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Abstract

A 4200 year long magnetic susceptibility profile from the Palmer Deep records century- and millennial-scale
variability in paleoenvironmental conditions along the western Antarctic Peninsula. The susceptibility profile shows
regularly spaced highs and lows over the last 3360 years B.P. then drops to uniformly low values. These features are
formed by the variable dilution of terrigenous material with biogenic sediments and shifts in magnetic mineralogy.
High-susceptibility intervals are characterized by multi-domain (MD) pure magnetite. Low-susceptibility intervals are
characterized by pseudo-single-domain (PSD) magnetite and titanomagnetite. Prior to 3360 years B.P., the magnetic
mineral assemblage is dominated by fine PSD titanium-rich titanomagnetite and superparamagnetic particles,
suggesting a change in sediment provenance and/or sediment transport processes. The absence of MD magnetite
suggests a cessation in locally derived ice-rated debris. This horizon represents the transition from the mid-Holocene
climatic optimum to the Neoglacial period, marked by an increase in glacial sedimentation. © 2000 Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

During historical times, the Antarctic Peninsula
has experienced a warming trend, a reduction in
the extent of ice shelves, and a redistribution of
penguin species (e.g. [1]). The cause of these
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changes is presently unknown, but may involve
both natural and anthropogenic components.
Coring operations and sediment trap studies
were initiated approximately 10 years ago in order
to gain a better understanding of the regional gla-
cial and biogenic sedimentation processes and to
investigate the natural environmental variability
over time (e.g. [1-3]).

Biosiliceous sediment cores recovered from the
Palmer Deep, the Gerlache Strait and Andvord
Bay (Fig. 1) that span the last ~4000 years
show a remarkably similar magnetic susceptibility
profile. Over the past ~ 3500 years, these records
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show regularly spaced peaks and troughs in mag-
netic susceptibility that are caused, in part, by
pulses in biogenic sedimentation that have been
interpreted as periodic diatom blooms [4-6]. Prior
to 3500 years B.P., magnetic susceptibility was
uniformly low. Spectral analysis of these records
has revealed strong periodicities at 400, ~ 200
and 50-70 years [6,7]. The striking similarity of
the susceptibility records from sites along the Pen-
insula has led to an interest in correlating individ-
ual susceptibility features both regionally and far-
ther afield with century-scale events in late
Holocene records (e.g. [4,8]). Further, magnetic
susceptibility has been proposed as a proxy indi-
cator of paleoproductivity for this region [5].

Correlation based on magnetic susceptibility re-
cords and development of magnetic susceptibility
as an environmental proxy requires an under-
standing of the magnetic mineral assemblage
that carries the signal and the local sedimentation
processes that generate the assemblage. Therefore,
we have undertaken a detailed study of glacial-
marine sediments from the Palmer Deep, a basin
on the western margin of the Antarctic Peninsula.
Our purpose here is to characterize the magnetic
mineral assemblage that records the century-scale
susceptibility features, and to explain the assem-
blage in terms of glacial, biogenic and chemical
sedimentation processes.

2. Geologic setting

The Palmer Deep is a bathymetric depression
located 20 km south of Anvers Island (Fig. 1).
Seismic and bathymetric surveys were carried
out on several occasions, during cruise 92-02 of
the R.V. Polar Duke (U.S. Antarctic Program),
during the February 1997 cruise of the R.V.
OGS-Explora (Programma Nazionale Ricerche
in Antartide) and during cruise 99-03 of the
R.V. Nathaniel B. Palmer (U.S. Antarctic Pro-
gram) [5,9]. The basin has a complex geometry,
with a large depocenter bounded by the 1000 m
contour. This study focuses on core PD92-30
(64°51.720'S, 64°12.506’"W) which was collected
during cruise 92-02 of the R.V. Polar Duke in a
water depth of 1040 m.

Fig. 1. Location of the Palmer Deep (PD), Andvord Bay
(AB) and the Gerlache Strait (GS). The bathymetry contour
interval is 50 m. The bathymetry data are from [25].

3. Chronology

Radiocarbon dating of material from several
cores collected by the United States Antarctic
Program and during Ocean Drilling Program
(ODP) Leg 178 contributed to the Palmer Deep
chronology. Dates were obtained from bulk or-
ganic carbon, foraminiferal calcite and mollusk
shells. A detailed discussion of the dated material,
derivation of a reservoir correction, and a synthe-
sis of 36 radiocarbon dates from the Palmer Deep
are presented by Domack et al. (submitted) [7].
This new age model places the base of PD92-30
at approximately 4200 years B.P.

4. Experimental methods

Volume-normalized whole-core magnetic sus-
ceptibility (hereafter referred to simply as suscep-
tibility) of PD92-30 was measured at 5 cm inter-
vals with a Bartington MS2B at the Antarctic
Research Facility at Florida State University.
Subsamples of 100-200 mg were collected at 20—
50 cm intervals. Large intervals occur where the
core has already been heavily sampled. Samples
were freeze-dried for magnetic granulometry anal-
yses performed at the Institute for Rock Magnet-
ism at the University of Minnesota. Room tem-
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perature and low-temperature (20-300 K) mea-
surements were made on bulk sediment samples.
High-temperature measurements were made on
magnetic material extracted from the sediment.
The extracts were obtained by continuously recir-
culating a sediment slurry past a rare earth mag-
net for a minimum of 7 days. We measured con-
centration-dependent parameters (ferromagnetic
susceptibility, saturation magnetization and satu-
ration remanence) of the bulk sediment and resid-
ual sediment slurries to monitor the efficiency of
the extraction process. The above parameters
were reduced by factors of 5-52 in the residual
slurries [10].

Low-field mass-normalized susceptibility (yLr)
was measured using a Geofyzika KLY-2 Kappa-
bridge. Hysteresis parameters, high-field mass-
normalized susceptibility (yur) and Curie temper-
atures were measured on a Princeton Measure-
ments Corp. MicroMag Vibrating Sample Magne-
tometer. Curie temperatures were determined
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from the temperature dependence (0-700°C) of
the saturation magnetization (Mg) of a sample
in a 1l T field. Measurements were made in a he-
lium gas atmosphere in order to minimize alter-
ation of the sample during heating. Low-temper-
ature remanence and susceptibility measurements
were made from 20 to 300 K using a Quantum
Design MPMS2 SQUID magnetometer. At each
temperature step from 20 to 300 K, the suscepti-
bility was measured at frequencies of 10, 31, 99,
310 and 997 Hz. X-ray diffraction (XRD) spectra
were determined from magnetic extracts using a
Philips XRG 3100 X-ray powder diffractometer.
Energy-dispersive X-ray spectra (EDS) were de-
termined from magnetic extracts using a JEOL
8900 Electron Probe Microanalyzer.

5. Stratigraphy and physical properties

PD92-30 consists of olive green to dark olive

% TOC Gravel Grains/5 cm
0.6 14 0 30

Fig. 2. Sediment texture and physical properties of PD92-30 [6]. Solid intervals in the stratigraphic column denote massive sedi-
ment texture. Horizontal lines denote thinly bedded intervals. Susceptibility and bulk density vary inversely with TOC. The
abrupt drop in magnetic susceptibility has been dated at 3360 years B.P. [7].
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Fig. 3. Contribution of biogenic silica and paramagnetic minerals to bulk susceptibility of PD92-30. Bulk susceptibility varies in-
versely with the number of diatom valves per gram of sediment. In addition, intervals where bulk susceptibility is low have yr
only 2-3 times higher than yyp, indicating a lower concentration of ferrimagnetic phases in these intervals. Diatom data from

6.

green diatomaceous mud [5,6]. Values of magnetic
susceptibility in the Palmer Deep are at least one
order of magnitude lower than the sediments
within nearby fjords, reflecting the relatively low
abundance of ferrimagnetic minerals and a high
abundance of biogenic silica [6]. Correlation with
magnetic susceptibility records from nearby box
cores and ODP Hole 178-1098C [11] indicates
that at least 1.2 m of section is missing from the
top of PD92-30.

Magnetic susceptibility shows a strong corre-
spondence with sediment texture and physical
properties (Fig. 2). Intervals of high magnetic sus-
ceptibility are massive and often burrowed, have a
higher than average bulk density and lower than
average total organic carbon (TOC) content. In-
tervals of low susceptibility are laminated and
have a lower than average bulk density and higher
than average TOC content [6]. Correlation coeffi-
cients for magnetic susceptibility with bulk den-
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Fig. 4. Hysteresis parameters from PD92-30. Magnetic grain
size increases from the upper left to the lower right of the di-
agram. Low-susceptibility intervals are generally finer-grained
than high-susceptibility intervals. Below 600 cm, the magnetic
grain size is PSD for both massive and laminated intervals.
Redrawn after Leventer et al. [6].
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sity, organic carbon content and diatom valves
per gram of sediment are —0.616, —0.434 and
—0.614, respectively. Ice-rafted debris (IRD) is
uniformly distributed throughout the upper
600 cm of the core and decreases slightly below
600 cm [5,6]. The abrupt decrease in susceptibility
at 600 cm in PD92-30 corresponds to slightly ele-
vated values of TOC and higher abundance of
diatom valves per gram of sediment, but there
is no change in lithology at this horizon. Below
600 cm, the magnetic susceptibility remains low,
although the alternation of massive and laminated
intervals continues. This horizon has been dated
at 3360 years B.P. and has been interpreted as a
shift from a mid-Holocene climatic optimum to
the onset of the Neoglacial period in the Antarctic
Peninsula [7].

6. Magnetic granulometry
6.1. Concentration of magnetic material

Magnetic susceptibility varies inversely with the
number of diatom valves per gram of sediment.
Further, there is a consistent relationship between
low-field (yrLr) and high-field (yur) susceptibility
(Fig. 3). The latter parameter reflects the suscep-
tibility of paramagnetic and diamagnetic phases.
Massive intervals with high magnetic susceptibili-
ty are intervals where yr is more than 10 times
higher than ypr, indicating the dominance of fer-
rimagnetic phases. Intervals with low magnetic
susceptibility are characterized by yir of only 2—
3 times higher than yur, suggesting that in these
intervals the diamagnetic and paramagnetic
phases make a relatively higher contribution to
the magnetic susceptibility. Therefore, the varia-
bility in the magnetic susceptibility signal reflects,
in part, the variable dilution of terrigenous mate-
rial by biogenic material. However, y1r undergoes
larger amplitude changes than ypg. This suggests
that the magnetic susceptibility record is not sole-
ly controlled by variable dilution. In addition, the
high and low magnetic susceptibility intervals may
have a different ferromagnetic and paramagnetic
mineralogy.

6.2. Magnetic grain size

Hysteresis parameters show a bimodal distribu-
tion of grain sizes within the upper 600 cm of
sediment in PD92-30 (Fig. 4). Intervals of high
susceptibility (>50x 107> SI) are characterized
by hysteresis parameters that plot well within
the multi-domain (MD) and superparamagnetic
(SP) region of a ‘Day Plot’ [12], which corre-
sponds to grain sizes larger than 10 um (MD)
and smaller than 0.3 pm (SP), respectively, for
magnetite and titanomagnetite [13]. Low-temper-
ature methods discussed below aid in distinguish-
ing between MD and SP contributions to the
magnetic mineral assemblage. Intervals of low
susceptibility (<50x 107> SI) are characterized
by hysteresis parameters that straddle the bound-
ary between the pseudo-single-domain (PSD) re-
gion and the MD region. Hysteresis parameters
from samples below 600 cm fall in the middle of
the PSD region (1-10 um for magnetite and tita-
nomagnetite), regardless of the massive or lami-
nated texture of the sediment horizon.

6.3. Magnetic composition

Curie temperature measurements are shown in
Fig. 5. High-susceptibility intervals (233 and 557
cm) are characterized by reversible thermomag-
netic curves with Curie temperatures of 580—
590°C, indicative of pure magnetite. Low-suscep-
tibility intervals (100, 188 and 358 cm) also have
Curie temperatures of 580-590°C. However, these
thermomagnetic curves are not perfectly reversi-
ble. Below 600 cm (693, 733 and 798 cm), the
heating curves show significant decrease in Mg
at 200-300°C and again at 500-580°C. Mg is
higher for the cooling curve resulting from alter-
ation of the sample during heating. Titanomagne-
tite (Fe;_4TixOy4, represented as TMx), titanohe-
matite (Fe,_4TixOs, represented as THx) and
pyrrhotite all have Curie temperatures in the
range 200-400°C, with the titanomagnetite and
titanohematite Curie temperatures dependent on
titanium content and oxidation degree. Iron sul-
fides often undergo alteration to a more stable
phase (such as magnetite) during heating, causing
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Fig. 5. Curie temperatures from PD92-30. High-susceptibility intervals (233 cm, 557 cm) have reversible heating (solid) and cool-
ing (dashed) curves and magnetite Curie temperatures of 580-590°C. Low-susceptibility intervals in the upper 600 cm (100, 188
and 358 cm) have magnetite Curie temperatures, but the heating and cooling curves are not perfectly reversible. Samples from
below 600 cm have irreversible curves that show unblocking over a low-temperature range (200-400°C) and over a high-tempera-

ture range (500-580°C).

«—

an increase in saturation moment during heating,
followed by a drop in the saturation moment at
magnetite’s Curie temperature. However, this was
not observed in any of the Palmer Deep samples.
The Curie temperatures observed here would
correspond to TM28-TM60 or TH30-THS0.
The two-phase behavior displayed by some of
the Palmer Deep samples is more consistent with
a titanium-rich phase (low Curie temperature)
and a titanium-poor phase (high Curie tempera-
ture).

Low-temperature (20-300 K) measurements en-
able the examination of magnetic properties with-
out thermochemical alteration. Several magnetic
minerals undergo low-temperature crystallo-
graphic and thermomagnetic phase transitions
that can be used as diagnostic indicators of that
mineral’s presence or absence, for example, pyr-
rhotite at 30-35 K, magnetite at 90-120 K and
siderite at 35-40 K [14-16]. Samples from the
upper 600 cm of PD92-30 (Fig. 6) show a sharp
drop in the intensity of remanence, corresponding
to the Verwey transition, at 106-110 K. The tran-
sition temperature is slightly lower than for pure
magnetite, indicating some degree of cation sub-
stitution or non-stoichiometry. This transition is
clear in samples from both high-susceptibility and
low-susceptibility intervals. Samples from below
600 cm have mixed results. The sample from
693 cm has a slight drop in remanence at 110 K.
Samples from 733 cm and 798 cm resemble low-
temperature curves of synthetic TMS50-TM60
[17]. None of these samples displayed the pyrrho-
tite transition at 35 K.

Examination of magnetic susceptibility as a
function of temperature and field frequency has
been shown to be a useful tool in distinguishing
compositional and grain size controls on low-tem-
perature magnetic behavior [17-19]. Samples from
the upper 600 cm show no frequency dependence
of magnetic susceptibility at any temperature (Fig.
7), indicating minimal content of ultra-fine SP

grains. Samples from below 600 cm show fre-
quency dependence at all temperatures from
20 to 300 K. For these samples yrp peaks at
6-14% over the interval 70-110 K, and drops to
2-5% at room temperature. Further, in these sam-
ples, susceptibility increases during warming to
room temperature.

MD crystals of synthetic TM28-TM41 display
strong frequency dependence over the tempera-
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Fig. 6. Low-temperature remanence data from PD92-30.
Samples were cooled to 20 K, given a remanence in a 2.5 T
field, then warmed to room temperature. Samples from the
upper 600 cm show Verwey transitions. Samples from below
600 cm have no clear low-temperature transitions.
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Fig. 7. Frequency dependence of susceptibility as a function of temperature for PD92-30. Samples from below 600 cm show yrp
of 2-14% and increasing susceptibility during warming to room temperature, likely caused by the presence of titanomagnetite
and ultra-fine SP particles.
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Fig. 8. Energy-dispersive X-ray spectra (EDS). Individual grains from high-susceptibility intervals (e.g. 233 cm) have strong iron
peaks. Individual grains from below 600 cm (e.g. 798 cm) have iron and titanium peaks. Individual grains from low-susceptibility
intervals (not shown here) have spectra resembling the iron-only spectrum of 233 cm and the iron plus titanium spectrum of 798
cm. Area averages of high-susceptibility intervals have iron to titanium ratios of ~2:1. Low-susceptibility intervals (358 cm) and

the interval below 600 cm have iron to titanium ratios of ~1.3:1. Sulfur is in the noise level of the area averages.
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ture range of 50-150 K, but no frequency depen-
dence above 150 K (M. Jackson, unpublished
data). TMSS shows very slight frequency depen-
dence over a narrow temperature range centered
on 90 K (M. Jackson, unpublished data). TM28-
TM60 show increasing susceptibility during
warming up to room temperature due to a rapid
decrease in magnetocrystalline anisotropy as a
function of temperature [17]. However, SP mag-
netite may also cause an increase in susceptibility
during warming up to room temperature if its
grain volume is such that the blocking tempera-
ture is at or just above room temperature (e.g.
[19).

Low-temperature remanence and susceptibility
data from samples below 600 cm likely result
from a mixture of titanium-rich titanomagnetite
and SP particles. Frequency dependence of sus-
ceptibility above 150 K is likely due to SP par-
ticles. Frequency dependence below 150 K could
be due to either a compositional or grain size
effect. The absence of remanence transitions, ei-
ther the Verwey transition or a magnetic isotropic
point, is consistent with a high-titanium titano-
magnetite such as TM55-TM60 (e.g. [17]).

XRD and EDS spectra were obtained on mag-
netic extracts to further constrain the composition
of the magnetic mineral assemblage. XRD spectra
consistent with a spinel phase were identified in
samples from above and below 600 cm. No peaks
consistent with a hematite structure were seen.
Therefore, the presence of titanohematite can be
ruled out. There are no peaks consistent with any
of the iron sulfides (e.g. pyrite, pyrrhotite or grei-
gite). A cell parameter for the spinel phase was
calculated from the average of the four highest
intensity peaks. The sample from a high-suscepti-
bility interval yielded a cell parameter of 8.387 A,
indicative of pure magnetite. We did not possess
sufficient sediment from a low-susceptibility inter-
val to concentrate the required amount of mag-
netic material interval for XRD analysis. The
samples from below 600 cm yielded a cell param-
eter of 8.418 A, consistent with TM30. However,
all available data suggest a mixture of titanium-
bearing phases in the sediment.

Representative EDS spectra are shown in Fig.
8. This is a standardless semiquantitative analysis

that measures relative elemental abundance and
requires very little sample. Grains that appeared
bright in backscatter electron images were selected
for EDS analysis. A sample from 233 cm contains
mostly magnetite, as indicated by EDS spectra
containing only iron peaks. One pyrite framboid
approximately 8 um in diameter was observed in
the extract from 233 cm. The EDS spectra of
bright grains from 798 cm contain strong iron
and titanium peaks, and are likely high-titanium
titanomagnetite. One pyrite framboid approxi-
mately 3 um in diameter was observed in the ex-
tract from 798 cm. Individual grains from 358 cm,
a low-susceptibility interval, yielded EDS spectra
similar to both the iron-only spectrum of 233 cm
and the iron plus titanium spectra of 798 cm.

EDS spectra were also obtained from large
4 mm? areas referred to as ‘area averages’, which
were scanned by the electron beam at the lowest
magnification (40X) in order to obtain a rough
bulk chemistry. All intervals have area averages
containing iron, titanium, calcium, potassium,
magnesium and sodium (Fig. 8). However, there
are differences in the amplitudes of the iron and
titanium peaks. Generally, the samples from high-
susceptibility intervals have iron peaks that are at
least twice as high as the titanium peaks. In sam-
ples from low-susceptibility intervals (358 cm) and
below 600 cm (693 cm), the iron peak is 1.2-1.4
times the amplitude of the titanium peak.

7. Discussion

On the basis of preliminary results presented in
[6] and [20], it was suggested that the variation in
magnetic susceptibility could be due to a primary
depositional process, iron-sulfur diagenesis, or a
combination of the two. On the basis of the rock-
magnetic investigations presented here, diagenesis
can now be considered a minor control on the
susceptibility profile. The olive green facies and
the presence of pyrite framboids indicate that fer-
rous iron has been mobile in the sediments. How-
ever, these chemical changes have not obscured
the primary depositional signal.

Reductive dissolution of magnetite typically re-
sults in the coarsening of the overall magnetic
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mineral assemblage as finer grains are preferen-
tially dissolved (e.g. [21]). Magnetite dissolution
has been observed to coincide with high TOC
content in marine sediments (e.g. [22]). The Palm-
er Deep sediments show coarse MD grains in
high-susceptibility, low TOC intervals, smaller
PSD grains in the low-susceptibility, high TOC
intervals, and fine PSD and SP grains in the
very low-susceptibility, very high TOC interval
below 600 cm. It is possible that the high-suscep-
tibility intervals have been coarsened due to dis-
solution of finer grains. However, in this scenario,
we would expect the SP grains to have dissolved
as well.

None of the rock-magnetic data showed evi-
dence of magnetic iron sulfides in these sediments
(e.g. pyrrhotite and greigite). Pyrite framboids
were observed in both the high- and low-suscep-
tibility intervals. However, sulfur was within the
noise level of the EDS spectra, suggesting that
sulfides are a relatively minor component of the
sediment assemblage.

Interstitial water data collected onboard the
R.V. Joides Resolution during ODP Leg 178 indi-
cate that organic matter degradation and sulfate
reduction occur at 20-30 m below seafloor [11],
substantially deeper than the drop in magnetic
susceptibility. Unfortunately, the iron data, the
element of greatest relevance to this problem,
was consistently below the detection limit of the
instrument onboard the R.V. Joides Resolution.
No chemical boundaries were observed to coin-
cide with the susceptibility drop. We therefore
consider the magnetic susceptibility record of the
Palmer Deep to be a paleoenvironmental signal
with minor diagenetic overprinting.

The late Holocene sediments of core PD92-30
display three distinct magnetic mineral assemblag-
es. High-susceptibility intervals in the upper 600
cm contain high concentrations of MD magnetite.
Leventer et al. [6] interpreted these intervals as
times of increased windiness and/or storm fre-
quency. Under these conditions, the water column
is very well mixed and diatoms have a relatively
short residence time in the photic zone, which
limits productivity. Terrigenous sedimentation
dominates over biogenic sedimentation, causing

a relative high in magnetic susceptibility. The MD
magnetite grains are likely derived from the plu-
tonic rocks of Graham Land and carried 20 km
offshore to the Palmer Deep by ice-rafting.

Low-susceptibility intervals in the upper 600 cm
contain lower concentrations of magnetic material
and considerably more biogenic material. The di-
atom assemblage within these intervals is domi-
nated by Chaetoceros resting spores and contains
diatom species seeded to the water column by
melting sea ice [6]. These intervals were inter-
preted as times of a meltwater-stratified water col-
umn that is conducive to diatom blooms [1,6].
These are times of higher particle fluxes to the
seafloor and biogenic sedimentation dominates
over terrigenous sedimentation. The lower suscep-
tibility values are also a function of magnetic min-
eralogy. The low-susceptibility intervals are char-
acterized by finer-grained PSD magnetite and
titanomagnetite that have inherently lower suscep-
tibility than MD pure magnetite. This implies a
change in the energy of the sediment transport
mechanism, possibly a reduction in IRD or a
change in sediment provenance.

The interval below 600 cm is characterized by a
very low abundance of magnetic material. The
magnetic mineral assemblage consists of PSD ti-
tanium-rich titanomagnetite and SP particles.
This interval has overall higher levels of TOC
and biogenic silica [5-7], which suggests higher
levels of productivity. The magnetic data are con-
sistent with these more traditional proxies. The
production of SP magnetite has been observed
in laboratory cultures of dissimilatory Fe (III) re-
ducing bacteria (e.g. [23]), and it has been pro-
posed that SP magnetite is an indicator of en-
hanced productivity in marine sediments (e.g.
[24]).

The more striking observation is the complete
absence of MD magnetite below 600 cm. MD
magnetite was the sole magnetic phase observed
in a suite of plutonic rocks from Northern Gra-
ham Land (Brachfeld and Grunow, in prepara-
tion). Its absence in the sediments suggests a ces-
sation in locally derived IRD, resulting in a
magnetic mineral assemblage dominated by tita-
nomagnetite derived from further afield.
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8. Conclusions

A cyclic magnetic susceptibility signal observed
in glacial-marine sediment cores from the western
Antarctic Peninsula was the primary motivation
for the detailed rock-magnetic study of core
PD92-30. This record does not appear to have
been significantly affected by post-depositional di-
agenetic alteration of the magnetic minerals.
Three distinct magnetic mineral assemblages
were observed in PD92-30. In the upper 600 cm,
intervals of high magnetic susceptibility are domi-
nated by MD magnetite, likely input to the Palm-
er Deep via ice-rafting. Intervals of low magnetic
susceptibility contain higher than average biogen-
ic silica and TOC content. Low values of mag-
netic susceptibility result from the dilution of
the terrigenous sediments with biogenic silica
and shifts in the magnetic grain size and mineral-
ogy to PSD magnetite and titanomagnetite. The
interval below 600 cm is characterized by very low
abundance of magnetic material. The magnetic
mineral assemblage consists of titanium-rich tita-
nomagnetite plus ultra-fine SP particles. This as-
semblage is consistent with increased productivity
and reduced IRD. This horizon has been dated at
3360 years B.P., and may represent changing
provenance and sediment transport patterns dur-
ing the mid-Holocene climatic optimum.
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