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19. ROCK-MAGNETIC PROPERTIES OF PLEISTOCENE PASSIVE MARGIN SEDIMENTS:
ENVIRONMENTAL CHANGE AND DIAGENESIS OFFSHORE NEW JERSEY1

Michael Urbat2

ABSTRACT

Downhole changes in the concentration, grain size, and mineralogy of the magnetic components of Holocene through upper
Pleistocene continental slope sediments (Ocean Drilling Program Holes 903A and 904A) were analyzed to judge the primary
detrital vs. the diagenetic origin of the magnetic signal. Natural remanent magnetization (NRM), magnetic susceptibility (K),
anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), and additional hysteresis measure-
ments were performed for densely sampled intervals (ca. every 15 cm). Single-domain through small pseudosingle-domain
magnetite is identified as the dominant remanence carrying mineral. However, relative changes of the rock-magnetic properties
on a sample-by-sample basis appear to be more instructive in detecting diagenetic overprints of the signal than are determina-
tions of absolute grain sizes. Major downhole changes in the rock-magnetic properties are dominated by the original detrital
signal and clearly record differences of glacial and interglacial modes of deposition. Postdepositional dissolution and the authi-
genic growth of magnetite modulate the detrital magnetic mineralogy dominantly in well-defined sections, which represent the
contact of unconformably deposited sediment packages. This diagenetic alteration of the magnetic signal is restricted to the
finer ferrimagnetic fraction and can be detected by analyzing the grain selectivity of the ARM acquisition process. The alter-
ation of the magnetic mineralogy occurred repeatedly during sediment diagenesis.

INTRODUCTION

Rock-magnetic and environmental magnetic methodology is in-
creasingly applied to a wide array of scientific disciplines including
climatology, paleoceanography, sedimentology, and soil science
(Verosub and Roberts, 1995). Rock-magnetic techniques are sensi-
tive, generally nondestructive, relatively rapid, and inexpensive.
Thus, high-precision and high-resolution data sets can be obtained.
Magnetic minerals in sediments accurately mirror diverse aspects of
changes in the depositional environment. Most of the applications of
environmental magnetism assume that a primary detrital magnetic
signal is analyzed. This assumption is generally supported by corre-
lating rock-magnetic parameters to more established sedimentologi-
cal or geochemical parameters (e.g., Chave and Denham, 1979; Kent,
1982; Shackleton et al., 1984; Robinson, 1986; Bloemendal and De-
Menocal, 1989; DeMenocal et al., 1991; Thouveny et al., 1994).

Several studies, however, revealed that postdepositional, bio-
geochemical processes associated with reductive diagenesis (degra-
dation of organic matter; e.g., Froehlich et al., 1984) may severely
modify the magnetic signal. The primary magnetic signal was shown
to have been significantly altered throughout the sediment column to
several tens of meters below the sediment/water interface, primarily
as a function of (abrupt) changes in the depositional environment
(e.g., Bloemendal et al., 1988, 1992; Karlin and Levi, 1983; Karlin,
1990a, 1990b; Leslie et al., 1990a, 1990b; van Os, 1994; Urbat,
1995). The bacterially mediated reduction (e.g., Schinzel et al., 1993)
and H2S as the dissolving agent (Canfield and Berner, 1987) control
the dissolution of iron oxides (Anderson and Rippey, 1988; Leslie et
al., 1990b; Oldfield et al., 1992; Bloemendal et al., 1993). This pro-
cess is often accompanied by a subsequent conversion of magnetite
by way of greigite into nonmagnetic pyrite (Karlin and Levi, 1983,
1985). Greigite may be preserved if pyritization does not go into
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completion (e.g., Roberts and Turner, 1993; Reynolds et al., 1994).
The authigenic growth of new iron oxides and iron sulfides can occur
either (1) abiotically (Maher and Taylor, 1988) or (2) microbially me-
diated by way of magnetotactic bacteria producing intracellular mag-
netite (e.g., Petersen et al., 1986; Stolz et al., 1986, 1990; Vali and
Kirchvink, 1989) or greigite (Mann et al., 1990; Bazylinski et al.,
1993) or (3) by way of dissimilatory bacteria producing extracellular
magnetite (Lovley and Phillips, 1988).

The loss of the primary magnetic signal may compromise any
study focusing on the paleo-intensity of the Earth's magnetic field
(e.g., Tauxe and Shackleton, 1994; Roberts et al., 1994), magneto-
stratigraphy (e.g., Musgrave et al., 1993; van Hoof et al., 1992), or
rock magnetic-paleoceanographic linkages that result indirectly from
a climatic control of the detrital magnetic input in the sediments.

In this rock-magnetic study, the effects and the extent of reductive
diagenesis on the magnetic mineralogy of Holocene through Pleis-
tocene sediments from Holes 903A and 904A are investigated. The
major objective is to evaluate the detrital vs. diagenetic nature of the
magnetic signal of the sediments. The effects of abrupt changes in the
depositional environment on the rock-magnetic properties could be
effectively analyzed in a sediment that is potentially affected by
mass-flow or turbidite sedimentation. The practical questions to be
answered are, if a specific (diagenetic) rock-magnetic pattern is relat-
ed to sedimentary nonsteady state conditions during sediment gene-
sis, what does it look like and is it useful to detect otherwise unrec-
ognizable unconformities or hiatuses in the sediment column. Relat-
ed studies on directional data (NRM, anisotropy of magnetic
susceptibility AMS) are presented in Urbat (1995).

GEOLOGICAL SETTING

Sites 903 and 904 are located about 141 km east-southeast of
Barnegat Inlet, New Jersey, on the modern upper continental slope in
water depths of 444 and 1123 m, respectively (Mountain, Miller,
Blum, et al., 1994). The Pleistocene section of Site 903 encompasses
Oxygen Isotope Stages 5.5 through 14 (Christensen et al., this vol-
ume). The hemipelagic sediments are predominantly heavily biotur-

347



M. URBAT

bated, greenish gray silty clays with very fine quartz sands. The Pleis-
tocene section at Site 904 is comprised of homogeneous to heavily
bioturbated silty clays that display pinkish gray to gray color bands,
typically 50- to 100-cm thick. Iron monosulfides are abundant be-
tween 4.3 and 43 m below seafloor (mbsf) and are concentrated large-
ly in burrows filled with silty clay and fine-grained quartz sands. Sev-
eral small-scale layers contain pyrite nodules. The Pleistocene inter-
val recovered at Site 904 comprises Oxygen Isotope Stages 5.5
through 8 (Christensen et al., this volume). The average sedimenta-
tion rates are highest at Site 903, with several tens of cm/k.y., vs.
about 22 cm/k.y. at Site 904. Both sampled intervals at Holes 904A
and 903 A are within the current sulfate reduction zone. To a depth of
60 mbsf, sulfate ions are depleted by 30% at Site 904, whereas sulfate
reduction already ceases at 13 mbsf at Site 903 (Shipboard Scientific
Party, 1994a, 1994b).

METHODS

Cores from the two sites were sampled by pressing oriented 6.5
cm3 standard ODP plastic boxes in the unconsolidated sediment,
which were then removed using nonmagnetic spatulas: Cores 150-
903A-1H through 4H (=0.1-35 mbsf) and Cores 150-904A-1H
through 6H (0.1-56 mbsf). All cores were sampled approximately
every 15-20 cm in intervals with no visible lithologic changes and
every 5 cm across visible lithologic changes. The resulting 400 sam-
ples were stored refrigerated in airtight boxes to prevent drying and
minimize potential magnetomineralogical changes (e.g., Oldfield,
1992).

Rock-magnetic measurements included natural remanent magne-
tization (NRM), anhysteretic remanent magnetization (ARM), iso-
thermal remanent magnetization (IRM), magnetic susceptibility (K)
for all samples (at the University of Cologne, Germany), and addi-

tional hysteresis measurements for selected samples (Lamont-Doher-
ty Earth Observatory, New York). Remanent magnetization intensi-
ties were determined on a cryogenic superconducting rock magne-
tometer (Gorree and Fuller, 1976) or a Molspin spinner
magnetometer (Molspin Ltd., GB) with sensitivities of 5 × 10"6 A/m
and 5 × lO~4 A/m, respectively. Alternating-field demagnetizations
were done using a 2G-Enterprises Model 600 (measured noise level
within the coil <l nT).

Low-field mean susceptibilities K were calculated from AMS
measurements (see Table 1) on a Kappabridge KLY-2. Values were
corrected for the diamagnetic holder (K = -8.5 × 10~6 SI) and the plas-
tic cube (K = -4.5 × 10~6 SI). ARM was imparted in a peak alternating
field of 150 mT and a biasing steady field B = 0.05 mT. The ARM
intensity of all samples was AF demagnetized to at least one step be-
yond the median destructive field of ARM (MDF-ARM; Table 1)
thereafter. IRM-acquisition behavior was determined for selected
samples by measuring the magnetization intensity after exposure of
each specimen to progressively higher pulse fields (max = 1.5 T). All
remaining samples were magnetized in a single step (IRM at 1.5 T
[IRM@i 5T]). All samples were subjected to an incrementally increas-
ing reversed field IRM (maximum applied field = 300 mT; see Table
1). In addition, IRM@15T was AF demagnetized to at least one step be-
yond the median destructive field of IRM (MDF-IRM; Table 1). Hys-
teresis measurements were carried out on selected samples from Hole
904A on a Princeton Measurements Corp MicroMag, Model 2900
Alternating Gradient Force Magnetometer. The applied peak field
was 1.0 Tesla (8-mT field increments).

Both hysteresis properties Hc (coercive force) and Mrs/Ms (rema-
nent saturation magnetization/saturation magnetization) are strongly
grain-size dependent for hydrothermally grown magnetite (Heider et
al., 1987). Hc and Mrs/Ms of these synthetic magnetites follow a pow-
er law dependence on nominal grain-size d (Hc α d~°•59±0 06 Mrs/Ms α
-̂o.59±o.06 o v e r 45 d e c a c j e s of d). To judge whether the rock-magnetic

Table 1. Frequently used symbols and their descriptions.

Symbol

N R M @ 9 m T

MDF-NRM

AMS

K

ARM

MDF-ARM

KARM

IRM

MDF-IRM

B c r

S0.3T

Meaning

natural remanent magnetization, AF de-
magnetized with 9 mT

median destructive field of N R M @ 9 m T

anisotropy of magnetic susceptibility (Je-
linek 1977)

low frequency susceptibility

anhysteretic remanent magnetization

median destructive field of ARM

anhysteretic susceptibility

isothermal remanent magnetization

median destructive field of IRM

remanence coercive force

antiferromagneticrferrimagnetic ratio

Unit (SI)

A/m

Tesla T

dim.less

A/m

T

A/m

T

T

dim.less

Definition

K=[(Km a x +K^+Km.π)/3]V (/V

with

^max' ^inf ^min = maximum, intermediate and

minimum axis of AMS-ellipsoid, orthogonal

K" —
^ARM~ O

S03T=[(IRM@03T /IRM@15T)+l]/2

Notes: dim.less = dimensionless. SI = Systeme International d'Unites.



properties of the New Jersey slope samples are comparable to hydro-
thermally grown magnetite, the two power laws were linked by way
of grain-size d in a linear equation, using the proportionality factors
3.83 (Hc) and 0.039 for Mrs/Ms (cf. Karlin, 1990a, 1990b). Thus, a re-
gression line is obtained for the synthetic magnetites. If the regres-
sion of the investigated samples indicates that their hysteresis prop-
erties are statistically indistinguishable from those of the hydrother-
mally grown magnetite, the nominal grain size, d, can be calculated
for magnetite contained in the sampled sediments. However, the lin-
ear regression lines calculated using Heider et al.'s (1987) power
laws yield a physically nonsensical nonzero intercept of Hc or Mrs/Ms

for grains, at least in the larger PSD through MD size ranges. There-
fore, such grain sizes cannot be determined by the method used here.

Additional high-field susceptibility (%hf) measurements on six
samples (representative of magnetic subunits at Hole 904A) were
performed on a Princeton Applied Research Vibrating Sample Mag-
netometer at the Institute for Rock Magnetism, University of Minne-
sota.

ROCK-MAGNETIC PROPERTIES OF PLEISTOCENE SEDIMENTS

1.0
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300 300 600 900 1200 1500
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RESULTS

Hole 904A

IRM-acquisition curves representative of the sampled section at
Hole 904A indicate magnetite (Fig. 1). At fields of 0.5 T a 95% sat-
uration of the IRM @ 1 5 T is typically achieved. The ferrimagnetic dom-
inance of the IRM-acquisition process is confirmed by data from the
reverse field experiments (Fig. 1). Values of So 3 T (Table 1) are dom-
inantly well above 0.9. A probable contribution of >50% from a high
coercivity mineral such as hematite to the magnetomineralogy is sug-
gested by comparison to data compiled by Bloemendal et al. (1992,
their fig. 4). The coercive force Hc varies linearly with Mrs/Ms at Hole
904A (Fig. 2). Calculated magnetite grain sizes range from 0.06 to
0.9 µm (i.e., single-domain [SD] through small pseudosingle-domain
[PSD] magnetite) in the sampled interval. This suggests that neither
superparamagnetic nor multidomain (MD) magnetite dominates the
magnetization in the Pleistocene section at Hole 904A. However, the
calculated grain sizes do not account for a grain-size distribution of
magnetic minerals and thus may only indicate a general grain-size
tendency.

The bulk of the samples are closely grouped in the SD through
ESD (elongated single-domain) region of an IRM/K vs. Bcr diagram
(Fig. 3), which suggests slightly coarser magnetite than calculated
from the hysteresis properties. A further—depth related—analysis of
IRM/K VS. Bcr yields a clear separation of four major magnetic zones
(I through IV), despite the relatively narrow grain-size distribution of
the ferrimagnetic minerals (Fig. 3). Zones I through IV are separated
as follows:

Zone I encompasses the upper 17.8 m as well as the bottom part
of the profile (52.3-56.15 mbsf). Samples from Zone I are located in
the SD region. Zone II samples (17.8-37.8 mbsf) are closely grouped
in between the SD and ESD-area of the diagram and display a slightly
finer grain-size tendency of magnetite. Zone III is assigned to two in-
tervals (37.8-43 and 50.92-52.01 mbsf) with magnetization intensi-
ties transitional to the low-intensity Zone IV (43-50.76 mbsf). Sam-
ples from Zones III and IV reveal an increasingly higher contribution
of (super)paramagnetic minerals to susceptibility, whereas the aver-
age SD size range of the ferrimagnetic minerals is maintained.

A significant correlation of ARM and IRM @ 1 5 T only exists if
Zone I samples (ARM intensities >50 mA/m) are excluded (Fig. 4).
This different rock-magnetic behavior of Zone I samples is a result of
the ARM acquisition process. ARM is grain-size selective and grains
with low coercivity (MD grains) were obviously not fully magnetized
with the applied direct field (i.e., not to the same relative amount that
they contribute to the IRMβ l.5 T). The MDF-IRM in Zone I (Fig. 5) is
markedly lower (about 20 mT) than is the MDF-ARM (about 40 mT),

Figure 1. IRM-acquisition curves of selected samples from Cores 150-904A-
1H through 6H, normalized by maximum intensity (right side). Normalized
intensity upon exposure to reversed field is shown on the left side.

10 15
Hc(mT)

Figure 2. Hysteresis parameters Mre/Ms vs. Hc of samples from Hole 904A
(solid circles). Solid lines represent experimental results obtained from
hydrothermally grown magnetite by Heider et al. (1987). Open circles on
middle line (M^/M, = 0.01284 × Hc - 0.0129) mark the corresponding grain
diameters. Upper line (Mrs/Ms = 0.0190 × Hc - 0.0404) and lower line (Mrs/
Ms = 0.0086 × Hc + 0.007) show the maximum deviation from Mre/Ms vs. Hc,
considering the maximum error of 0.6 of the exponent in the Heider et al.
(1987) power laws.

contrasting the remainder of the sampled interval (exemplified by
Zone III in Fig. 5; see also Fig. 6). The stacked normalized AF-de-
magnetization curve of IRM in Zone I (Fig. 5) declines linearly with
increasing AF fields, with maximum effect between 2 and 14 mT,
that is, it is a typical MD magnetite curve (see Bailey and Dunlop,
1983). The ARM is typically convex shaped toward the MDF (SD
type), with maximum demagnetization at fields greater than 20 mT
throughout the interval. In Zones II-IV, the IRM demagnetization
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Figure 3. Comparison of Hole 904A rock-magnetic properties with grain-
size classification following Bradshaw and Thompson (1985). Shading sepa-
rates Zones I through IV. Note that Zones I through IV are not strictly down-
hole. MD = multidomain magnetite, SD = single-domain magnetite, ESD =
elongated SD, and (S)PM = (super)paramagnetic minerals.

curve resembles that of ARM, the latter of which is still slightly hard-
er than IRM (MDF-ARM, MDF-IRM about 45 mT). It is obvious
from these curves that the ARM emphasizes the coercivity range of
20-50 mT in all four magnetic zones. This effect is most obvious in
Zone I where ARM- and IRM-demagnetization curves markedly de-
viate from each other. This hypothesis is in accordance with experi-
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Figure 4. Double-logarithmic scatter plot of ARM vs. IRM@15T for samples
from Hole 904A. Shaded area separates magnetic Zone I. Note that ARM is
not linear in IRM in Zone l.R = 0.9 for the remaining samples.

ments on synthetic samples, which indicate that fine magnetite grains
are more easily magnetized anhysteretically than coarse grains (e.g.,
Dankers, 1978). This grain-size selectivity of the ARM acquisition
process in turn is used in this study for a more detailed analysis of
magnetite grain-size distribution within a single sample. Relatively
increasing or decreasing concentrations of coarser and finer grains
compared to the central grain-size tendency are interpreted.

Natural and laboratory induced magnetization intensities and
magnetic susceptibility parallel each other in their general trends in
the upper Pleistocene interval at Hole 904A (Fig. 6). Although the
range of intensities of NRM@9mT (<0.05-50 mA/m), ARM (<2-200
mA/m) and IRM@15T (<0.06-20 A/m) spans more than 2 orders of
magnitude, respectively, susceptibility is more restricted within the
range of 100-2000 µSI. Zones I and II are characterized by the high-
est magnetization intensities, whereas Zone III is transitional to the

Zone I

0.0

70

r—1.0

Figure 5. Stacked AF-demagnetization curves of samples from Zones I (N = 86) and III (N = 36), Hole 904A. Open circles = IRM demagnetization, and solid
circles = ARM demagnetization. Block diagrams represent the derived distribution over the demagnetizing alternating field trajectory (dark-shaded blocks =
IRM, and light-shaded blocks = ARM). Zone III is representative of Zones II and IV also.



Figure 6. Downhole plot of susceptibility (open squares), NRM (solid squares), ARM (open circles), IRM (solid circles), KARM/K (open triangles), IRM/K (solid triangles), S03T (rhombi), MDF-ARM (open
stars), MDF-IRM®, 5T (solid stars), ARM/IRM@15T (circled plus signs), and NRM@9mT/IRM@15T (rotated open triangles) for samples from Hole 904A. Magnetic Zones I through IV are indicated by shaded col-
umns with modified gray color intensities (see Fig. 3). %Carbonate is redrawn from Christensen et al. (this volume). Relative percentage of clay, silt, and sand (%texture) is redrawn from Saito (this volume).
Also shown are schematic lithologic features (Shipboard Scientific Party, 1994). Open ellipsoids represent pyrite nodules. Light stippled area = interval with small sandy layers.
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low intensity Zone IV. In the following, relative differences between
and among the four magnetic Zones will be discussed.

Zone I

Zone I is characterized by a bimodal assemblage of coarse mag-
netite (lowest MDF-IRM, Bcr; Fig. 6), which is associated with a rel-
atively enhanced contribution of fine-grained magnetite with coer-
civities >20 mT (highest ARM intensity, whereas the MDF-ARM re-
mains almost constant throughout Zones I-IV). Prominent peaks in
ARM intensity in Zone I reflect higher relative contributions of fine-
grained magnetite. A general concetration peak of the ferrimagnetic
minerals can be excluded because the maxima are neither monitored
in IRM intensity nor susceptibility (Fig. 6). The maxima in the ratios
ARM/IRM@15T (Fig. 6) and KARM/K (e.g., King et al., 1982) in Zone
I confirm this, whereas the central grain-size tendency is coarsest in
Zone I. Such concentrations of fine-grained magnetite in Zone I are
marked by two prominent double peaks at the top of the sampled in-
terval within the uppermost strata of the sediment (0-4.2 mbsf) and
between 15.8 and 17.8 mbsf.

The distinct peak concentrations of fine-grained magnetite are su-
perimposed on the overall relatively coarsest grained ferrimagnetic
components in the sampled interval. The first peak concentration is re-
corded right at the sediment/water interface and then gradually de-
creases with increasing grain size to 1.8 mbsf (ARM decreases by al-
most an order of magnitude). The increase in ferrimagnetic grain size
runs through the unconformity at the Holocene/late Pleistocene bound-
ary at 1.43 mbsf (Holocene/Oxygen Isotope Stage 5.5; Christensen et
al., this volume). At 1.8 mbsf the second fine-grained ferrimagnetic
maximum subdivides the sediments with an abrupt shift to higher con-
centrations (ARM-related parameters in Fig. 6). Concentrations re-
main continuously high to about 2.8 mbsf. Like the first maximum,
this concentration of fine-grained magnetite is then gradually lost to-
ward the bottom of this section at 4.2 mbsf. Christensen et al. (this vol-
ume) pick the top of Oxygen Isotope Stage 6 at 2.59 mbsf, that is, fairly
close to the second onset of a loss of fine-grained magnetite at about
2.8 mbsf.

CaCO3 between 15.8 and 17.8 mbsf (Zone I/Zone II boundary)
yields a characteristic double peak, which parallels the second set of
peak concentrations of fine-grained magnetite. The latter maximum
is further correlative with a prominent layer of pyrite nodules, which
marks the magnetic Zone I/Zone II boundary. This strongly suggests
that the ferrimagnetic component at this point is not detrital in terms
of a dilution of the magnetic mineral concentration by a higher non-
magnetic concentration (e.g., Kent, 1982; Robinson, 1986).

KARM/K parallels the general downsection trends of ARM/
IRM@15T and is mainly driven by the peak concentrations of fine-
grained magnetite. A second diagenetic front is suggested by the on-
set of generally decreasing KARM/K, which starts at the sediment/wa-
ter interface and continues downsection to the top of magnetic Zone
IV at 42.6 mbsf. Since this decrease in KARM/K is neither recorded
in ARM/IRM@15T nor in IRM@1 5T/K, a constantly increasing down-
hole paramagnetic : ferrimagnetic ratio is suggested (i.e., a relative
loss of the finer grained magnetite).

The abrupt offsets in Zone I rock-magnetic properties are in gen-
eral correlative with changes in sediment texture (Saito, this volume),
that is, either a relative increase (decrease) of the clay content or the
sand fraction right at the point of dramatic changes in either concen-
tration or grain size of the magnetic minerals. This relationship does
not necessarily imply a general downhole correlation of sediment
texture and rock-magnetic properties. More likely, the relationship
reflects the initiation or termination of a downhole modulation of the
magnetic signal by magnetite dissolution or authigenesis.

Zone II

A distinct offset in magnetic properties is obvious with respect to
the bordering Zones I and III at 17.8 and 37.8 mbsf. The central grain-
size tendency reflects finer magnetite compared to Zone I (Figs. 3, 6).
ARM/IRM ratios decrease slightly from the top to the bottom of Zone
II. These lowest ARM/IRM ratios reflect a decrease of the ARM en-
hanced ferrimagnetic fraction (20-50-mT coercivities) relative to the
total grain-size distribution. Since this effect is enhanced in KARM/K
(continuing the trend from Zone I; Fig. 6) and is absent in the IRM/K
ratio, an additional downhole increase of paramagnetic material vs.
finer grained magnetite is indicated (i.e., a loss of finer magnetite).
Relatively low So 3T values (about 0.9) indicate a higher ferrimagnetic
: antiferromagnetic ratio from the top of Zone II to 18.9 mbsf.

Neither the rock-magnetic properties nor the lithology vary sig-
nificantly within Zone II. Despite, both the natural and artificial in-
tensities (Fig. 6) as well as the grain size of the ferrimagnetic miner-
als (MDF-IRM, Bcr) show distinct offsets that sensitively record dis-
tinct sediment packages and/or diagenetic changes in the sediment
column. Such abrupt changes in the rock-magnetic properties subdi-
vide Zone II on a scale of several meters. The magnetic signal mimics
the general meter-scale variation in the clay contents in this interval
(%texture; Fig. 6). In contrast to magnetic Zone I, those intervals with
higher susceptibility are roughly correlative with sediments with de-
creased clay contents.

The dramatic and abrupt shift in the magnetomineralogy that de-
fines the Zone I/Zone II boundary is not associated with a comparable
change in the general sediment composition, although there is a slight
increase in the clay contents at about this point. However, the in-
crease in the concentration of a high coercivity mineral at the top of
Zone II (17.8-18.9 mbsf) occurs between two prominent layers of
pyrite nodules at the top and at the bottom of this interval (Fig. 6).
Additionally, the relative contribution of fine ferrimagnetic grains
decreases constantly downward in this small section from the top of
Zone II to the layer of pyrite nodules at 18.9 mbsf.

Variations in magnetite grain size are associated with two cou-
plets of small-scale sandy layers at 22 and 31.8 mbsf (Fig. 6, schema-
tized as stippled area in double line overlaid on the carbonate curve).
Both sand-layer couplets mark the endpoints of a coarsening down-
ward of the magnetic mineralogy, which starts some meters above the
sand intervals. The onset of the respective trends is associated with a
section of intensified bioturbation at 19.3 mbsf close to the pyrite
nodules at 18.9 mbsf and a third layer of pyrite nodules at 27.3 mbsf.
Thus, the change of the magnetic mineralogy is not restricted to the
sandy layers and rather infers a diagenetic cause of these trends.

Zone III

The intensities of natural and laboratory induced magnetizations
in Zone III are transitional to the bordering Zones II and IV. Although
the total ferrimagnetic concentration sharply decreases in the section
on top of Zone IV (Fig. 6), the relative concentration of magnetite in
the 20-50-mT coercivity range increases again (AF demagnetization,
ARM/IRM @15T). Additionally, the overall influence of paramagnetic
material in relation to the coarser ferrimagnetic minerals sharply in-
creases downhole (constant KARM/K, decrease in IRM/K). S0.3T indi-
cates a constant downsection ferrimagnetic to antiferromagnetic ra-
tio, but is abruptly offset to lower values compared to Zone II.

The transitional rock-magnetic properties of magnetic Zone III
are correlative with an increase in %clay (decrease of %sand). A di-
atom-rich interval in between 42 and 42.5 mbsf (Shipboard Scientific
Party, 1994a, 1994b) at the transition from Zone III to Zone IV is as-
sociated with a dramatic decrease in MDF-IRM and Bcr as well as in
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KARM/K and ARM/IRM@15T to 43 mbsf. This indicates a sharp rela-
tive increase of coarse-grained ferrimagnetic minerals in this interval,
combined with a slightly higher contribution of antiferromagnetic he-
matite (S0.3T) In m e small section of Zone III below Zone IV (50.92-
52.01 mbsf) the respective inverse trends are recorded. The transition
from Zone III to the lower part of magnetic Zone I at 52 mbsf is again
associated with an abrupt steplike shift in the rock-magnetic proper-
ties, back to the magnetomineralogy described for Zone I.

Zone IV

The ferrimagnetic concentration in Zone IV is consistently very
low (Fig. 6), whereas the relative contribution of magnetite in the 20-
50-mT coercivity range is highest in this section (highest ARM/
IRM). This relative enhancement of the finer ferrimagnetic fraction
is caused by a lack of the low coercivity (coarsest) magnetite compo-
nent (AF demagnetization of IRM, ARM). The relative contribution
of paramagnetic minerals to susceptibility is highest in Zone IV. This
is confirmed by the ratio of high-field susceptibility (%hf) to low-field
susceptibility (%). Only in Zone IV do paramagnetic minerals domi-
nate susceptibility (e.g., Richter and van der Pluijm, 1994), whereas
the remainder of the sampled section is dominated by the ferromag-
netic component (Table 2). Sα 3 T values have the lowest ferrimagnetic
: antiferromagnetic ratio in the profile (i.e., highest hematite concen-
tration, whereas So 3 T still is >0.85). The magnetic properties of Zone
IV are not correlative with comparable changes in the general litho-
logic composition of the sediment (Fig. 6). Note, however, that the in-
terval below 43 mbsf is associated with a dramatic increase in the clay
contents, which then gradually decreases again to 47 mbsf. This in-
terval is correlated with Oxygen Isotope Stage 7 (Christensen et al.,
this volume), based on foraminiferal and geochemical changes.

Hole 903A

Compared to Hole 904A the sampled Pleistocene interval at Hole
903A is characterized by a coarser assemblage of PSD through SD
magnetite of narrow grain-size distribution. IRM-acquisition curves
of selected samples indicate magnetite and saturation is achieved at
fields below 0.5 T (no figure). A nearly continuous contribution of a
high coercivity mineral is evident (So 3 T about 0.95).

Magnetization intensities at Hole 903A do not exceed one order
of magnitude. Remanent coercivities (MDF and Bcr) are very uniform
downsection. They are comparable to magnetic Zone I at Hole 904A
in that the MDF-IRM at Hole 903A is generally distinctly lower (at
about 20 mT) than the MDF-ARM (at about 35 mT). The overall ho-
mogenous magnetic properties at Site 903 are divided into three mag-
netic subzones: Zone A (0-6.3 mbsf), Zone B (6.4-10.91 mbsf), and
Zone C (11-37 mbsf). Notable variations in the rock-magnetic prop-
erties are largely restricted to the upper 11 m of the sampled interval.
Differences of the three zones are outlined in the following.

Hole 903A samples are characterized by SD grains (Fig. 7). Zone
C is clearly separated from Zones A and B by a greater influence from
(super)paramagnetic minerals (cf. Fig. 9, inverse relationship of gen-
erally low susceptibilities and generally highest laboratory induced
remanences). Samples from Zone B have not been highlighted in the
plot, but they do account for the lower left corner of the Zone A and
B distribution. These samples indicate an increasing influence of (su-
per)paramagnetic minerals, which is transitional to Zone C. Although
So 3 T in the sampled interval is almost constant, Zone A and Zone B
are clearly separated from Zone C by a wide range of the respective
finest (Zone A) and coarsest ferrimagnetic grains (Zone B) relative to
Zone C (Fig. 8).

A good general correlation on a meter scale exists for both con-
centration dependent and independent rock-magnetic parameters
(Fig. 9). Major downhole trends in magnetic susceptibility (abrupt in-
crease at 6.3 mbsf) are driven by superparamagnetic grains. K is in-

Table 2. Percentage of ferromagnetic minerals contributing to suscepti-
bility, Hole 904A.

Core, section,
interval (cm)

150-904A-
1H, 88-100
2H, 58-60
3H, 115-117
5H,9-11
6H, 32-34

Xhf×lO"8

(mVkg)

5.79
6.91
7.34
7.68
4.51

X×IO"8

(m3/kg)

28.28
29.94
33.30
22.07
4.51

%Ferro

79.5
76.9
78.0
65.2
0.1

Notes: %hf = high-field mass susceptibility, and % = mass susceptibility.
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10 100
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Figure 7. Comparison of Hole 903A rock-magnetic properties with grain-size
classification following Bradshaw and Thompson (1985). Open circles =
Zones A and B, and solid circles = Zone C. MD = multidomain magnetite, SD
= single-domain magnetite, and (S)PM = (super)paramagnetic minerals.
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Figure 8. Semilogarithmic scatter plot of S03T vs. KARM/K for Hole 903A.
Zone A = open circles, Zone B = plus signs, and Zone C = solid circles.
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Figure 9. Downhole plot of susceptibility (open squares), NRM (solid squares), ARM (open circles), IRM (solid circles), KARM/K (open triangles), IRM/K (solid triangles), S03T (rhombi), MDF-ARM (open
stars), MDF-IRM@i 5T (solid stars), ARM/IRM@15T (circled plus signs), and NRM@9mT/IRM@15T (rotated open triangles) for samples from Hole 903A. Magnetic Zones A through C are indicated by shaded col-
umns with decreasing gray color intensities (dark gray = Zone A, middle gray = Zone B, and light gray = Zone C). %Carbonate is redrawn from Christensen et al. (this volume). Relative percentage of clay, silt,
and sand (%texture) is redrawn from Saito (this volume). Also shown are schematic lithologic features (Shipboard Scientific Party, 1994). Light stippled horizontal lines = small-scale sand layers.
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versely correlated with both the paramagnetic clay contents (%tex-
ture; Fig. 9) and the concentration of ferrimagnetic minerals. A dra-
matic increase in the concentration of paramagnetic minerals other
than clay minerals with high intrinsic susceptibilities (e.g., horn-
blende) is not known in the interval below 6.3 mbsf, and would not
adequately explain the susceptibility increase. Details are discussed
for the respective Zones A through C.

Zone A

Zone A is characterized by lowest susceptibilities and highest rel-
ative contribution of fine-grained magnetite in this interval (highest
ARM intensity and highest ratios of ARM related parameters). Rock-
magnetic parameters derived from ARM and IRM measurements
parallel one another in their general trend on a centimeter scale. There
is, however, a remarkable difference within the range of variation.
Although ARM decreases within the uppermost 3 mbsf from maxi-
mum values (0.1-1.8 mbsf) on the order of one magnitude to average
values of about 200 mA/m for the remainder of the section, the inten-
sity of IRM remains in the average magnetization of the whole sam-
pled interval (about 4 A/m). AF-ARM demagnetization curves typi-
cally indicate SD magnetite, contrasting the multidomain type AF-
IRM demagnetization (see Hole 904A description). Highest ARM/
IRM ratios mimic trends in KARM/K and IRM/K. Higher values of
MDF-ARM and MDF-IRM are related to higher magnetization in-
tensities and vice versa. The MDF-IRM values generally increase
from the top to the bottom of Zone A, whereas the MDF-ARM be-
tween 4.2 mbsf and the bottom of Zone A drop to a relative mini-
mum. Comprehensively, the rock-magnetic behavior indicates that
the relative contribution of coarse-grained (MD) magnetite is lowest
in Zone A and that in contrast the finer fraction of magnetite (i.e.,
MDF >14 mT, especially 0.1-1.5 mbsf) is more prominent than it is
in the rest of the profile. The relative contribution of fine-grained
magnetite over paramagnetic minerals is enhanced in Zone A com-
pared to Zones B and C. This is most obvious at the top of Zone A.
Below 4.2 mbsf the general inverse trends of MDF-ARM (decreas-
ing) and MDF-IRM (increasing) suggest that both coarsest grained
and finest grained magnetite are gradually lost toward the bottom of
Zone A.

Zone A rock-magnetic properties are subdivided by abrupt, step-
wise shifts in either concentration dependent or concentration inde-
pendent parameters. Steplike changes are only poorly correlative
with lithology. Examples are at 1.8, 3, and 5 mbsf (Fig. 9). The rel-
ative high concentration of fine-grained magnetite starts to decrease
at 1.8 mbsf. This correlates fairly well with the Holocene/Oxygen
Isotope Stage 5 boundary at 1.64 mbsf (see Christensen et al., this
volume), at which depths Holocene sediments unconformably over-
lie late Pleistocene clayey silts. The bottom of magnetic Zone A at
6.3 mbsf precedes a prominent change (Shipboard Scientific Party,
1994a, 1994b) in sediment structure (at 6.45 mbsf) and lithologic
composition (at 6.8 mbsf) by several centimeters. However, the
steplike shift to overall coarser ferrimagnetic minerals (Zones B and
C) coincides with the Oxygen Isotope Stage 5/Stage 6 boundary
(Christensen et al., this volume). Lowest susceptibilities of Zone A
are inversely correlated with the highest clay content in the sampled
sediments and the highest concentration of fine-grained ferrimag-
netic minerals.

ZoneB

The magnetic properties of Zone B samples (6.4-10.91 mbsf) are
separated from Zone A and Zone C by abrupt changes in concentra-
tion and grain-size distribution of the magnetomineralogy. The latter
reflect the dominance of relatively coarse-grained magnetite. The rel-
ative contribution of (super-)paramagnetic minerals significantly in-
creases. This is apparent from (1) a steplike decrease of MDF-IRM
and an increase of MDF-ARM (AF-demagnetization curves are typ-

ically linear, with MDF-ARM greater than MDF-IRM; i.e., SD mag-
netite tendency after Lowrie and Fuller, 1971); (2) a dramatic de-
crease of KARM/K and IRM/K; and (3) a decrease in the ARM/IRM
ratio (lowered ARM intensity, constant IRM intensity) at the top of
Zone B. A second steplike decrease of concentration dependent and
independent parameters indicates the ongoing coarsening (loss of
fine-grained magnetic material) of magnetite and the increasing in-
fluence of (super)paramagnetic minerals. Minimum values of this
change in magnetic mineralogy are encountered at 7.4 mbsf. Below
this interval another abrupt increase of the MDFs is associated with a
gradual increase of magnetization intensities and thus again reflects
the increase of fine-grained magnetite and the relatively decreasing
influence of (super)paramagnetic grains. The bottom section of Zone
B (between 9.8 and 10.91 mbsf) is distinguished from Zone C below
by ARM related parameters only, whereas IRM-related parameters
are, on average, comparable with those from underlying Zone C. The
rock-magnetic properties indicate a steplike increase of relatively
coarse magnetite in the bottom interval, whereas the finer fraction re-
mains low.

A dramatic modulation of the magnetic signal is associated with
the small section at 7.4 mbsf just below the 7.05-7.2-mbsf interval,
which contains two complete 5-cm gastropods (Shipboard Scientific
Party, 1994a). Because of a lack of samples, it is not clear whether the
lithologic change at 9 mbsf (back to clayey silts) is correlative with
changes in the magnetic mineralogy. The abrupt offset of ARM relat-
ed parameters at the Zone B/Zone C boundary is correlative with a
color change below a small section of intensified bioturbation.

ZoneC

Zone C (11-37 mbsf) yields an interval of extremely homogenous
magnetic properties (Fig. 9). Despite the absence of notable long-term
trends in the independent measurements of K, IRM, and ARM inten-
sities, the respective parameters mimic each other in general down-
hole trends on a centimeter scale (i.e., every sample). Thus, the signif-
icance of each value is clearly demonstrated and an interpretation of
even the smallest variations is justified. A linear regression of K vs. re-
spectively ARM and IRM yields a significant correlation only for the
latter (K is linear in IRM with R = 0.6). The poor correlation to ARM
is the result of notable shifts in the range of variation, that is, marked
differences in the amplitude of change on a sample to sample basis.
There is almost no variation in the concentration of the smaller ferri-
magnetic components (ARM ranges from 16.2 to 30.4 mA/m), where-
as both IRM and K display a relatively wider range (IRM: 2.4-6.5 A/
m, K: 561.8-1626 µSI). Differences in the amount of decrease (in-
crease) may thus be used to display modifications of the magnetic sig-
nal with respect to relative changes in the contribution of the paramag-
netic and ferrimagnetic minerals in a sample (IRM/K and KARM/K).
Peak values in both IRM/K and KARM/K reveal a certain cyclicity on
a several meter scale (Fig. 9, marked by horizontal lines between the
two curves) displaying relative enhancement of the ferrimagnetic
fraction over the paramagnetic components of the macroscopically al-
most homogenous silty clays in Zone C. Varying grain sizes of the fer-
rimagnetic components should have little effect on the ARM and IRM
in Zone C because the AF demagnetization of both ARM and IRM re-
sults in almost constant MDFs downcore.

Comparison of the higher MDF-ARM (about 40 mT) and MDF-
IRM (about 20 mT) indicates the presence of relatively large amounts
of coarse ferrimagnetic grains (see Hole 904A discussion). Peak val-
ues of MDF-ARM and MDF-IRM are correlative with small sandy
layers present throughout Zone C (barrel sheets; Shipboard Scientific
Party, 1994a) and thus indicate a finer ferrimagnetic component as-
sociated with the sands. MDF values increase slightly below 28.5
mbsf, coincident with a general, minor decrease in both IRM and K.
These trends in the rock-magnetic properties are correlative with a
color change at 28.5 mbsf as well as slightly increasing clay contents
(decreasing sand contents) in this interval (see %texture in Fig. 9).
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DISCUSSION

Since sedimentation on the upper slope is potentially influenced
by terrigenous material one might expect a contribution by detrital ti-
tanomagnetites to the magnetic signal. A comparison of both the IRM
and the ARM AF-demagnetization characteristics of the Hole 904A
samples with the experimental results from Dankers (1978) does not
indicate the presence of this remanent magnetic mineral. Titanomag-
netites (<5 through 30-40 µm) display convex-shaped AF-demagne-
tization curves, in contrast to the investigated samples from Hole
904A. Furthermore, Danker's (1978) data suggest that (coarse) tita-
nomagnetite is more easily magnetized by ARM than magnetite. This
does not agree with the ARM magnetization behavior discussed
above.

In the largely reducing Pleistocene New Jersey slope sequences,
where nonmagnetic pyrite formation is favored (Shipboard Scientific
Party, 1994a, 1994b), the possible contribution of the ferrimagnetic
iron sulfides greigite (Fe3S4) and monoclinic pyrrhotite (Fe7S8) to the
remanent magnetizations must be considered. However, the samples
analyzed display distinctly lower coercivities (Hc <23 mT; Fig. 2)
than has been reported for natural sedimentary greigites (Hc = 41-57
mT; Snowball, 1991). In additional, the low IRM/K ratios of the sam-
ples (Fig. 3) do not match the high ratios generally characteristic for
greigite (about 70 kA/m; Snowball and Thompson, 1990). The same
criterion (IRM/K) can be used to rule out pyrrhotite (Fig. 3).

The high resolution downhole analysis of the two New Jersey
slope sites strongly suggests that the magnetic signal of both the
Pleistocene sections is a composite of postdepositional dissolution
and authigenic growth of fine-grained magnetite, superimposed on
the primary detrital magnetic input. I infer that this modulation of the
magnetic signal is tied to the series of reductive reactions in the bac-
terial degradation of organic matter.

The Detrital Magnetic Signal

The overall coarser central grain-size tendency in the Pleistocene
interval of Hole 903 A, relative to Hole 904A, located farther down-
slope, suggests a slightly decreasing grain size of the ferrimagnetic
minerals with increasing distance from the coastline. This in turn is
in good agreement with a primary clastic influx from coastal rivers,
such as the Hudson or Delaware River. The latter are potential point
sources for sands and muds deposited on the slope (Shipboard Scien-
tific Party, 1994a, 1994b). Mass transport of sediments downslope
might have the same effect of grain-size sorting, but it will potentially
smear out a clear signal because of the varying origin of the sedi-
ments on the slope. The analysis of directional AMS data shows dom-
inantly northwest-southeast (Hole 903A) and north-south (Hole
904A) oriented magnetic fabrics and indicates a downslope sediment
transport consistent with the general slope orientation (Urbat, 1995).

At Sites 903 and 904 an overall finer ferrimagnetic assemblage is
associated with the interglacials. At Hole 903A the transition from
magnetic Zone A (interglacial Stage 5) to Zones B and C (glacial
Stage 6) separates an overall finer ferrimagnetic fraction from the
more coarse-grained "glacial" magnetic minerals. The interpretation
for Hole 904A is less straightforward, although the well defined Ox-
ygen Isotope Stage 7 (904 Zone IV) bears a relatively fine ferrimag-
netic fraction compared to most of Stage 6 transported sediments on
top.

There is generally no striking correlation of the lithologic param-
eters available for this study and the rock-magnetic record. However,
the abrupt offsets in magnetite grain size, concentration or composi-
tion of magnetic minerals are associated with, for example, short-
term increases/decreases in sand or clay contents, CaCO3 changes, or
generally glacial/interglacial boundaries (Figs. 6, 9). Thus, major
downhole changes in the rock-magnetic record are very likely domi-
nated by the primary detrital input of magnetic material. At Hole
904A the offset bound magnetic Zones I through IV suggest that the

lithology is a composite of several unconformably deposited sedi-
ment packages. This is especially evident in the upper part of Zone I
(0-17.8 mbsf) and Zone II. Additional subdivisions of these zones
could be based on abrupt shifts in grain size and concentration of the
magnetic mineralogy. These changes are of minor extent; however,
they cramp thinner sediment packages deposited in separate events,
for example, mass flows on the slope. It appears from the almost con-
stant magnetic mineralogy that the source or the pathway of the sed-
iments did not change significantly within glacial Stage 6, which is
most prominent in both sampled intervals from Sites 903 and 904.
The described offsets in magnetic mineralogy are distinct, although
the absolute changes remain relatively small. The only exceptions to
this assumption are the boundaries of Zone B (Site 903) and Zone II
(Site 904), which are associated with more dramatic changes of the
rock-magnetic properties.

The changes described for the magnetic mineralogy from glacial
to interglacial stages are more prominent. For example, Site 904 in-
terglacial Stage 7 (Zone IV, 43-47 mbsf) is comprised of a low con-
centration of ferrimagnetic minerals, suggesting detrital input was
low. In situ benthic foraminifers, a low relative percentage of trans-
ported benthic foraminiferal assemblages, and interglacial planktonic
foraminifers (Christensen et al., this volume) in this interval corrob-
orate this interpretation of in situ sedimentation. If this assumption is
valid than these sedimentary conditions developed already at 50.9
mbsf, that is, the base of Zone IV. The gradual overall increase in the
concentration of the ferrimagnetic minerals to 37.8 mbsf (Zone III)
with a concomitant decrease in both the importance of paramagnetic
minerals and fine-grained magnetite over the coarser fraction, indi-
cates a slow transition to glacial Stage 6. A sharp incision at 43 mbsf
with a high short-term input of relatively coarse-grained ferrimagnet-
ic material marks the top of Stage 7. There is no evidence of dramatic
magnetite dissolution in this interval, which could have caused the
low magnetization, alternatively to the inferred dilution of the signal.

Magnetite Dissolution

The dissolution of magnetite in the sampled interval at Hole 904A
is associated with the finer ferrimagnetic minerals contained in the
sediments. This is obvious, since the most prominent (relative) con-
centration and grain-size changes are related to ARM parameters
only. At both Holes 903A and 904A, the uppermost sediment layers
are characterized by peak concentrations of fine-grained magnetite,
which appears to be superimposed on a relatively coarse-grained fer-
rimagnetic component. At Hole 904A, the loss of this fine-grained
magnetite begins immediately below the water/sediment interface
and ends at about the base of the Holocene interval. This indicates
magnetite dissolution that is tied to the series of redox reactions in the
course of bacterial degradation of organic matter (cf., e.g., Karlin,
1990a, 1990b; Leslie etal., 1990a, 1990b).

Figure 10 shows a certain looping behavior of increasing and de-
creasing grain sizes within the uppermost 3.56 mbsf containing the
two peak concentrations of fine-grained magnetite. To display the
grain-size variation of the finer ferrimagnetic minerals in this interval
ARM-related parameters were chosen, which are sensitive to grain-
size changes (cf. Maher, 1988). A similar looping behavior of first
decreasing, than increasing and again decreasing grain size has been
reported by Karlin (1990a), and has been attributed to the preferential
dissolution of the finest fraction, followed by a grain-size decrease
when the coarser grains are finally attacked. At Hole 904A the chang-
ing grain sizes result from two separate events, where dissolution
does not attack the coarser grains and only the finer magnetite is lost
below the respective maximum concentrations. The jump back to fin-
er grain sizes coincides with the hiatus between the Holocene and the
enrichment in fine-grained magnetite in interglacial Stage 5.5.

A similar feature of a looping like grain-size change is associated
with the second interval (15.8 and 17.8 mbsf) containing two promi-
nent peaks of fine-grained magnetite (Fig. 10). Again this variation
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Figure 10. Plot of KARM/IRM @ 1 5T vs. MDF-ARM (following Maher, 1988) for two intervals at Hole 904A. Numbers in plot denote sample depths in mbsf.

reflects the dissolution of the finer ferrimagnetic minerals in short,
well-defined intervals. Dissolution proceeds downward from the re-
spective point of maximum magnetite concentration and ends with a
lithologic change. The lithologic background in this interval (corre-
lation to layers of pyrite nodules, peak concentration of carbonate, in-
tensified bioturbation), in combination with the rock-magnetic sig-
nal, strongly suggests interruptions of the geochemical steady state,
preserving repeated thin intervals of magnetite dissolution.

In the upper 38 m (Zones I and II) at Hole 904A, these separate
diagenetic features are overlain by the only obvious diachronous
downhole modulation of the magnetic signal. The continuous de-
crease in the ratio KARM/K (Fig. 6) indicates the gradual dissolution
of the finer ferrimagnetic minerals. This inferred diagenetic alteration
of magnetite must then be a second process after the dissolution in
well-defined intervals described before. This second process gradu-
ally removed some of the finer magnetite, but it did not yet level
downhole trends of the magnetic signal in the current sulfate reduc-
tion zone.

The topmost layers at Hole 903A (Zones A and B; Fig. 9) are
characterized by two sections in which the relative contribution of
fine-grained magnetite significantly decreases.

1. Just below the Holocene/late Pleistocene unconformity at 1.8
mbsf, fine-grained magnetite is rapidly lost. This decrease is
not associated with a comparable change in the lithologic
record and likely reflects the dissolution of the ferrimagnetic
mineral.

2. The second dramatic decrease in the relative concentration of
fine magnetite is recorded immediately below the Stage 5.5/
Stage 6 boundary (?unconformity) at 6.3 mbsf.

Fine-grained magnetite remains low, relative to the overall ferrimag-
netic concentration and grain size, throughout Zone B to 11 mbsf
and then abruptly increases again (ARM-related parameters in con-
trast to IRM-related parameters). Since the interglacial to glacial
change at 6.3 mbsf is associated with a dramatic overall increase of
the grain size of the sediment (Fig. 9), the rock-magnetic properties
do in part reflect this lithologic variation by a coarser central grain-
size tendency and a drop in the concentration of magnetic minerals.
However, neither the lithology nor the general magnetic signal re-
flects any sharp change at 11 mbsf. The separation of magnetic Zone
B is based on the dramatic decrease in the relative concentration of
the fine-grained ferrimagnetic minerals and likely reflects the disso-
lution of this component between 6.3 and 11 mbsf. If this assump-
tion is valid, a second diagenetic front is required on account of this
dissolution of magnetite. Additionally, the poor record of the NRM
signal in Zone B can in part be explained by a dissolution of the finer
ferrimagnetic carriers of remanence, leaving only the coarse-grained
and insufficiently aligned detrital part of the magnetic tape.

Contrasting Hole 904A, diachronous and gradual changes of the
rock-magnetic properties are not recorded at Hole 903A. This might
be caused by the lower sedimentation rate at Hole 904A in combina-
tion with a reduced speed of reductive diagenesis. This might lead to
a longer and/or repeated contact of magnetite with the reducing agent
at Hole 904A, be it either H2S or iron-reducing bacteria.

Authigenic Magnetite

The peak concentrations of fine-grained magnetite in the sampled
intervals of both holes are correlative with those intervals of highest
NRM/IRM ratios (Figs. 6, 9) and thus indicate highest alignment ef-
ficiency of the carriers of the NRM. This coincides with the growth
of a chemical remanent magnetization (CRM) in these sections, re-
sulting in a better alignment compared to the otherwise dominating
detrital remanent magnetization.

Peak concentration of fine-grained magnetite in the sampled in-
tervals are related to inferred unconformities in the sediment. These
high concentrations are most prominent in the Holocene sections of
both Sites 903 and 904. At the latter magnetite starts to dissolve right
at the sediment/water interface. Additional well defined maxima are
recorded at the Holocene/Stage 5.5 unconformity (Hole 904A) and
between 15.8 and 17.8 mbsf at Site 904. These may reflect trapped
magnetite concentrations in terms of an interruption of steady state
conditions and will then represent paleoredox markers, in the sense
of Karlin (1990a).

CONCLUSIONS

The primary detrital magnetic signal at Holes 903A and 904A is
overlain by both dissolution as well as an authigenic growth of mag-
netite, although the former is still dominant. The modulation of the
primary signal is restricted to the finer ferrimagnetic fraction, where-
as the coarse-grained magnetic material remains relatively unaltered.
Both dissolution and authigenic growth of magnetite are dominantly
associated with separate meter-scale sections of the sampled intervals
and are typically related to the interface of unconformably deposited
sediment packages. Detectable rock-magnetic patterns are preserved
when nonsteady state conditions developed during diagenesis (sedi-
mentation rate changes). They mimic dissolution/precipitation of
magnetite, which has been reported to occur just below the sediment/
water interface (e.g., Leslie et al., 1990a, 1990b); thus, these rock-
magnetic patterns likely reflect preserved markers of, for example,
fluctuating redox conditions. Evidence of a continuous downhole di-
agenetic alteration of the magnetic mineralogy is scarce, although
present at Hole 904A and thus suggests the alteration of the magnetic
signal occurred repeatedly during sediment diagenesis.

The consideration and combined analysis of various rock-magnet-
ic parameters is essential to interpret the sometimes only minor and
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relative changes of the magnetic record that are caused by reductive
diagenesis. A successful discrimination of detrital and postdeposi-
tional components of the magnetic signal using standard rock-mag-
netic parameters is demonstrated. The grain-size selectivity of the ap-
plied ARM-acquisition process can be used to interpret relative grain
size and/or concentration changes of the finer ferrimagnetic fraction,
and thus is helpful to extend the analysis of the central grain-size ten-
dency alone. Downhole changes of the magnetic signal will vary as a
function of a variety of sedimentary processes and thus only an indi-
vidual interpretation of the obtained rock-magnetic data seems ap-
propriate for each respective location (also see Urbat, 1995).
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