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11. HIGH-RESOLUTION ROCK-MAGNETIC STUDY OF CEARA RISE SEDIMENTSAT SITE 925*
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ABSTRACT

A variety of rock-magnetic measurements was made on sediment samples from Ceara Rise, Leg 154, Site 925 of the Ocean
Drilling Program. Ceara Rise sediments are composed of marine carbonates and terrigenous material from the Amazon Fan.
Bulk susceptibility, which measures approximately the concentration of strongly magnetic particles (e.g., magnetite,
maghemite) in the sediment, can be used as a climate proxy signal that is based on the dilution of terrigenous material by ocean-
derived carbonates. During interglacial periods, the high-susceptibility terrigenous material is diluted, resulting in a minimum
in susceptibility. This hypothesis is supported by the inverse correlation between the smoothed susceptibility record and the
880 low latitude record. Anhysteretic remanent magnetization (ARM), contributed primarily by magnetic grains from 0.1 to
15 um, was normalized by susceptibilff), giving a parameter that is sensitive to magnetic grain size. Variations ofyARM/
show high values during interglacials and low values during glacials. The source of this material is most likely fromsan increa
of Amazon Basin soil runoff during interglacial periods.

INTRODUCTION

Ceara Rise (5°N 44° W) is located just north of the equator, a
proximately 700 km from the mouth of the Amazon River (Fig. 1
where it intersects the Atlantic Ocean’s deep water flow paths (Curi
Shackleton, Richter, et al., 1995). The sediment is composed of n
rine carbonates and terrigenous material delivered from the Amaz
Basin. The sediment covers the entire Cenozoic in age and range
thickness from 950 to 1300 m. Five sites were cored during Leg 1
of the Ocean Dirilling Program (ODP) to complete a bathymetri
transect from Site 925 at a depth of 3040 m to Site 929 at a deptt
4355 m. The sediments for our study came from Site 925, which
the shallowest of the five sites and located well above the Carbon
Compensation Depth (CCD) (Curry, Shackleton, Richter, et al
1995).

The sediments consist mainly of clay, calcareous nannofossi
and foraminifers in varying amounts. The top 30 m consist of grayis
brown nannofossil clay with foraminifers alternating with light
brownish gray clayey nannofossil ooze with foraminifers. Below thi rigyre 1. Location map of Ceara Rise showing Site 925 (Mountain and
interval, from 30 to 135 mbsf, the sediments consist of nannofos cyry, 1995).
ooze with varying amounts of foraminifers and steadily increasir _
clay towards the top of the subunit (Curry, Shackleton, Richter, et al. ) . o . .
1995). A composite section was constructed by splicing together se€termine concentration, grain size, and composition of the magnetic
tions of different cores by matching overlapping magnetic susceptgrains for the top 6 mcd of the composite section. Based on nanno-
bility and color data to create a continuous sedimentary sectiofpssil dates determined on board, the sedimentation rate is approxi-
(Hagelberg et al., 1992). The composite section for Site 925 consisRately 40 med/m.y. (Curry, Shackleton, Richter, et al., 1995). At 6
of cores from Holes 925A, 925B, and 925C resulting in a continuoudicd, the age of the sediment should be 150 k.y.
sediment record measured in meters composite depth (mcd) for most
of the upper 300 m from the middle Miocene to the late Pleistocene
(Curry, Shackleton, Richter, et al., 1995) SAMPLING AND EXPERIMENTAL METHOD

A multi-parameter rock-magnetic study was conducted on these ! . e .
sediments to seek a high-resolution rock-magnetic proxy signal of Low-field magnetic susceptibilityx(;) and anhysteretic remanent

climate cycles, possibly both at Milankovitch and sub-Milankovitchmagnetization (ARM) were measured at room temperature (300 K).

in scale. Various rock-magnetic measurements were made in order'tySteresis parameters were measured next at room temperature for
selected samples. For selected samples, low-field magnetic suscepti-

bility and saturation isothermal remanent magnetization (SIRM)
- were measured as a function of temperature, both lower and higher
iShackleton, N.J, Curry, W.B., Richter, C., and Bralower, T.J. (Eds), 1097. Proc.  than 300 K.
ODP, Si. Results, 154: College Station, TX (Ocean Drilling Program).

2|ngtitute for Rock Magnetism, University of Minnesota, Minneapolis MN 55455- Room Temper ature M easurements
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3Qcean Drilling Program, 1000 Discovery Drive, Texas A&M University, College .
Station, TX 77845_%85?U5_A_ Y y =oTed Samples were selected from Sections 154-925C-1H-1 through 1H-4

“Ingtitut de Physique du Globe, 4 Place Jussieu, 75252 Paris Cedex 05, France. to provide a high resolution record of deposition encompagéity
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Stages 1-6. A tota of 214 samples were taken in unoriented 2.5 cm?® 0
sample tubes a 2- to 5-cm intervals and then transferred for magnetic
measurements into standard spectroscopy cuvets cut to 1 cm? cubes.
Measurements were made in order of increasing magnetic field intensi-
ty 0 that previous measurements would not affect later measurements.
Low-field magnetic mass susceptibility x;; was measured for each sam-
ple in a Kappabridge model KLY -2 susceptibility bridge (Geofyzika
Brno) with an inducing field of 3.8 x 10-* T. Low field susceptibility is
contributed by the ferrimagnetic, antiferromagnetic, paramagnetic, and
diamagnetic components of the sample. The measurements were cor-
rected for the susceptihility of the empty cube (-9.21 x 10-8 m¥/kg) and
normalized to mass. Repeated measurements show the error from this
source to be less than 0.5%. The sampleswere then givenan ARM ina
modified Schonsted demagnetizer, by applying a small (50 x 106 T)
DC hiasing field superimposed on a decaying alternating field with a
peak vaue of 100 mT. The sampleswere then measured on a2G Enter-
prises 3-axis cryogenic magnetometer, and vaues were normalized to
mass. The empty cubeshave no measurable ARM greater thanthe error,
estimated to be 1% from repeated measurements. Following this, hys-
teresis loops were measured on selected samples on avibrating sample
magnetometer (VSM) and normalized to mass. From the hysteresis
measurements we obtained parameters related to magnetic mineralogy
and grain size: saturation magnetization (o), whichisthe magnetization
a 0.75 T (corrected for the linear response of diar, para-, and antiferro-
magnetic constituents). High-field susceptibility (X, was determined
by cal culating the dope of the closed high-field (0.6-0.75 T) portion of
the loop. X is @ measurement of the antiferromagnetic, diamagnetic,
and paramagnetic content of the sample.
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Temper ature Dependent M easur ements

We sdlected 10 sampl es to examine the magnetic mineralogy with 120000
low temperature SIRM. Approximately 0.15 g of material is cooled
down to 20 K and exposed to a 2.5 T magnetic field for 20 seconds.
At thistemperature even the finest grainsarethermally stableand can
acquire aremanence. The sample is then gradually warmed to room
temperature while the SIRM is measured in zero field at 5 K inter-
vals. From these measurements, certain magnetic minerals can be
identified by characteristic spin transitions at which a loss of rema-
nence occurs at a characteristic temperature. Susceptibility vs. tem-
perature was also measured on approximately 0.15 g of sample from
room temperature to 700°C on a furnace-equipped, Kappabrid 160000
model KLY-2 susceptibility bridge modified with flowing Argon 0
gas. Upon heating, at the Curie point the thermal energy overcon

the magnetic ordering of the ferri- and antiferromagnetic content, tl

weak magnetic field is no longer able to induce a magnetization in t Figure 2. Low-field (solid circles) and high-field (open squares) susceptibil-
sample, and susceptibility is reduced to zero. Ferri- and antiferroms ity variations with depth. Note that all of the features of xsremain after Xy is
netic minerals can be identified by this method. subtracted (solid diamonds). Left y-axis shows years.
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data sets leads us to confirm the preliminary shipboard interpretation.

Para- and diamagnetic susceptibility are contributed by clay, quartz,

carbonates, and other non-iron—bearing minepglsis contributed

mainly by paramagnetic clay and diamagnetic minerals (calcium car-
Low-field magnetic susceptibility shows variations with wave- bonate). High-field susceptibility() as described above is small in

lengths in the order of 20 to 100 cm (Fig. 2). The values range from Fhagnitude and varies fromx110-®to 6 x 10-® m¥kg. By subtracting

RESULTS
M agnetic Susceptibility

x 108to 1.6x 10" m3/kg.The measurements agree well with thewhole
core susceptibility measurements made on board the JOIDES Resolu-
tion. The discrete samples provide a higher resolution and show small-
er scalevariationsthat cannot be detected with the pass-through equip-
ment. Magnetic susceptibility is predominantly affected by the concen-
tration of magnetic grains but can be affected by grain size as well.
Measurements made on board ship show that susceptibility isnegative-
ly correlated to calcium carbonate and therefore predominately a car-
bonate concentration proxy (Curry, Shackleton, Richter, et al., 1995).
Magnetic susceptibility correlates inversely with the low-latitude 380
stack (Bassinot et a., 1994) (Fig. 3). The agreement between the two
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Xr from X, we can obtain the contribution of the ferrimagnetic portion
(or magnetite) of the sediment (Fig. 2). This calculation indicates that
the variations in susceptibility are primarily due to the ferrimagnetic
concentration.

Anhysteretic Remanence M agnetization

The ARM varied from 4.5E-5 to 9.5E-5 Am?kg indicating a
change in the concentration of fine single-domain (SD) to pseudo-
single-domain (PSD) magnetite and other ferrimagnetic minerals.
Measurements of ARM show a positive correlation with susceptibil-
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Figure 3. Comparison of 10-point smoothed susceptibility (solid line) and the
low-latitude 3'80 stack of Bassinot et a., 1994 (dashed line). The high
degree of correlation implies that variations in susceptibility are induced by
climate change.

ity from 1 to 3 med (Fig. 4). Above and below this region the corre-
lation breaks down and even appears to become negatively correlated
below 3 med.

Hysteresis Parameters

Hysteresis parameters are shown in Figure 5. The saturation mag-
netization (o) varies from 0.3 x 10? to 9 x 102 Am?/kg and saturation
remanence (o, variesfrom 0.5 x 10-3t0 2.2 x 10~ Am?/kg. Coerciv-
ity (H.) rangesfrom 12.5t018 mT and coercivity of remanence (H,)
ranges from 35 to 50 mT. All magnetic minerals contribute to o,
while o, is sengitive only to the concentration of SD and multido-
main (MD) ferromagnetic particles. H, and H,, are dependent on both
mineralogy and grain size. There is a sharp drop in H, and H,, (3.5
and 13 mT respectively) at about 1 mcd; below this depth H. and H,
remain fairly constant. A comparison of the ratios o/o, to H/H,
yields information about the domain state and hence the grain size of
the magnetic particles (Day et a., 1977; Dunlop, 1986). The average
value of 0,/0,is0.22 and the average value of H/H. is 2.6. Figure
6 shows the data clustered in the center of the PSD region on a plot
of the hysteresisratios (Day et al., 1977).

Temperature Dependent Results

Susceptibility vs. temperature measurements show a strong peak

HIGH-RESOLUTION ROCK-MAGNETIC STUDY
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Figure 4. Downcore variations of susceptibility (open circles) and anhyster-
etic remanent magnetization (+). Between 1 and 4 mcd the susceptibility and
ARM are correlated.

low the coercivity drop at 1 mcd. The peak between 250° and 300°C in-
dicates the possible presence of pyrrhotite (Rochette et al., 1990) both
above and below the coercivity drop. The loss of susceptibility near
580°C (the Curie point of magnetite) indicates that magnetite is the
dominant magnetic mineral present in the samples. Low-temperature
decay of saturation isothermal remanent magnetization in zero ambient
field show high gradients of decrease of remanence between 20 and 60
K and gradual decay of remanence to 300 K following a step transition
at 110 K. Figure 8 shows the decay of SIRM as a function of tempera-
ture and the derivative of the decay curve, which reveals small-scale
variations in the amplitude and the position of transitions. The sharp de-
cay of SIRM (acquired at 20 K) between 20 and 60 K indicates thermal
unblocking in super paramagnetic (SP) ultra fine particles (<30 nm for
magnetite), (Néel, 1949; Bean and Livingston, 1959; Cullity, 1972;
Hunt et al., 1995). Larger grains of magnetite are indicated by the pres-
ence of the Verwey transition occurring at 118 K as indicated by the
sharp gradient change of the curves.

DISCUSSION
Magnetic Mineralogy

Because of the low concentration of the magnetic phase (see be-
low), it was not possible to identify the magnetic minerals by x-ray
diffraction. Hysteresis loops show saturation at fields on the order of
0.2 T, as expected for magnetite or a mineral close to it in composi-

between 250° and 300° C that is twice the amplitude of the baseline.tln. Susceptibility vs. temperature curves show a major drop be-
second peak occurs between 450° and 550° C just prior to the Cutigeen 550° and 600°C, close to the Curie point (580°C) of pure mag-
point where the susceptibility drops to zero. Figure 7 shows two chanetite. The susceptibility peak between 250° and 300°C is, however,
acteristicy;; vs. temperature curves from samples from above and belose to 320°C, the susceptibility peak of pyrrhotite (Rochette et al.,
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Figure 5. Hysteresis parameters vs. depth. Note the similarity between saturation magnetization (o) (closed circles) and saturation remanence (o,s) (open cir-
cles), indicating that variations are due to single-domain and larger particles. Coercivity (H,) (closed triangles) and coercivity remanence (H,) (open triangles)
show a dramatic drop at near 1 mcd.

0.60 L L T T 1990). The best evidence for magnetite comes from the ubiquitous
. i observation of the characteristic Verwey transitionsat 118K. Pending
future experiments, it isreasonabl e to conclude that the main magnet-
0.50 — ic mineral is magnetite.
i PSD ] M agnetite Concentration
040 If magnetite is the chief magnetic minera present, its concentra-
- . tion can be determined by dividing the observed saturation magneti-
3 zation (o) with that expected for pure magnetite, 92 Am#kg. For
£ 030 1= . ] most of the samples, i.e., below 0.6 m depth, average value of o, was
L :, &:;. 4 75 x 10° AmZkg, leading to a magnetite concentration of
. ~0.0082%. Thisisvery closeto the mean value of 0.0072% observed
0.20 — ] by Richter et d. (this volume) for 114 samples from Site 929. In the
B | top 0.6 m of our site, average g, decreases to ~3.5 x 103 Am?/kg,
leading to a magnetite concentration of ~0.0038%. We suspect that
0.10 — — thisdrop of nearly 54% ismost likely caused by higher water content
at the top.
i MD L ow-field magnetic susceptibility can be used as aproxy for mag-
ool 10 Ly 1 P N netite concentration aslong asgrain size doesnot display alarge vari-
00 10 20 H;ch 4.0 50 6.0 ability, especially at the lower end (superparamagnetic, diameter <30

nm) of the size spectrum. As we will show below, the grain size of
our samples is very uniform, falling within the middle of the PSD

range, between 0.1 and 15 um. If dissolution were contributing to the
loss of susceptibility we would see a loss of the finer grains, but, as
we will show below, the proportion of finer grains increases when
susceptibility is low. Therefore, the observed magnetic susceptibility
variations about the mean can be interpreted as concentration varia-
tion of magnetite and CaGQCurry, Shackleton, Richter, et al.,
1995). As we have further shown, the temporal record of susceptibil-

Figure 6. Plot of hysteresis parameter ratios (Day et al., 1977) show that all
samples contain magnetite with a relatively uniform pseudo-single-domain
grain size.
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Figure 7. Susceptihility vs. temperature of two samples above (Sample 154- Figure 8. Thermal demagnetization of low temperature saturation isothermal

925C-1H-1, 76 cm) and below (Sample 154-925C-1H-1, 113 cm) thedropin ~ Fémanent magnetization show that super paramagnetic grains as indicated by
coercivity and coercivity remanence at 1 mcd. Both samples show a peak  the sharp decrease in remanence between 20 and 60 K and larger grains of

near 300°C, the Curie point of pyrrhotite and a loss of susceptibility ne. Magnetite are present as noted by the Verwey transition at 118 K. The deriva-
580°C, the Curie point of magnetite. tive of the demagnetization curve clearly shows smaller scale changes in

both the magnitude and position of the transition.

ity at Site 925 isinversely correlated with the low-latitude 6*%0 stack
(Bassinot et al., 1994). magnetite grains with highl, andH,, values. The drop also corre-
sponds to a change in color from reddish browi®(85 mcd) to gray
Grain-Size Variation (0.95-6 mcd). Other magnetic parameters are not strongly affected
by this drop indicating it may be due to the loss of a high-coercivity
Average grain-size information for magnetite can be obtained but weakly magnetic material such as hematite or goethite. This ob-
from a plot of the hysteresis parameters o,,/0, vs. H,/H, (Day et a., servation could explain why a corresponding decreasgdnes not
1977). Our data are well clustered in the middle of the PSD size- exist. Furthermore, the heating experiments show a susceptibility
range, 0.1-15 pum (Fig. 6). A finer scale variation in grain size of peak at ~275°C both above and below the jumf.imalues at 0.95
magnetite can be obtained from the ratio of ARKBanerjee et al., mcd, which suggests the presence pyrrhotite. If sulfate reduction oc-
1981; King et al., 1982). A high value of the ratio signifies the preseurred below théi transition boundary, the pyrrhotite peak should
ence of SD (~0.1 pm) and small PSD (~1 pm) grains. We find strongot be present.
increases in ARNY during the Holocene and the previous intergla-
cial (isotopic stage 5) (Fig. 9). Along with Richter et al. (this volume),
we regard the source of the magnetite\maghemite as the terrigenous CONCLUSION
sediments composing the Amazon Fan, which is currently the main
source of terrigenous material to the Ceara Rise. Therefore, high con- A high-resolution record of multiple magnetic proxies at, Site 925
centrations of SD and smaller PSD grains are likely from sedimeritas been obtained for the last 150 k.y. Magnetic susceptibility, which
input during interglacials when high rainfall and large surface run-offs inversely correlated with temperature and Cg&hows oscilla-

may have occurred in the Amazon drainage basin. tions that correspond to Milankovitch cycles. Magnetic measure-
ments indicate that the main magnetic carrier is magnetite or
Diagenesis maghemite but pyrrhotite may also be present. The concentration of

magnetite varies from 0.0038% above 1 mcd to 0.0082% below 1
The sharp drop ifl, andH,, values at 0.95 mcd in the upper part mcd. The average magnetic grain size ranges frorlBm and is
of the sediment core is most likely a diagenetic effect caused by sufhirly uniform throughout the samples. High values of ARMi-
fate reduction (Leslie et al., 1990; Karlin, 1990). This dissolves SZate increased fine-grained magnetite (~0.1um) during interglacials.
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