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Abstract

A 13200-yr record of magnetic parameters from the Palmer Deep, western Antarctic Peninsula, records a sequence of
five distinct shifts in glacimarine sedimentation coupled with century-scale variations in paleoproductivity. The five
major shifts are manifested as abrupt, order of magnitude changes in low-field magnetic susceptibility, accompanied by
changes in magnetic particle size and mineralogy. The Late Holocene (3.4-0 ka), the Early Holocene (11.5-9 ka), and
the Last Glacial Maximum (prior to 13.2 ka) are intervals of strong low-field magnetic susceptibility and are
characterized by multi-domain (MD) magnetite. MD magnetite is associated with zones of abundant gravel grains and
is interpreted here as an indicator of material transported as ice-rafted debris. Deglaciation (13.2-11.5 ka) and the
Middle Holocene (9-3.4 ka) were times of enhanced productivity. The Middle Holocene marks the onset of century-
scale productivity cycles seen in high-field magnetic susceptibility, which is responding to variations in biogenic silica.
Deglaciation and the Middle Holocene interval contain pseudo-single domain magnetite and titanomagnetite,
respectively. These observations are surprising given the abundance of coarse MD magnetite available in local source
rocks. The magnetic mineral assemblage in the Deglaciation interval, however, can be explained by density sorting in
meltwater plumes. During the Middle Holocene, the magnetic mineral assemblage suggests the reduction or cessation of
locally derived terrigenous sediment, and by inference, the reduction or cessation of iceberg generation. The Early
Holocene-Middle Holocene shift in terrigenous sedimentation may be responding in part to sea level, which controls
the position of the grounding line. The Palmer Deep Late Holocene interval coincides with the Neoglacial period, a time
of glacier re-advances worldwide. © 2002 Elsevier Science B.V. All rights reserved.
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and atmospheric dynamics. The Southern Ocean
is the world’s most productive ocean. The Antarc-
tic margin is a source of deep water that drives
ocean circulation. Antarctica is one of the wind-
iest, stormiest places on Earth. These systems af-
fect the mixing of surface waters and mediate the
break up and dispersal of sea ice. The East Ant-
arctic Ice Sheet (AIS) and West AIS contain a 60-
m and 6-m (respectively) equivalent in global sea
level rise [1]. Historic and recent trends observed
in Antarctica highlight the need to understand the
natural cycles of environmental variability and the
response of the AIS to global climate change.

The Antarctic Peninsula region has experienced
particularly rapid environmental changes over the
past half century. This region has experienced a
warming trend, decreases in ice-shelf extent and
stability, and changes in sea-bird distribution ([2]
and references therein). The cause of these
changes is presently unknown, but may involve
both natural and anthropogenic components.
Therefore, it is necessary to obtain past records
of environmental conditions in order to under-
stand the natural degree of variability at decadal
and century time scales.

Shelf basins and fjords on the western margin
of the Antarctic Peninsula have proven to be re-
positories of thick Holocene sediment sequences
(e.g. [3-5]). The Palmer Deep, an inner shelf ba-
sin, is particularly well situated to monitor paleo-
environmental conditions. The Palmer Deep is a
sediment trap that preserves records of biological
productivity and glacial sedimentation. The Palm-
er Deep is located near the Antarctic circum-polar
current and the Antarctic convergence. The Palm-
er Deep is exposed to storm systems that move
through the Amundsen and Bellingshausen Seas.
The sedimentary sequence recovered from the
Palmer Deep during Ocean Drilling Program
(ODP) Leg 178 represents the first glacimarine
record of comparable resolution to ice core re-
cords, and is the first such record from high
southern latitudes.

Here we focus on the distinctive magnetic sus-
ceptibility profile from the Palmer Deep, which
appears to be characteristic of glacimarine sedi-
ments from the western Antarctic Peninsula [3].
In the Palmer Deep (ODP Site 1098) we have

the opportunity to integrate a Holocene to Late
Pleistocene record of rock magnetic parameters
with a wide array of floristic, sedimentologic,
and geochemical proxies such as diatom assem-
blages, benthic foraminifera assemblages, biogenic
silica abundance, stable isotopes of oxygen, car-
bon, and nitrogen, elemental abundance, and par-
ticle size [6-17]. This aids in the development of
linkages between magnetic parameters and envi-
ronmental conditions. Whereas most of the prox-
ies listed above track biogenic sedimentation and
hydrography, magnetic parameters contain infor-
mation regarding the abundance, grain size, and
mineralogy of the terrigenous material supplied to
the Palmer Deep, and by inference, information
regarding sediment transport mechanisms. This
study presents a continuous 13200-yr time series
of magnetic parameters that record five distinct
paleoclimate intervals, on which are superimposed
century-scale cycles in biogenic sedimentation. We
evaluate the roles of paleoproductivity, ice rafting,
sediment provenance, and post-depositional dia-
genesis in controlling features of this regional sus-
ceptibility signal.

2. Site description and stratigraphy

The Palmer Deep is a bathymetric depression
located 20 km southwest of Anvers Island (Fig.
1). It consists of two fault-bounded 1000-1400-m-
deep basins (Basin I and Basin II/III), separated
by a 750-m-deep sill [18,19]. High-resolution
acoustic surveys indicate a draped sediment fill
in Basin I and a ponded geometry in Basin II/
111 [18,19]. ODP Leg 178 collected three hydraulic
piston cores from Site 1098 in the southern end of
Basin I (64°51.7235'S, 64°12.4712'W, 1012 m at
Site 1098 Hole A) [19], the shallowest and nar-
rowest of the sub-basins.

The composite Holocene sediment section at
Site 1098 consists of 47 m of olive green to dark
olive green diatomaceous mud/ooze overlying a
diamicton [19]. The upper 25 meters composite
depth (mcd) alternates between structureless and
laminated intervals (Fig. 2). Three turbidites in-
terrupt the section below 24.90 mcd, hereafter de-
noted T1 (24.91-28.89 mecd), T2 (31.98-33.22
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Fig. 1. Location of the Palmer Deep (PD), Andvord Bay (AB) and rock sample sites (denoted X) on the western Antarctic Pen-

insula.

mcd), and T3 (40.74-40.99 mcd), with thickness
varying slightly in each of the three Holes [19].
The interval 33.22-41 mcd is largely structureless
and displays high gravel grain counts. Below T3,
the interval 41.00-47.3 appears to be rhythmically
laminated [14,15]. The base of the core below 47.3
mcd consists of a massive diamicton (Fig. 2) [19].

3. Chronology

Radiocarbon dating of acid-insoluble sedimen-
tary organic carbon and foraminiferal calcite from
several cores collected by the United States Ant-
arctic Program and during ODP Leg 178 contrib-
uted to the Palmer Deep chronology. A discussion
of the dated material, derivation of a reservoir
correction (1230 yr), and the conversion to calen-
dar ages is presented in [6]. The depth-age model
presented here (Fig. 2) was constructed from [6]
(table 1).

The mcd scale was constructed by correlating
magnetic susceptibility, bulk density, and color
variations between the three cores collected at
Site 1098 [20]. The progression of ages in the
upper 25 mcd suggests continuous sedimentation
over the past 9000 yr. The age model below 25
mcd is less certain due to the presence of three
turbidites. Turbidite 1 consists of ~4 mecd of
massive diatomaceous mud with no evidence of
erosion at its base. Therefore, we have removed
T1 and concatenated the remaining section. The
depth—age data from 0 mcd to the top of T2 were
fit with a third order polynomial (Fig. 2). Turbi-
dite 2 has a sand and gravel layer at its base. This
turbidite likely eroded some underlying material
[19]. We used a linear regression between T2 and
T3 (Fig. 2) and extrapolated this trend up to the
base of T2. The resulting age model suggests 500
yr of missing section below T2.

The interval from the bottom of T3 to the base
of the core was difficult to model. The depth—age
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Fig. 2. Core stratigraphy from Site 1098 Hole A, volume-normalized magnetic susceptibility (k), and calibrated radiocarbon dates
[6] from the Palmer Deep. Solid gray intervals denote massive, structureless intervals. Horizontal lines denote laminated intervals.
A third order polynomial and a linear regression were fit to the depth-age data from [6] in order to construct a chronology from
0 to 32 med and 33 to 40.0 mcd, respectively. Solid triangles denote data points that were not used in the regressions. Below T3
we applied a constant sedimentation rate of 0.316 cm/yr determined from the ages at the top and bottom of the laminated inter-

val.

data show numerous age reversals (older over
younger) (Fig. 2). T3 is thin and does not appear
to have an erosional base [19]. We assumed zero
erosion and assigned the sediment immediately
below T3 the same age as the sediment immedi-
ately above T3 (11213 yr BP). We calculated a
sedimentation rate using the age of 11213 yr BP
at the base of T3 and an age of 12900 yr BP at
the base of the diatomaceous ooze (the average of
two closely spaced radiocarbon dates immediately
above the diamict).

4. Methods

Whole-core physical properties measurements,
consisting of low-field volume-normalized mag-
netic susceptibility (k), bulk density (GRAPE),

natural gamma radiation (NGR), and p-wave ve-
locity, were made onboard the R.V. JOIDES Res-
olution during ODP Leg 178 using an automated
Multisensor Track [19]. Subsamples were col-
lected every 10 cm from Site 1098 Hole A and
freeze-dried for magnetic granulometry analyses
performed at the Institute for Rock Magnetism
at the University of Minnesota. Low-field mass-
normalized susceptibility (yLr) was measured us-
ing a Geofyzika KLY-2 Kappabridge. Hysteresis
parameters, high-field mass-normalized suscepti-
bility (ygr), and Curie temperatures were mea-
sured on a Princeton Measurements Corp. Micro
Vibrating Sample Magnetometer. Curie tempera-
tures were determined from the temperature
dependence (0-700°C) of the saturation magnet-
ization (Ms) of a sample in a 1-T field. Measure-
ments were made in a helium gas atmosphere.
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Low-temperature (20-300 K) remanence and sus-
ceptibility measurements were made using a
Quantum Design MPMS-XL Susceptometer.

5. Controls on magnetic susceptibility

The low-field volume-normalized magnetic sus-
ceptibility (k) profile of Site 1098 displays five
distinct zones in which k alternates between
strong and weak values, paralleled by abrupt
shifts in magnetic domain state (Fig. 3). Using
these two proxies, the zones are defined here as
the Last Glacial Maximum (LGM) represented by
the diamict deposited prior to ~13.2 ka, the De-
glaciation interval (13.2-11.5 ka), the Early Ho-
locene interval (11.5-9 ka), the Middle Holocene
interval (9-3.4 ka), and the Late Holocene inter-
val (3.4 ka to present). The motivation for this
rock magnetic study is to investigate the controls
on the magnetic susceptibility record from Site
1098 in order to interpret its environmental signal.

5.1. Abundance of ferromagnetic, paramagnetic,
and diamagnetic components

In a three-component assemblage of ferromag-
netic minerals (F — iron oxides), paramagnetic
minerals (P — clay minerals and ‘non-magnetic’
iron-bearing minerals), and diamagnetic minerals
(D — quartz, calcite, biogenic silica, water), the
bulk low-field mass-normalized susceptibility can
be represented as:

X =Npxp+ Npxp+ Nrxr (1)

where N; and y; are the mass fraction and average
susceptibility of each component. Ferromagnetic
susceptibility (yr) is a complex function of several
variables including the concentration of ferromag-
netic material, ferromagnetic particle size, miner-
alogy, and the measurement conditions (temper-
ature, applied field properties). Ferromagnetic
minerals account for less than 1% by mass of
typical sediment assemblages. However, yr is sev-
eral orders of magnitude stronger than paramag-
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Fig. 3. Whole-core volume-normalized magnetic susceptibility (k), mass-normalized high-field susceptibility (yur), the hysteresis
parameter saturation remanence normalized by saturation magnetization (Mgr/Ms), bulk density (GRAPE), and natural gamma
radiation (NGR) profiles for Site 1098. The gap at 9300-9800 yr BP is due to erosion at the base of turbidite 2 (T2). The posi-
tive correlation between k and GRAPE values (R=0.775) suggests that fluctuations in the low-density, diamagnetic, biogenic sili-
ca content are an important control on the short-wavelength (century and decadal scale) features in the Site 1098 susceptibility
profile. However, yur shows no significant changes at the zone boundaries seen in the k record, suggesting that dilution with bio-
genic silica is not the sole control on k. In contrast, significant changes occur in Mr/Ms at zone boundaries. This parameter
shows a small fluctuation prior to the stabilization of Late Holocene conditions and a coarse-grain ‘excursion’ at 4.9-5 ka.
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netic and diamagnetic susceptibility (yp and yp).
The term Ngyp generally controls the susceptibil-
ity signal (k) measured in typical pass-through
sensors (room temperature, weak 50-uT applied
field). When k is dominated by yp, the use of k
to monitor a diamagnetic component of the sedi-
ment assemblage, such as biogenic silica, can be
complicated by coeval variations in the other var-
iables.

Paramagnetic and diamagnetic components of
a sediment assemblage can be examined directly
by measuring high-field magnetic susceptibility
(yur)- When the applied field (H=1 T for this
study) exceeds the saturating field of ferromag-
netic minerals, then yg is zero and ygr is given
by:

Xur = Npyp+ Npip (2)

Therefore, yyr is more responsive to variations in
biogenic silica and hence productivity variations,
provided that there are minimal fluctuations in
the detrital diamagnetic:paramagnetic ratio.

A comparison of k with ypr indicates that var-
iable dilution of terrigenous material with biogen-
ic silica cannot account entirely for the abrupt,
large variations in k that define the five zones
(Fig. 3). The average value of k during the Middle
Holocene is a factor of 10-20 less than the aver-
age value of k during the Late Holocene and the
Early Holocene, and a factor of ~ 50 less than
the k peaks in those two intervals. If a factor of
50 reduction in N occurred in direct response to
a factor of 50 increase in biogenic silica (Np), for
which yp is negative, then it should cause a no-
ticeable decrease in ypp. While yyr does show
high-frequency oscillations with wavelengths of
200-400 yr, there are no abrupt, large changes
at zone boundaries.

The expected variations in yyr could be
masked if the paramagnetic component, for which
xp 1s positive, was increasing along with the dia-
magnetic component. To evaluate this hypothesis
we examined a down-core profile of NGR mea-
sured onboard the Resolution. NGR detects gam-
ma radiation emitted during the decay of radio-
active isotopes such as “°K and radioactive
elements in the uranium and thorium decay series.
These ions are large and incompatible in most

crystal structures, but can be accommodated with-
in or adsorbed onto clay minerals. Therefore, in-
creases in gamma radiation are ascribed to clay
minerals.

An increase in the proportion of clay minerals
during the Middle Holocene would be required to
counteract the expected decreases in ypr and bulk
density due to increases in biogenic silica. The
Palmer Deep NGR profiles indicate a decrease
in the proportion of clay minerals during the Mid-
dle Holocene and during the Deglaciation interval
(Fig. 3E). Therefore, the increase in diamagnetic
biogenic silica is not offset by a parallel increase
in the paramagnetic component. Rather, a reduc-
tion in the paramagnetic component contributes
to the low values of whole-core susceptibility.

Alternatively, the abundance of ferromagnetic
minerals could be decreased by dissolution due
to iron—sulfur diagenesis. During iron—sulfur dia-
genesis the ferric iron in magnetite is reduced to
ferrous iron in solution, which later precipitates as
a less magnetic or non-magnetic Fe’*-carrying
mineral such as ferrimagnetic greigite, pyrrhotite,
or paramagnetic pyrite [22]. In this scenario the
susceptibility would be reduced without requiring
enormous changes in the terrigenous/biogenic ra-
tio. However, interstitial water profiles (Fig. 4)
collected onboard the Resolution during ODP
Leg 178 indicate that organic matter degradation
and sulfate reduction begin at 20-30 mcd [19],
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Fig. 4. Interstitial water chemistry from Site 1098, Hole C.
(A) Alkalinity and (B) ammonium byproducts of organic
matter degradation, increase at ~20 mcd. (C) Sulfate con-
centrations indicate the onset of sulfate reduction at ~18
mcd. Iron was consistently below the detection limit of the
instrument on the Resolution. No chemical boundaries coin-
cide with the boundaries of susceptibility zones.
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substantially deeper than the Middle Holocene—
Late Holocene transition. We did not detect mag-
netic iron sulfides, the intermediate products of
iron—sulfur diagenesis (see Section 5.3).

Coarse multi-domain (MD) magnetite is abun-
dant in the sediment overlying and underlying the
Middle Holocene interval (see Section 5.2). We
find it unlikely that coarse > 10-micron grains
would completely dissolve in only a few thou-
sands years. Furthermore, fine-grained pure mag-
netite is abundant in the Deglaciation interval at
the base of Site 1098 (see Section 5.3). If we were
to accept the dissolution hypothesis for coarse
MD magnetite in the Middle Holocene interval,
then the fine-grained magnetite at the base of the
core certainly would not have survived. Therefore,
we find that dissolution of magnetite is not a ma-
jor control on the rock magnetic record. The ex-
planation may lie in particle size and/or mineral-
ogy variations, which we discuss below.

5.2. Magnetic ‘grain size’

Magnetic hysteresis parameters indicate that
there are shifts in magnetic domain state, which
is a function of grain volume, between each of the
five susceptibility zones (Fig. 3C). These shifts are
most clearly seen in the ratio of saturation rema-
nence (Mg) normalized by saturation magnetiza-
tion (Mg). During the Late Holocene interval,
My/Msg values fluctuate between 0.05 and 0.10,
which straddles the boundary between MD and
pseudo-single domain (PSD) behavior assuming
a magnetite carrier [23]. Hysteresis parameters
from the Middle Holocene interval have much
higher values of Mgr/Mg (0.20-0.30) than the
overlying and underlying intervals, suggesting ei-
ther a change in provenance from a coarse-
grained to a fine-grained source rock, a change
in mineralogy to a mineral with higher magneto-
crystalline anisotropy, or a change in the mecha-
nism of sediment transport to the Palmer Deep.
We observed one brief coarse-grained ‘excursion’
at 4.9-5.0 ka (Fig. 3C). This coincides with dia-
tom evidence of a cool phase within the Middle
Holocene from 5.5 to 4.7 ka [11,12]. However, the
magnetic expression of this feature is restricted to
only three samples.

Hysteresis parameters from the turbidites, from
the Early Holocene interval, and the diamicton
(below 47.3 mcd) are clearly MD, with Mg/Ms
values of 0.03-0.05. The Deglaciation interval is
generally PSD with slightly higher values of Mg/
Mg than low-k Late Holocene intervals, although
MD values are also observed. On average, the
Deglaciation interval contains finer material than
the underlying diamicton and overlying cooling
reversal.

5.3. Magnetic mineralogy

Many magnetic minerals undergo magnetic or-
der/disorder transitions and crystallographic
phase transitions (such as at Curie temperatures,
Ne¢el temperatures, magnetic isotropic points, the
Verwey transition and the Morin transition) at
temperatures ranging from 10 to 1000 K, that
can be used as diagnostic indicators of a mineral’s
presence or absence (see [24] for full discussion).
Low-temperature analyses consisted of a pair of
measurements. First, a sample was cooled in zero
applied field from 300 to 20 K, given a 2.5-T
saturation remanence at 20 K, and Mg was then
measured during warming to 300 K. The sample
was then cooled back down to 20 K, this time in
the presence of a 2.5-T applied field, and My was
re-measured during warming to 300 K. This zero-
field-cooled (ZFC) and field-cooled (FC) pair of
measurements, described in detail in [25], have
proven useful in evaluating magnetic domain state
and particle size, and detecting the presence of
intact chains of stable single domain (bacterial)
magnetite.

Samples from the Late Holocene, the Early
Holocene, the LGM, and the turbidites, all inter-
vals of high k values, display sharp magnetite
Verwey transitions at 108-118 K (Fig. 5A). Mg
decreases by 40-70% across the Verwey transi-
tion. In addition, the FC curves are consistently
lower than the ZFC curves. This is unexpected,
since cooling in the presence of an applied mag-
netic field should provide a bias to only one of the
six [100] easy axes of magnetization upon cooling
through the Verwey transition and increase the
efficiency of remanence acquisition. However, we
have observed this behavior in several natural and
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Fig. 5. Low-temperature (K) remanence measurements from (A) the Late Holocene (2.02 mcd), Early Holocene (34.32 mcd), and
LGM (48.04 mcd), (B) Deglaciation, and (C) the Middle Holocene, and (D) high-temperature (°C) thermomagnetic curves from
the Middle Holocene. All susceptibility zones except the Middle Holocene display the magnetite Verwey transition at 108-118 K.
The Middle Holocene shows no diagnostic low-temperature transitions. High-temperature thermomagnetic curves from the Mid-
dle Holocene display Mg drops at 290-300°C and ~450-580°C, suggesting titanium-rich titanomagnetite.

synthetic samples, and it appears to be a charac-
teristic of MD magnetite.

The Deglaciation interval is also characterized
by magnetite (Fig. 5B). The shape of the Mg-T
curves is much different than those of the other
intervals. The Deglaciation samples show a rapid
loss of remanence between 20 and 50 K, which
could indicate superparamagnetic (SP) particles.
The Verwey transition is broader than in the in-
tervals discussed above. My decreases by 10-15%
across the Verwey transition and the FC curve is
slightly higher than the ZFC curve. All of these
observations are consistent with an assemblage of
fine PSD particles, possibly in combination with
SP particles.

The Middle Holocene interval contains a very
different magnetic mineralogy. Brachfeld and
Banerjee [21] reported the presence of titanium-
rich titanomagnetite and the complete absence

of magnetite at the tail end of the Middle Holo-
cene interval, immediately below the abrupt shift
in k at 3400 yr BP. Here we find that this assem-
blage persists for the entire Middle Holocene in-
terval. The Middle Holocene samples have no
clear diagnostic low-temperature behavior but re-
semble the low-temperature Mgr—T curves of syn-
thetic TM60 (Fe;—o¢Tip604, where x =0.6 is the
ulvéspinel content) [26]. The presence of titanium-
rich titanomagnetite is confirmed by high-temper-
ature measurements. High-temperature thermo-
magnetic curves show a significant decay in the
saturation magnetization from room temperature
to ~300°C, then a second interval of decay from
~440 to 580°C (Fig. 5SD). The loss of magnet-
ization at 290-300°C corresponds to the Curie
temperature of approximately TM41. However,
TM41 does have a diagnostic low-temperature
isotropic point at ~70 K [26], whereas we ob-
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served no noteworthy features from 20 to 300 K
(Fig. 4C). One possible explanation is that there is
some degree of oxidation of the titanomagnetite.
Oxidation of magnetite broadens and suppresses
the Verwey transition and may affect the isotropic
point as well [27]. Oxidation also raises the Curie
temperature of titanomagnetites [28]. An apparent
Curie temperature of 300°C could indicate TM60
with an oxidation parameter of ~0.5.

The susceptibility of compositions TM40 to
TMG60 is a factor of ~1.6-30 less than that of
pure magnetite [29,30], which is largely responsi-
ble for the very low values of k in the Middle
Holocene interval. An unresolved question is
whether titanomagnetite is present in the other
susceptibility zones. Titanium-rich titanomagne-
tite is present in mafic dikes, volcanics, and in
oceanic crust along the Antarctic Peninsula,
although it has yet to be determined which source
rocks match the phase in the Palmer Deep ([31],
S. Brachfeld, unpublished data). Given its weaker
magnetization and susceptibility, titanomagnetite
may be present, but masked in the high-suscepti-
bility zones.

6. Discussion

Each of the five susceptibility zones is charac-
terized by a distinct magnetic mineral assemblage.
Magnetic granulometry primarily reflects terrige-
nous sediment sources and transport mechanisms.
Comparison of the magnetic data with micropa-
leontological and geochemical data enables the
development of a broader picture of environmen-
tal conditions.

6.1. LGM (>13.2 ka)

The massive diamicton at the base of Site 1098
contains 1-1.5% magnetite, a concentration equiv-
alent to the abundance in local source rocks [31].
Hysteresis parameters and low-temperature mea-
surements indicate very coarse MD magnetite.
Rock magnetic parameters cannot distinguish em-
placement mechanisms, for example whether this
unit represents a basal till or a proximal glacimar-
ine unit deposited beneath a floating ice shelf.

However, the magnetic abundance and particle
size observations suggest very little or no density
sorting of this unit, consistent with an environ-
ment very close to the grounding line. For this
reason, we interpret the diamict as representing
the LGM even though the age of the deposit is
more consistent with the Antarctic Cooling Re-
versal (ACR) recorded in ice cores [32]. Deposit-
ing this diamict during the short ACR would be
difficult in the Palmer Deep, requiring a very rap-
id response of the ice sheet to atmospheric con-
ditions and a very large increase in ice volume in
order to ground at Site 1098. Furthermore, the
diamict-ooze transition age of 13200 yr BP is
consistent with other estimates of ice retreat
from the western margin of the Antarctic Penin-
sula [33].

6.2. Deglaciation (13.2-11.5 ka)

The Deglaciation interval marks the onset of
marine deposition following the retreat of
grounded ice. This interval is strongly laminated
throughout due to alternations between terrige-
nous-rich and pure diatomaceous ooze laminae
[11-15]. The laminae display large fluctuations in
xur of identical trend and amplitude to the var-
iations in bulk susceptibility (Fig. 3). The mag-
netic particle size is PSD-MD in both terrigenous
layers and biogenic layers. In this interval the di-
amagnetic phases exert the main control on k.

Diatomaceous laminae indicate a move towards
open marine conditions and an environment sea-
ward of the glacial calving front. At this time the
Palmer Deep may have been a more ice-proximal
environment than at present, receiving terrigenous
material from debris-laden meltwater that depos-
ited better sorted and finer magnetic grains rela-
tive to the coarser grains in the overlying and
underlying zones. The influx of fresh meltwater
likely contributed to stratification of the water
column, creating conditions conducive to diatom
blooms.

6.3. Early Holocene (11.5-9 ka)

The Early Holocene interval is characterized by
a return to high values of k and the deposition of
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coarser MD grains, although the concentration of
magnetic material is lower than the LGM and the
particle size is finer than the LGM. Gravel grain
counts, interpreted as ice-rafted debris (IRD), are
high [6]. MD magnetite consistently occurs in tan-
dem with high gravel grain counts throughout the
entire sedimentary sequence. Therefore, we sus-
pect that coarse, dense, MD magnetite is carried
to the Palmer Deep as IRD. This zone marks the
onset of turbidite deposition at Site 1098 [19].
This could be indicative of re-advancing glaciers
that triggered mass flows across the shelf and
down the steep sides of the Palmer Deep. How-
ever, these turbidites could also be a result of
movement along the basin’s bounding normal
faults [18]. Diatom abundance and % opaline sili-
ca are lower than in the underlying and overlying
intervals [9-13], indicating decreased productivity
with respect to the Deglaciation and Middle Hol-
ocene. However, diatom abundance and inferred
levels of productivity are higher than present lev-
els [11].

6.4. Middle Holocene (9-3.4 ka)

The Middle Holocene interval contains PSD
titanium-rich titanomagnetite that may be parti-
ally oxidized. Pure magnetite is absent. This shift
in magnetic mineralogy indicates a change in ter-
rigenous provenance, which is supported by
changes in elemental ratios of Fe, Ti, and Al
[16]. Gravel counts are low [6]. Diatom abun-
dance and opal mass accumulation rates are
very high during the Middle Holocene [9-13].
Furthermore, diatom assemblages contain species
that indicate the southward incursion of warmer
northern surface waters into the Palmer Deep
[13]. Calcareous foraminifera are absent [7,8].
Shevenell and Kennett [7] suggest that the absence
of calcareous foraminifera correlates with the
presence of corrosive Upper Circum-polar Deep
Water, an old, warm water mass that is corrosive
to calcite but nutrient-rich and conducive to phy-
toplankton blooms. The Middle Holocene was
clearly a time of enhanced productivity and re-
duced terrigenous sedimentation in the Palmer
Deep.

Superimposed on the overall elevated produc-

tivity levels are century-scale cycles that begin in
the Early-Middle Holocene and continue through
the present. Visual inspection of ypp during the
Middle Holocene shows the presence of features
with 200-400-yr wavelengths (Fig. 3). yur reflects
the biogenic silica content of the sediment and is
unaffected by the complicating particle size and
mineralogy influences that mute the k signal dur-
ing the Middle Holocene. Therefore, yur is the
more appropriate magnetic parameter for track-
ing paleoproductivity cycles.

The periodic lows in ypp correlate with dia-
tomaceous laminae [11-13]. Diatom blooms are
typically associated with enhanced water column
stability, which may be due to several underlying
causes. The water column may be thermally strati-
fied in response to atmospheric warming, or
stratified due to the presence of low-density melt-
water from sea ice or glacial ice. In addition, the
mixing depth may have been greatly reduced dur-
ing the Middle Holocene if the frequency and in-
tensity of storms were less than today [3].

6.5. Late Holocene (3.4 ka to present)

The magnetic properties of the Late Holocene
interval have been discussed in detail previously
[3,21]. Briefly, high values of k£ are a function of
increased terrigenous sedimentation. Variable di-
lution of terrigenous material with biogenic silica
causes the regularly spaced large-amplitude varia-
tions in k, which are the continuation of yyp
cycles initiated in the Middle Holocene. The in-
terval is marked by the reappearance of MD mag-
netite and elevated gravel grain counts.

6.6. Global implication of the Palmer Deep record

The 13200-yr succession recovered from the
Palmer Deep records a sequence of five major
shifts in sedimentation. The sequence consists of
three intervals dominated by terrigenous glacial
sedimentation (LGM, Early Holocene, Late Ho-
locene), and two intervals dominated by biogenic
sedimentation (Deglaciation, Middle Holocene).
The Late Holocene interval in the Palmer Deep
coincides with the Neoglacial period, the widely
documented re-advance of mountain glaciers
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During this interval debris-laden icebergs may have been generated in response to increased calving due to sea level rise.



322 S.A. Brachfeld et al. | Earth and Planetary Science Letters 194 (2002) 311-326

2500-4000 yr BP ([34,35] and references therein).
The combination of marine ([3,4,6-17], this study)
and land-based investigations (e.g. [36]) confirms
the global occurrence of this climate shift. Simi-
larly, the Palmer Deep record confirms the global
nature of the Middle Holocene climatic optimum
that is manifested as precipitation and humidity/
aridity shifts in the tropics [37-40].

In contrast, the earliest portion of the Palmer
Deep record is quite different from other polar
and low latitude records [40-43] (Fig. 6). The syn-
chronicity and interhemispheric phase relation-
ships of ice core records are still a matter of de-
bate [44,45]. Even with chronology uncertainties,
it is clear that the post-LGM Palmer Deep re-
cords marine conditions that are not reflected in
the ice cores. The LGM in the Palmer Deep lags
atmospheric warming in the ice core records by
several thousand years (Fig. 6). However, the
LGM/Deglaciation transition in the Palmer
Deep indicates when glacial ice retreated land-
ward of the Palmer Deep and the basin became
ice-free, which should lag atmospheric warming.
Open water conditions and high productivity in
the Palmer Deep occur soon after meltwater pulse
la described in [46], supporting the idea of a low-
density freshwater lid generated by a disintegrat-
ing ice sheet, leading to stabilization of the water
column and high productivity.

The Early Holocene interval (11.5-9 ka) in the
Palmer Deep is not seen in any of the ice core
records. Although a cold event is documented at
8.2 ka [47], that feature is significantly younger
and shorter than the Palmer Deep Early Holocene
interval. The Early Holocene interval in the Palm-
er Deep does coincide with a minimum in south-
ern hemisphere summer insolation and the time of
the greatest difference in summer insolation re-
ceived at the two poles [48]. This feature also co-
incides with meltwater pulse 1b described in [46]
and with the most rapid rate of sea level rise fol-
lowing Deglaciation. Given that productivity in
this interval is inferred to be higher than present
levels [11], it is possible that the Early Holocene
was not an interruption of post-glacial warming,
but rather a function of the grounding line re-
sponse to rising sea level.

6.7. Glacimarine sedimentation during the
Holocene

Since magnetic susceptibility and granulometry
reflect terrigenous sedimentation, the identifica-
tion of sediment sources may yield additional in-
formation on depositional processes. This in turn
may help identify the driving forces behind the
Palmer Deep record. To try to understand the
reasons for the five major shifts in magnetic ma-
terial supplied to the Palmer Deep we examined
the magnetic properties of possible source rock
exposed along the western Antarctic Peninsula.
Coarse-grained intrusives display MD hysteresis
parameters and volcanic samples and sedimentary
rocks display PSD hysteresis parameters [31]. The
rocks display distinctive combinations of Verwey
transition temperatures (7y) and Curie tempera-
tures (7¢), which have the potential to be used as
tracers of provenance in sediments. The magnetic
properties of the Palmer Deep sediments and sedi-
ments from nearby fjords are more consistent
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Fig. 7. Verwey transition temperature (K) versus Curie tem-
perature (°C) for Palmer Deep sediments, Andvord Bay sedi-
ments, and rock samples from Northern Graham Land.
G =granite, D =diorite, Ga=gabbro, GD =granodiorite,
T =tonalite, PG =pink granite, V =volcanic. The calc-alka-
line rocks of the Andean Intrusive Suite define two clusters.
Sediments from the Palmer Deep and a nearby fjord, And-
vord Bay, display magnetic properties that are consistent
with a granite or diorite source rock. [31].
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with a granite or diorite source rock (Fig. 7) and
inconsistent with gabbros, granodiorites and to-
nalites. None of the Graham Land rock samples
examined here contains TM40-TM60.

These observations make the Middle Holocene
interval of the Palmer Deep record all the more
intriguing. MD magnetite is abundant in the
rocks near the Palmer Deep, and yet these grains
were not deposited in the Palmer Deep during the
Middle Holocene. Similarly, gravel grain counts
are low during the Middle Holocene [6]. This sug-
gests a reduction or cessation in iceberg genera-
tion, depriving the Palmer Deep of IRD.

Glaciers along the western Antarctic Peninsula
are presently grounded below sea level [5]. The
most extreme interpretation of the magnetic data
suggests that glaciers terminated on land during
the Middle Holocene. As sea level rose following
Deglaciation, more of the glaciers would be ex-
posed to waves and tides, causing an initial in-
crease in calving and probably leading to retreat
of termini. This process may explain the magnetic
mineral assemblages in both the Early Holocene
and Middle Holocene intervals. In this scenario,
the Early Holocene interval represents the in-
creased calving in response to rising sea level
(Fig. 6), producing debris-laden icebergs. The
Middle Holocene represents the retreat of the
calving line and ultimate grounding of glaciers
on land. Furthermore, diatom assemblages indi-
cate a reduction in sea ice cover [12,13] during the
Middle Holocene. A reduction in sea ice cover
would mean less dampening of waves and there-
fore less protection of the glacial termini from
ablation.

Alternatively, the absence of MD magnetite
could simply indicate a shift in paleowind or pa-
leocurrent patterns. At this time, drifting icebergs
may not have passed over the Palmer Deep. The
absence of MD magnetite could also be a function
of iceberg survivability. Warmer water masses oc-
cupying the shelf during the Middle Holocene, as
suggested by [7,13], may have accelerated the rate
of melting of icebergs, resulting in the deposition
of the coarse, dense grains closer to shore.

At present, we do not know the source of the
titanium-rich titanomagnetite. Titanomagnetite
with composition TM10-TM30 has been ob-

served in mafic dikes from this region, but not
TM40-TM60 (S. Brachfeld, unpublished data).
There may well be a local source that we have
yet to examine. However, we suspect that
TM60, a common component of oceanic crust,
may be found further north near Bransfield Basin.
If there were incursions of northerly sub-polar
waters during the Middle Holocene, as suggested
by diatom evidence [13], then TM60 may have
been carried in suspension to the Palmer Deep.
This mineral would dominate the magnetic min-
eral assemblage in the absence of locally derived
MD magnetite. One other possibility worth dis-
cussion is eolian input. Titanomagnetite could be
a wind-borne component of Andean volcanic dust
originating in South American loess deposits.
However, this is speculation at best. The closest
ice core located on the Dyer Plateau [50] has ex-
tremely low dust concentrations. Furthermore, all
micropaleontological evidence points to a stable
water column, requiring less wind-driven mixing
during the Middle Holocene. Locating the source
of the titanium-rich titanomagnetite will be im-
portant for determining if the sediment assem-
blage during the Middle Holocene was derived
from local or distal sources, which may indicate
paleocurrent or paleowind directions along the
western Antarctic Peninsula.

7. Conclusions

A 13200-yr high-resolution sediment sequence
from the Palmer Deep reveals a succession of five
distinct paleoenvironmental intervals with super-
imposed century-scale cycles in productivity. The
five paleoenvironmental intervals are defined by
abrupt, large-amplitude changes in magnetic sus-
ceptibility and magnetic granulometry. Although
variations in k are muted from 9 to 3.4 ka, yur
demonstrates the persistence of century-scale
cycles over the past 9000 yr. Each susceptibility
zone contains a distinct magnetic mineral assem-
blage that reflects the variable supply of terrige-
nous material to the Palmer Deep. The LGM, the
Early Holocene, and the Late Holocene are char-
acterized by strong values of magnetic susceptibil-
ity and contain abundant coarse-grained MD
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magnetite. The correspondence of MD magnetite
with the occurrence of gravel grains suggests that
MD magnetite may serve as a proxy of sediment
transport by icebergs. The Deglaciation and the
Middle Holocene intervals contain finer grained
magnetic particles, suggesting changes in sediment
provenance and/or sediment transport. The finer
grained assemblage of the Deglaciation interval
was likely deposited by sub-glacial meltwater
plumes. The Middle Holocene interval is charac-
terized by the presence of PSD titanium-rich tita-
nomagnetite and the complete absence of MD
magnetite. The absence of MD magnetite, which
is abundant in the surrounding rocks, suggests
either a reduction in the local generation of ice-
bergs, a decrease in iceberg survivability, or a shift
in the iceberg drift paths. The Early Holocene-
Middle Holocene transition in terrigenous sedi-
mentation could represent increased calving in re-
sponse to sea level rise, causing retreat of the ice
front to a position on land. Identifying the source
of the titanium-rich titanomagnetite will be crit-
ical in understanding the sedimentation processes
and the environmental conditions during the Mid-
dle Holocene.
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