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ABSTRACT

Magnetic diagenesis, involving a sequence of iron reduction steps resulting in initial authigenesis of magnetite and pro-
gressing through reduction to greigite and on to pyrite, can be traced in Leg 164 sites by downhole changes in susceptibility, the
hysteresis parameter DJH, and coercivity spectra. An undisturbed reference site on the Blake Ridge (Site 995) shows an initial
increase in susceptibility between 0 and 4 mbsf, consistent with authigenesis of fine-grained magnetite and greigite, followed
by almost complete reduction to pyrite below 4 mbsf. Site 991 shows a similar pattern restricted to Unit I; Unit II, although it
commences at only 2 mbsf, is thoroughly reduced, reflecting the removal of material in a slide prior to the deposition of Unit I.
At Site 992 the authigenesis of magnetite in Unit I has a different character; it is dominated by single-domain magnetite, sug-
gesting that the multiple remobilization and redeposition of Unit I sediments at this site may have encouraged the growth of
slightly larger magnetite grains, perhaps by incorporation of additional sulfate in the redeposited sediments. Unit I sediments at
Site 992 have never been exhaustively reduced, suggesting that they were not buried by more than about 4 m prior to remobili-
zation. In contrast, the entire sequence at both Sites 993 and 996 are thoroughly reduced. At Site 993 this reflects the exhuma-
tion of the site, which was previously estimated by physical properties (shear strength) measurements to be 50–80 m. Site 996
has not been exhumed significantly; instead reduction here has proceeded extensively even near the seafloor because of the
supply of methane along a fault.
INTRODUCTION

Leg 164 was the first Ocean Drilling Program (ODP) leg to have
the study of the occurrence of natural gas hydrates in sediments as its
principal objective. A series of sites were drilled on the Blake Ridge,
a Neogene and Quaternary sediment drift (Tucholke et al., 1977)
comprising hemipelagic silt and contourites, and on a sector of the
southern Carolina Rise penetrated by one of a series of diapirs that
form a linear array extending for more than 200 km along the base of
the rise. Gas hydrate had been previously recovered in Deep Sea
Drilling Project (DSDP) drilling on the Blake Ridge (Gradstein and
Sheridan, 1983). A bottom-simulating reflector (BSR), interpreted as
indicating the base of an interval of gas hydrate accumulation, is
prominently developed on the Blake Ridge and Carolina Rise (Ship-
ley et al., 1979; Dillon and Paull, 1983).

Extending from the Carolina Rise to the Hatteras Abyssal Plain is
the Cape Fear Slide, one of the largest continental margin slide fea-
tures in the world (Popenoe et al., 1993). Near its headwall scarp, the
sole of the Cape Fear Slide is breached by the Cape Fear Diapir. Leg
164 drilled three sites (Sites 991, 992, and 993) near the Cape Fear
Diapir (Shipboard Scientific Party, 1996c) to investigate the relation-
ship (if any) between the formation of the slide and the intrusion of
the diapir, and to test the hypothesis that decomposition of the base
of a hydrate layer might have fluidized sediments to mobilize the
base of the slide (Carpenter, 1981; Cashman and Popenoe, 1985;
Popenoe et al., 1993; Schmuck and Paul, 1993).

At the top of the Blake Ridge, where it merges with the Carolina
Rise, the Blake Ridge diapir produces a topographic bulge in the
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overlying sediments, and is marked by a pockmarked seafloor with
actively venting faults and associated chemosynthetic communities
(Paull et al., 1995). Objectives at Site 996 were to investigate meth-
ane migration and gas hydrate formation in a fault zone where the
methane may be sourced from decomposition of hydrate below. Site
996 also provided abundant samples of hydrate recovered in cores
(Shipboard Scientific Party, 1996e).

Rock-magnetic investigations on samples from Leg 164 have fo-
cused on the bacterial mediation of the diagenesis of magnetic oxides
and sulfides. At the Blake Ridge sites (Sites 994, 995, and 997), these
studies have confirmed the rock-magnetic signature of enhanced bac-
terial activity at the BSR and have indicated a close correspondence
between rock magnetic parameters that reflect oxidation state and
grain size in the magnetic mineralogy (magnetite and greigite) and
the patterns of biological activity in bacterial cultures isolated from
these samples (Musgrave, Goodman, Parkes, et al., 1997).

The diapir sites, Sites 991, 992, 993, and 996, provide a different
setting from the Blake Ridge sites. No BSR is present at the Cape
Fear Diapir sites, and drilling at Site 996 was restricted to shallower
than 63 m below seafloor (mbsf). Hence none of the diapir sites in-
volves penetration of a BSR. In contrast to the Blake Ridge sites,
however, all four diapir sites involve substantial disturbance to the
sequence of sediment accumulation and early magnetic diagenesis
typical of reduced marine sediments. At Sites 991, 992, and 993, this
disturbance is physical, and results from diapir emplacement, from
deformation related to repeated slumping, and from exhumation fol-
lowing the slumping of the Cape Fear Slide (Shipboard Scientific
Party, 1996b). At Site 996, methane is being vented to the seafloor
along a fault that taps a BSR that is domed upwards around the Blake
Ridge Diapir. The fault-enhanced transport of methane into the zone
of seawater diffusion appears to result in very active sulfate reduc-
tion, including the production of large quantities of H2S, similar to
the situation observed at Site 892 on Leg 146 (Shipboard Scientific
Party, 1994; Housen and Musgrave, 1996).

For each of these diapir sites, rock-magnetic studies were directed
toward contrasting the disturbed rock-magnetic depth profile with the
undisturbed profile observed at the Blake Ridge sites.
401

mailto:R.Musgrave@latrobe.edu.au


R.J. MUSGRAVE, Y. HIROKI
METHODS

Shipboard rock-magnetic methods included a series of anhyster-
etic remanence (ARM) acquisition and demagnetization measure-
ments on discrete plastic box samples (Shipboard Scientific Party,
1996a). Remanences were measured on a Molspin spinner magne-
tometer. ARM was imparted using a DTECH bias coil mounted in a
Schonstedt GSD-1 alternating-field (AF) demagnetizer, with an ef-
fective AF operating limit of 90 mT. Discrete samples, which had al-
ready been AF demagnetized, were exposed to a bias field of 0.1 mT
in AF-acquisition windows 10 mT wide, centered on steps of 5 mT
up to 85 mT to impart partial ARMs (pARM). A final bulk ARM was
imparted over a complete 90-mT demagnetization cycle, after which
some samples were again demagnetized in 10-mT steps up to 90 mT
(demagnetization of ARM, dARM). Shipboard time constraints lim-
ited dARM measurements to Sites 991, 992, and 994.

Magnetic susceptibility was measured on unsplit APC cores by a
Bartington MS2 susceptibility meter with a MS1/CX80 whole-core
sensor attached to the multisensor track (MST), and on discrete sam-
ples with a Bartington MS2 system using a MS1B well sensor set to
its “0.1 SI” scale.

Shipboard rock-magnetic samples were processed as soon as pos-
sible after sampling (within a few days at most), to minimize alter-
ation to the magnetic mineralogy through oxidation. Samples des-
tined for shore-based rock-magnetic analysis were collected and pre-
pared according to one of three regimes.

1. A set of samples from Site 995 that were dedicated for shore-
based microbiological and rock-magnetic analysis was taken
immediately following sectioning of the core on the catwalk
and was stored in an anoxic atmosphere, using Anaerocult
packaging. After opening of the packaging, a split of each
sample was freeze dried and stored in a sterile plastic pot with
an oxygen-free nitrogen headspace. Rock-magnetic specimens
were prepared from these splits immediately after opening of
the plastic pots, and hysteresis analysis was completed within
an hour of exposure of the samples to the air. This set of sam-
ples, which should show minimal effects of post-coring oxida-
tion on the magnetic mineralogy, is referred to below as the
“A995 set.” 

2. A second set of samples from Site 995 (originally sampled for
magnetostratigraphy) were also subjected to rock-magnetic
analysis; however, these samples were not protected from ex-
posure to the air during storage or specimen preparation.
These samples are referred to as the “B995 set.” Oxidation in
samples stored in this way has been noted to result in changes
in rock-magnetic parameters. In particular, the ferrimagnetic
sulfide greigite has been reported to decompose rapidly in air
in some samples, resulting in a decrease in saturation magne-
tization and a change in coercivity (Snowball and Thompson,
1990; Kalcheva et al., 1990).

3. Samples for shore-based rock-magnetic analysis from Sites
991, 992, 993, and 996 were all stored in Anaerocult packag-
ing. After opening of the packaging, samples were stored at
<4°C, and rock-magnetic specimens were prepared and pro-
cessed as soon as possible after opening of the package (max-
imum delays were a few days). These samples should also
show relatively little influence of post-coring oxidation.

Hysteresis parameters were determined in the La Trobe University
PALM laboratory using a Molspin NUVO vibrating sample magne-
tometer (VSM). Saturation magnetization (Js), saturation remanence
(Jrs), and coercivity (Hc) were determined from hysteresis loops to
>800 mT (sufficient to achieve saturation in all samples), after sub-
traction of the paramagnetic contribution determined from the M/H
gradient at >500 mT. Coercivity of remanence (Hcr) was also deter-
402
mined on the VSM, by imparting an IRM at 800 mT, and then apply-
ing successively increasing field steps in the opposite directions;
remanence was determined by turning the applied field off after each
step. Because many of the samples were very weakly magnetized,
with Jrs frequently less than 50 µA m2 kg–1, the signal-to-noise ratio of
coercivity of remanence was improved by averaging repeated mea-
surements.

Stages in the reduction sequence of the magnetic mineralogy were
traced downhole at each of the sites through changes in coercivity
and saturation magnetization indices, which indicate changes in do-
main state (and hence magnetic grain size) and mineralogy. Histo-
grams of pARM and dARM directly indicate changes in the distribu-
tion of coercivity of remanence, and can reflect the presence of distinct
populations of magnetic phases. Hysteresis parameters can be com-
bined in a Day plot (Day et al., 1977), defining fields corresponding
to ferrimagnet domain states. The index DJH = (Jrs/Js)/(Hcr/Hc) (Hous-
en and Musgrave, 1996) indicates position on the Day plot, and so
allows domain state to be plotted as a function of depth. A single do-
main (SD) dominated assembly is indicated by values of DJH > 0.33;
DJH < 0.0125 indicates multidomain (MD) or superparamagnetic
(SPM) populations, and intermediate values of DJH indicate a net
pseudosingle domain (PSD) state, or a mix of SD and SPM or MD
populations. Domain state reflects grain size: in magnetite, SD grains
range between about 50 nm and 1 µm; PSD typically ranges between
0.1 and 10 µm; MD > 10 µm; and SPM < 50 nm.

REDUCTION SEQUENCE AT SITE 995—AN 
UNDISTURBED REFERENCE SECTION

Sedimentation at the Blake Ridge sites (Sites 994, 995, and 997)
was uninterrupted through the late Pliocene and Quaternary, resulting
in an undeformed and continuous sequence of nannofossil-rich clays
extending below 100 mbsf at all three sites. Interstitial methane and
sulfate profiles indicate limited seawater diffusion and no evidence of
significant methane transport into the sulfate reduction zone, in con-
trast with Site 996. As a consequence, the Blake Ridge sites show the
normal pattern of magnetic diagenesis in reduced marine sediments,
which is illustrated by the MST susceptibility record for the upper
part of Site 995 (Fig. 1). Magnetic diagenesis in reduced sediments
involves a series of iron reduction steps within the first few meters
below the seafloor, beginning with authigenesis of magnetite,
through generation of incompletely reduced iron sulfides, including
the ferrimagnetic phase greigite, to complete iron reduction to pyrite
(Canfield and Berner, 1987; Karlin, 1990; Leslie et al., 1990). Sus-
ceptibility in the three Blake Ridge sites increases from the seafloor
to about 2 mbsf. The increase in susceptibility presumably results
from authigenesis of magnetite, adding to the depositional load of de-
trital magnetite. A decrease in susceptibility immediately below this
peak reflects a first stage of further reduction of magnetite to sulfides;
a second peak at about 3 mbsf may represent growth of greigite, be-
fore susceptibility precipitously declines at about 3.75 mbsf as iron
sulfides are fully reduced to pyrite, which is paramagnetic.

On a Day plot, samples from the A995 set from Site 995 plot in
the PSD field, or just to the right of the PSD field, indicating an ad-
mixture of MD or SPM grains with PSD grains (Fig. 2A). Samples
migrate across the field in a systematic way with increasing depth,
following a path that suggests an increase in the proportion of SPM
grains from 0.13 to 0.6 mbsf, a decrease in the proportion of SPM
grains from 0.6 to 3.83 mbsf, and an increase in the proportion of MD
grains from 3.83 to 28.60 mbsf. Figure 3 shows the downhole behav-
ior of DJH for the A995 set, which summarizes the trends seen in the
Day plot.

Because the A995 set of anoxically stored samples is small, we
chose to examine the rock magnetism of the larger B995 set, to see
whether this pattern of behavior could be confirmed. However, the
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B995 set plots over a much wider region on a Day plot than does the
A995 set (Fig. 2B), and the B995 samples do not show a systematic
trend. The origin of the differing behavior of the two sets is suggested
by comparison of the downhole distribution of the rock-magnetic pa-
rameters Jrs, Js, Hcr, and Hc of the two sample sets (Fig. 3). Below the
susceptibility-decrease horizon at 3.75 mbsf, most B995 samples
have Jrs (and less distinctly Js) values that are lower than the A995
samples. The difference between the two sets can be explained if
greigite makes up a significant proponent of the remanence-carrying
(i.e., larger than SPM) grains below 3.75 mbsf. Oxidation of greigite
in the B995 samples would have produced a decrease in saturation re-
manence and magnetization. Oxidation also appears to have reduced
and scattered coercivity of remanence, and scattered coercivity to
both higher and lower values; such apparent changes to Hcr and Hc
may merely reflect the very low saturation remanences of many of
the B995 samples, which makes accurate determination of coercivity
parameters very difficult. Scatter in both Hc and Hcr results in scat-
tered, nonsystematic behavior in DJH for the B995 samples.

Despite its small size, the A995 set appears to be a more faithful
record of the in situ magnetic diagenesis in the reference site than the
B995 set. Surprisingly, the increase in susceptibility over the first 2
mbsf at Site 995 is accompanied by an initial decrease in Hc, Hcr, and
DJH, indicating a decrease in the proportion of more stable, single-
domain–sized ferrimagnet grains in the total magnetic population
(Fig. 3). At the seafloor, DJH has a value >0.1, representing a position
in the middle of the PSD field. At about 0.6 mbsf, DJH reaches a min-
imum of about 0.02, which represents an average ferrimagnet domain
state just within the PSD field, very close to the boundary with the
SPM/MD fields. This occurs despite an increase in saturation magne-
tization, and so may represent addition of SPM or near-SPM grains,
occurring at the same time as SD magnetite is being lost. Magneto-
tactic bacteria have been reported to produce magnetite and greigite
grains in the SD size range (e.g., Heywood et al., 1990), whereas in-
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Figure 1. MST susceptibility record in the upper part of the sequence at Site
995.
dividual ferrimagnet grains produced by dissimilatory bacteria are
commonly smaller, in or near the superparamagnetic range (Lovley
et al., 1987; Lovley and Phillips, 1988). Reduction in anaerobic sed-
iments from the Chile margin at ODP Site 863 (Musgrave et al.,
1995) also appears to have involved production of near-SPM greigite
grains.

In the set of anaerobically stored samples, coercivity and DJH re-
cover slightly over the interval from 1 to 4 mbsf. Both saturation
magnetization and saturation remanence initially increase to 2 mbsf,
and then decrease sharply. The change in DJH represents a small shift
away from the SPM/MD field, and the trends in both DJH and satura-
tion magnetizations below 2 mbsf could be explained by further re-
duction of ultra-fine-grained (near-superparamagnetic) magnetite
and/or greigite to pyrite.

The subsidiary peak in susceptibility at 3–4 mbsf may represent
an intermediate step in which greigite is generated, before further re-
duction to pyrite. At least some of this greigite may be SD in size as
indicated by the trend in DJH over this interval and by the evidence
that remanence-carrying greigite has been destroyed by oxidation be-
low this depth. Below 4 mbsf, and extending down to the bottom of
Site 995 at 700 mbsf, DJH mostly remains below 0.05, near the bound-
ary between the PSD and SPM/MD fields. The trend on the Day plot
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Figure 2. Day plots of hysteresis parameters of samples from Site 995. A.
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Depths in meters below seafloor for each sample are indicated; arrows indi-
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suggests further conversion of SD or PSD greigite and/or magnetite
grains to pyrite, leaving a residuum of larger, MD grains. Saturation
remanence, saturation magnetization, pARM intensity, and suscepti-
bility all decrease sharply below 4 mbsf, to substantially lower than
the near-seafloor values (although scattered exceptional samples
show higher values deeper in the sequence). Little of the original de-
trital load of magnetite survives below 4 mbsf, and the finer fraction
of any ferrimagnetic minerals present—both any PSD or SD grains
that may have been present in the detrital magnetite, and SPM or SD
magnetite and greigite produced in the earlier stages of reduction—
has been mostly reduced through to pyrite.

Samples from less than 1 mbsf have a single coercivity popula-
tion, shown by histograms of pARM and dARM (Fig. 4). The peak in
these histograms occurs at about 25–35 mT, typical of MD to PSD
magnetite, consistent with a detrital origin. Below 4 mbsf pARM and
dARM histograms fall into two classes: they are either strongly left-
skewed, with a single peak at about 15 mT, or they are bimodal, with
peaks at 15 and 35–55 mT. The left-skewed samples may be ex-
plained by preferential loss of finer grained, SD and PSD magnetite,
relative to the coarser MD fraction. The samples with two peaks sug-
gest two populations of magnetic phases. Thermal demagnetization
of multicomponent isothermal remanence (Shipboard Scientific Par-
ty, 1996d) indicates the presence in these samples of a thermally
metastable phase (decomposing at 250°–300°C) with coercivity
higher than magnetite, tentatively identified as greigite. The presence
of greigite was positively confirmed by XRD in Site 995 samples. It
is likely that the higher coercivity population present in these samples
includes SD greigite.

SITES 991 AND 992

At Site 991, the uppermost part of the sequence (lithostratigraphic
Unit I, 0–2.05 mbsf) is an undisturbed late Pleistocene to ?Holocene
nannofossil-rich clay that overlies a disturbed early Pliocene to late
Pleistocene interval containing layers of clay conglomerates (Unit II,
2.05 mbsf to bottom of hole, 47.66 mbsf). At Site 992, a similar dis-
turbed interval containing clay conglomerates extends from the sea-
floor to 9.10 mbsf and has a Pleistocene to ?Holocene age; in concor-
dance with ODP convention, this becomes Unit I for Site 992, even
though it more closely resembles Unit II of Site 991. Unit II at Site
992 is an interval of undisturbed, diatom- and nannofossil-rich clay,
restricted to the middle late Miocene, and extending to the base of the
hole at 50.75 mbsf.
5 10 15 20 25 30

Hc (mT)

10 20 30 40

Hcr (mT)

1 10

Js (µAm2)

0

5

10

15

20

25

30
0.01 0.1 1

D
ep

th
 (

m
b

sf
)

Jrs (µAm2)

0.04 0.06 0.08 0.1 0.12

DJH

Figure 3. Hysteresis parameters in upper part of the sequence at Site 995. Jrs = saturation remanence, Js = saturation magnetization, Hcr = coercivity of rema-
nence, Hc = coercivity, and DJH. Results from samples from sets A995 (solid symbols) and B995 (open symbols) are compared for Jrs, Js, Hcr, and Hc. DJH shows
only results from set A995; DJH from set B995 is highly scattered. Coercivity is in mT. Jrs and Js are given as moments in µAm2 for samples of ~1 g. 
404
Slumping and mass transport are indicated by the disturbed inter-
vals represented by Unit II at Site 991 and Unit I at Site 992. These
represent repeated slumping and transport events (at least three with-
in the Miocene to Pleistocene at Site 991). Much of the section be-
tween the upper Miocene and the Pleistocene at Site 992 (which lies
above the summit of the diapir) may have been removed downslope
by repeated slumping. Site 991, which is located on the flank of the
diapir, may have accumulated multiple mass-transport deposits from
sediment failures further upslope on the diapir’s crest. Alternatively,
all of the mass-transport deposits at Sites 991 and 992 may have been
emplaced as part of a larger Cape Fear Slide complex (Shipboard Sci-
entific Party, 1996c).

At Site 991, the interval of increased susceptibility is restricted to
the uppermost, undisturbed lithostratigraphic unit (Fig. 5). The sus-
ceptibility shows a single peak instead of the double or multiple
peaks seen at Site 995. The DJH profile, however, is broadly similar
to Site 995 (Fig. 6); DJH is a maximum in the shallowest sample (0.4
mbsf) with a value of 0.085, slightly lower than the maximum at Site
995 but still near the middle of the PSD field. DJH declines sharply be-
low Unit I to a minimum of 0.006 at 3.6 mbsf, rises slightly between
6.5 and 13 mbsf to about 0.035, then settles down to less than 0.02 for
the remainder of the hole. Coercivity spectra for pARM and dARM
indicate an initial population with a peak at around 25–40 mT at 0.4
mbsf, which becomes sharply left skewed at 3.4 mbsf, and exhibits a
bimodal coercivity distribution for some samples deeper in the hole
(Fig. 7).

Susceptibility at Site 992 forms a broader initial high (Fig. 5),
with a series of peaks between 0 and 6 mbsf. Paradoxically, DJH is a
minimum near the seafloor (0.03 at 1.2 mbsf) and increases sharply
within the interval of high susceptibility to values around 0.5 (Fig. 6),
well within the SD field. Coercivity spectra in this interval mirror
DJH, with strongly right-skewed pARM and dARM histograms indi-
cating peak coercivities at about 65–70 mT (Figs. 8A, 8B). Below the
susceptibility maximum DJH declines sharply to less than 0.03 (in the
PSD field, near the boundary of the SPM/MD field), with the excep-
tion of a sample at 15.9 mbsf, where DJH lies near the middle of the
PSD field, at about 0.08. Coercivity spectra in samples below the
high-susceptibility interval all show weakly developed bimodal be-
havior (Figs. 8C, 8D).

SITE 993

The cored sedimentary section at Site 993 is largely homogeneous
nannofossil-rich clay, and so only a single lithostratigraphic unit
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(Unit I, 0–42.7 mbsf) was defined for this site. The uppermost 6 cm
below seafloor yielded a latest Quaternary nannofossil flora; the re-
mainder of the sequence has an early late Miocene (Zone CN7 to
Subzone CN8a) assemblage (Shipboard Scientific Party, 1996c), in-
dicating a substantial time break consistent with removal of part of
the sequence by mass-wasting processes, either locally on the flanks
of the Blake Ridge diapir or as part of the movement of the Cape Fear
Slide.

Susceptibility at Site 993 shows no near-surface high (Fig. 5).
Peaks scattered through the MST record probably only represent rust
contamination around biscuits in the XCB cores (Shipboard Scientif-
ic Party, 1996c). Throughout the section, DJH is mostly below 0.03,
with an isolated value of 0.055 at 11 mbsf (Fig. 6). In other words,
the whole of the section at Site 993 has a rock-magnetic character like
that of Unit II at Sites 991 and 992.

SITE 996

Five holes were drilled at Site 996: Holes 996A, 996B, and 996C
were drilled beneath an active chemosynthetic community, and Holes
996D and 996E were drilled about 40 m away, on the flanks of the
community. A single lithostratigraphic unit was recognized, based on
the combined observations from all five holes. This unit extends from
164-995A-1H-1, 50-52 cm: 0.5 mbsf

0

10

20

30

40

50

60

5 15 25 35 45 55 65 75 85

AF window centers

p
A

R
M

, m
A

/m

164-995A-6H-5, 62-64 cm: 46.3 mbsf

0

0.1

0.2

0.3

0.4

0.5

0.6

5 15 25 35 45 55 65 75 85

AF window centers

p
A

R
M

, m
A

/m

164-995A-10H-7, 33-35 cm: 78.5 mbsf

0

0.2

0.4

0.6

0.8

5 15 25 35 45 55 65 75 85

AF window centers

p
A

R
M

, m
A

/m
164-995A-30X-1, 62-64 cm: 243.3 mbsf

0

0.1

0.2

0.3

0.4

0.5

0.6

5 15 15 25 35 45 55 65 65 85

AF window centers

p
A

R
M

, m
A

/m

164-995A-40X-CC, 13-15 cm: 331.8 mbsf

0

0.1

0.2

0.3

0.4

0.5

5 15 15 25 35 45 55 65 75 85

AF window centers

p
A

R
M

, m
A

/m

A

B

Figure 4. Histograms showing coercivity spectra at Site 995 as acquisition of pARM. A. Sample above the high-susceptibility interval. B. Samples below the
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the seafloor to 63.0 mbsf and is aged from early Pleistocene to Ho-
locene and comprises nannofossil-bearing silty clay and nannofossil-
rich clay, with up to 2-m-thick beds of partially cemented shell frag-
ments associated with the biological community at Holes 996A,
996B, and 996C (Shipboard Scientific Party, 1996e).

Susceptibility at Site 996 shows no near-surface peak (Fig. 5), and
DJH remains uniformly low (Fig. 6), never exceeding 0.02 except near
the base of Hole 996A, where DJH reaches 0.03 at 59.6 mbsf. Coer-
civity spectra from throughout Site 996 are usually left skewed, but
include a substantial fraction extending to high coercivities (Fig. 9).
This may reflect the presence of SD greigite, or alternatively may in-
dicate survival of some detrital hematite. Resistance of hematite to
reductive diagenesis in greigite-bearing sediments has been reported
by Reynolds et al. (1994).

DISCUSSION

At Site 991, the break between the undisturbed Unit I and the
strongly disturbed Unit II, which includes soft-sediment deformation
features and clay conglomerates, is taken to represent the sole of the
last slide to affect this site. Sediments below this slide have overcon-
solidated physical properties; in rock magnetism, the time-break be-
tween the deposition of Units I and II appears as a small discontinuity
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in the reduction pattern expressed by the susceptibility record, so that
Unit II sediments have completed the magnetite-greigite-pyrite re-
duction sequence at a depth 2 m shallower than at the reference Site
995.

Disturbance is different at Site 992; here, Unit I is itself composed
of clay conglomerates, involving soft-sediment deformation, displace-
ment and redeposition. Rock magnetism suggests that authigenesis in
Unit I at Site 992 results in an SD-dominated ferrimagnet population
(DJH around 0.5). This contrasts with Unit I at Site 991 and the interval
above 2 mbsf at Site 995, where DJH values do not indicate authigenic
addition of SD-sized ferrimagnets. The magnetic diagenesis in Unit I
at Site 992 may represent a more extreme form of the situation that ap-
pears to apply at around 3 mbsf at Site 995, where the second peak in
susceptibility seems to involve generation of some SD- or near-SD–
sized greigite. It is not clear why growth of large proportions of SD-
sized grains should characterize Unit I at Site 992. It may be that the
multiple displacements and assemblies of the sequence in Unit I at Site
992 have refreshed the supply of sulfate through to about 6 mbsf, mak-
ing more sulfate available than was supplied at other sites from initial
deposition and later diffusion. This may have encouraged a different
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style of bacterial activity (perhaps involving a different balance of spe-
cies or metabolic pathways), resulting in greater proportions of larger
magnetite and/or greigite grains, in the SD-size range. What is clear is
that the redeposited sediments in Unit I at Site 992 had not already
been fully reduced prior to redeposition; hence, these sediments have
not been buried more than 4 mbsf prior to remobilization. This appears
to conflict with physical properties evidence (Shipboard Scientific
Party, 1996c), suggesting about 4 m of overburden have been removed
at Site 992. It may be that the increased strength of the Site 992 se-
quence results from transport and redeposition mechanisms, rather
than significant prior burial.

In contrast, the entire sequence at Site 993 has been completely re-
duced prior to its later exhumation, consistent with physical proper-
ties evidence for the stripping of 50–80 m of overburden.

Near-surface reduction is also unusually complete at Site 996, but
this does not reflect removal of an overburden. Instead, the supply of
methane via the fault at this site, greatly exceeding local microbial
methane production or supply by normal diffusion, has pushed the
magnetite-greigite-pyrite reduction series close to complete reduc-
tion to pyrite even at very shallow depths below the seafloor.
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