Ma (enhancement of the East Ant-
arctic Ice Sheet; Cooper and O’Brien, 2004)
and a fina deterioration between 3 and 0 Ma
(formation of the boreal ice sheets) (e.g., Za
chos et al., 2001). The small elongate drifts
D1-D8 that underlie the Big Grey drift (D11)
(Fig. 1) were initiated ca. 15 Ma (Lu and Ful-
thorpe, 2004). Their commencement may rep-
resent the inception of the Antarctic Front and
AAIW flows, in parallel with the observed
16-10 Ma globa cooling. The late Miocene
to early Pliocene (10-3 Ma), a period of less
variable climate prior to resumed post-3 Ma
cooling, coincided with the deposition of the
Big Grey mud drift, consistent with lower-
velocity intermediate-depth flows at the time.
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At 3.25 Ma (MIS 138), deposition of Drift
A (Big Grey) ceased, to be replaced by the B
sequence of small upper-slope drifts centered
~20 km farther west (Fig. 2). The tails of
these drifts extend seaward across Site 1119
as interval B5. The upslope migration of drift
deposition into shallower waters was thus ac-
companied by a diminution of drift size and,
concomitantly, by the increase in grain size
and current velocity marked by the appearance
of carbonate-rich sand beds in B5. This major
environmental change was followed, after fur-
ther global cooling, by the initiation of drift
B4 at 1.95 Ma (MIS 73). The change from a
large, low-energy (mud) drift to smaller,
shallower-water and higher-energy (sandy)
drifts was therefore accompanied first, by the
commencement of global late Pliocene—
Pleistocene cooling and second, by an in-
creased amplitude of climatic fluctuation from
MIS 100 onward. These changes may have
resulted successively from (1) the 3.25 Ma
start of new, shallower, and more vigorous
intermediate-depth water flow (SAMW), per-
haps caused by the initiation of the SAF and
subsequent appearance of the Southland Current
seaward of an intensfied STF and (2) the post—
2.5 Ma downdope expansion of SAMW flows
driven by the more intensive glaciations that oc-
curred from MIS 100 onward.
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Figure 2. Lithology and physical properties for Ocean
Drilling Program Site 1119 plotted against geomagnetic
polarity scale (GPS) by using age model of Carter and
Gammon (2004). Numbers on gamma-ray record
indicate marine oxygen isotope stage (MIS). Unless
otherwise indicated, all data are from Carter et al.
(1999). Columns, from left: GPS; core retrieval; sand-
mud log; environment and lithology; seismic sequence
boundaries; carbonate percentage (based on 550 nm
reflectance measurements); natural gamma-ray intensity
(plotted on reversed scale to facilitate comparison with
other records); resistivity (spherically focused resistivity
log unaveraged, SFLU); porosity (near/array limestone
porosity corrected, APLC); magnetic susceptibility.
Blue overprinted horizontal lines correspond to periods
of relatively cold climate, many but not all of which
correspond to glacials delimited by marine oxygen
isotope curves. Punctuated sand-mud stratigraphy is
accompanied by rhythmic variations in clay content as
reflected in natural gamma-radiation curve. Composite
natural gamma-ray emission record was assembled by
combining onboard multisensor track and downhole log
measurements (Carter and Gammon, 2004). Signal
(average resolution 1.3 k.y.) represents variations in clay
content in response to waxing and waning of South
Island ice cap. Controlled by these clay variations,
natural gamma curve mimics closely high-resolution
climatic records contained in Vostok ice core (to

ca. 0.36 Ma) and deep-sea oxygen isotope curve

(to ca. 3.91 Ma) (Carter and Gammon, 2004) and can
therefore be used as basis for high-resolution age model
for Site 1119. Sediment type is consistent across
stratigraphic units A—C (cf. Fig. 1) and comprises
terrigenous, micaceous, and hemipelagic mud and
centimeter-bedded silt (cold climate; ~75% of total
section) punctuated by intervals of mud containing
normal and double-graded sand and muddy sand as
thick as 1.2 m (warm climate; ~25% of total section).
This stratigraphy is well reflected in petrophysical logs,
in which sands are generally characterized by high
carbonate content (50%—70%), low natural gamma
values (50—60 API units; 90-110 API units), high
resistivity (>1.2 Q-m), and low magnetic susceptibility
(300-350 ppm). Sand porosity is typically high
(60%—75%), but some low-porosity sand intervals
equate with either high clay content (e.g., MIS 63) or
carbonate cementation (MIS ~150). Conversely,
background muds are characterized by low carbonate
content (1%—5%), high natural gamma values (>100
API units), low resistivity (<1.0 Q-m), and higher
magnetic susceptibility (~400 ppm). Subtle trend of
increasing mean resistivity and porosity occurs across
top 200 meters composite depth (mcd) (~0.9 m.y.) of
section, consistent with greater percentage of sand
present in upper-slope clinoform (interval A) and
topmost drift (intervals B1-B3) sediment facies.

Canterbury Drifts at Ocean Drilling Program Site 1119, New Zealand:
Climatic modulation of southwest Pacific intermediate water flows since 3.9 Ma
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