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The usefulness of the surviving paleomagnetic record in such environments is usually argued to depend on
how much of the primary detrital magnetic assemblage survives diagenetic dissolution. Detailed rock
magnetic and electron microscope analyses of rapidly deposited (~7 cm/kyr) latest Pleistocene-Holocene

Editor: M.L. Delaney sediments from the continental margins of Oman (22°22.4’N, 60°08.0’E) and northern California (38°24.8'N,

123°58.2'W) demonstrate that pyritization during early diagenesis also leads to the progressive down-core
Keywords: growth of the ferrimagnetic iron sulfide greigite. Greigite growth begins with nucleation of large
sediment diagenesis concentrations of superparamagnetic (SP) nanoparticles at the inferred position of the sulfate-methane
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transition, which can explain the apparently paradoxical suggestion that diagenetically reduced sediments
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- contain enhanced concentrations of SP particles. Looping of hysteresis parameters on a “Day” plot records the
greigite . . . . . . . .. .
superparamagnetism dissolution of single domain (SD) (titano-)magnetite and the formation of SP greigite, which then slowly and
hysteresis progressively grows through its SD blocking volume and acquires a stable paleomagnetic signal. This looping

trend is also evident in data from several published records (Oregon margin, Korea Strait, Japan Sea, Niger
Fan, Argentine margin, and the Ontong-Java Plateau), indicating that these processes may be widespread in
reducing environments. Our observations have profound implications for paleomagnetic records from
sulfate-reducing environments. The paleomagnetic signal recorded by greigite is offset from the age of the
surrounding sediments by 10's of kyr, and ongoing growth of greigite at depth results in smoothing of the
recorded signal over intervals of 10's to 100's of kyr. We therefore expect the presence of greigite to
compromise paleomagnetic records in a wide range of settings that have undergone reductive diagenesis.
© 2008 Published by Elsevier B.V.

1. Introduction to produce pyrite (FeS,) (Karlin and Levi, 1983, 1985; Canfield and
Berner, 1987; Karlin, 1990a,b). Greigite is an intermediate phase in this
reaction (Berner, 1984; Wilkin and Barnes, 1997; Hunger and Benning,

The widespread occurrence of magnetically stable greigite (Fe3S,) . .
2007), and can be preserved if the supply of organic carbon, and hence

in rapidly deposited marine sediments is now well-established (Tric is limited in th ¢ o
et al.,, 1991; Horng et al., 1992; Roberts and Turner, 1993; Florindo and HS, is limited in the presence of abundant reactive iron (Kao et al,
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views of steady-state diagenesis (e.., Berner, 1984) predict that in marine sedl_rr}ents shoulq have formed in a single br{ef period shortly
active depositional settings, iron sulfide formation should be after deposition, offsetting and moderately smoothing the recorded

restricted to the top of the anoxic zone, where detrital iron-bearing magngt}c signal in a manner apalogous to the smoothed .DOSt_
minerals, including magnetite, react with hydrogen sulfide (H,S) depositional remanent magnetizations produced just below a biotur-
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contradictory polarities within the same stratigraphic horizon (Horng
et al.,, 1998; Jiang et al., 2001; Roberts et al., 2005); spurious magnetic
polarity patterns that are inconsistent with independent age controls
(Florindo and Sagnotti, 1995; Rowan and Roberts, 2005; Sagnotti et al.,
2005); and pervasive remagnetization of entire regions several million
years after deposition (Rowan and Roberts, 2006, 2008). Even when
greigite-bearing sequences appear to contain detailed records of
geomagnetic polarity transitions (Tric et al., 1991), scanning electron
microscope (SEM) observations of preserved iron sulfides routinely
indicate multiple generations of authigenic greigite growth (e.g.,
Roberts et al., 2005). In active depositional environments, greigite
formation has been documented tens of meters below the sediment-
water interface (Liu et al., 2004; Schwehr et al., 2006), which further
suggests that even during early diagenesis, the processes that control
greigite growth and preservation may operate over much longer
timescales than is often assumed.

Rapidly deposited marine sediments are frequently targeted for
high-resolution paleomagnetic and environmental magnetic studies.
However, in sequences where bacterial sulfate reduction has resulted in
dissolution of the primary magnetic assemblage, late authigenic growth
of even small amounts of greigite could severely compromise the mag-
netic record. In this paper, we present results of detailed rock magnetic
and SEM studies of sediment cores from the Oman and northern
California margins (Fig. 1), which provide important new constraints on
the patterns and timing of magnetic iron sulfide growth in active
depositional settings. Our work also highlights the limitations of greigite
as a recorder of short-term environmental and geomagnetic variations.

2. Materials and methods
2.1. Oman margin: core CD143-55705

CD143-55705 is a 10.63 m piston core recovered from a water
depth of 2193 m on the Oman margin in the northwestern Arabian Sea
(22°22.4'N, 60°08.0’E) (Fig. 1) in November 2002 (Jacobs, 2003). In this
region, the strong southwesterly winds of the summer monsoon drive
upwelling of nutrient-rich waters, which results in high primary
productivity of ~200 g C m™2 yr~! (Nair et al., 1989). Export of organic
carbon (Cy) to the sea-floor is also high, with sediments typically
having Corg values of 1-2% (Sirocko et al., 2000). Magnetic mineral
diagenesis has been widely documented in organic-rich sediments

from the Arabian Sea (e.g., Bloemendal et al., 1992, 1993; Hounslow
and Mabher, 1999). The studied core is composed of homogeneous,
light grey-green to green-brown hemipelagic mud, with few sedi-
mentological features. Foraminiferal 6’0 measurements indicate that
Stage 6 of the marine isotope record (130-195 ka) is reached at a depth
of 7.54 m, and that the Holocene sedimentation rate was 6-8 cm/kyr
(Bryson, 2006). U-channel samples (4 cm? cross-section; Weeks et al.,
1993) were collected from the middle of each ~1.5 m core section and
analysed at the National Oceanography Centre, Southampton (NOCS).
Low-field volume magnetic susceptibility (k) was measured at 1-cm
intervals on a track system incorporating a Bartington Instruments
MS2C loop sensor, prior to measurements at 1-cm intervals of the
natural remanent magnetization (NRM), anhysteretic remanent mag-
netization (ARM), and isothermal remanent magnetization (IRM) on a
2-G Enterprises cryogenic magnetometer situated in a magnetically
shielded laboratory. The following measurement sequence was used.

(1) The NRM was measured after progressive stepwise alternating
field (AF) demagnetization (at 5 mT steps to 30 mT, then at 40,
50, 60, and 80 mT).

(2) An ARM was imparted by applying a 90 mT AF in the presence
of an axial 0.05 mT bias field. The ARM was then measured and
progressively AF demagnetized (at 5 mT steps to 30 mT, then at
40 and 60 mT).

(3) An IRM was imparted to the u-channel samples by applying a
900 mT direct field (IRMggg) with a 2-G Enterprises pulse
magnetizer, then measured and progressively AF demagnetized
(at 0, 10, 20, 25, 30, 40, 60 and 90 mT).

(4) A second IRMggg was imparted prior to applying a 300 mT
backfield and measuring the IRM-3q0, to allow calculation of the
S-ratio (_IRM7300/IRM900) and the ‘hard IRM’ (HIRM=(IRM900_
IRM-300)/2).

Magnetic hysteresis properties of air-dried, ~1 cm® sub-samples,
taken at approximately 20 cm stratigraphic intervals with a ceramic
knife, were then measured on a Princeton Measurements Corporation
vibrating sample magnetometer. Saturation magnetization, Ms, satu-
ration remanent magnetization, M,, and coercive force, B, were
determined from hysteresis loops (maximum applied field of 0.5 T),
following a paramagnetic slope correction. The coercivity of rema-
nence, B., was determined from back-field remanence curves. 140
first-order reversal curves (FORCs) (Pike et al., 1999; Roberts et al.,
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Fig. 1. Locations of the cores analysed in this study (open circles) and previously published records (closed circles) that are discussed in this paper. a. Oman margin (core CD143-
55705); b. northern California margin (core L13-81-G138); c. Oregon margin (Karlin, 1990a); d. Ontong-Java Plateau (Tarduno, 1994, 1995); e. Japan Sea (Yamazaki et al., 2003);
f. Korean Strait (Liu et al., 2004); g. Argentine margin (Garming et al., 2005); and h. Niger Fan (Dillon and Bleil, 2006).
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2000), with a field spacing of 1.85 mT, averaging time of 250 ms, and a
0.5 T saturating field, were also measured; FORC distributions were
calculated using the FORCinel package (Harrison and Feinberg, 2008)
with a smoothing factor (SF) of 5.

Finally, resin-impregnated polished sections were made from
selected sub-samples and examined on a LEO 1450VP SEM, operated
at 10-20 keV with an acceleration voltage of 17-20 pA. A Princeton
Gamma Tech (IMIX-PTS) X-ray energy dispersive spectrometer (EDS),
calibrated with a pyrite standard, was used for elemental analyses of
iron sulfide phases. Numerous studies have demonstrated that
different phases such as greigite and pyrite can be distinguished by
their distinctive iron to sulfur ratios (Fe/S=0.75 and=0.5, respectively)
(Jiang et al., 2001; Roberts and Weaver, 2005; Rowan and Roberts,
2005; Sagnotti et al., 2005; Rowan and Roberts, 2006).

2.2. Northern California margin: core L13-81-G138

L13-81-G138 is a ~4.5 m gravity core recovered by the United States
Geological Survey from a water depth of 2531 m on the northern
California margin (38°24.8'N, 123°58.2'W) (Fig. 1). This region has high
summer productivity due to strong upwelling driven by the south-
flowing California Current, which represents the eastern limb of the
North Pacific gyre. The large sediment supply from the North American
continent also provides a significant amount of organic carbon to
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marginal sediments; Cy,g reaches values of ~2.8% at the top of core L13-
81-G138 (Dean et al., 1994), 30-40% of which is of terrestrial origin
(Gardner et al., 1997). The studied core comes from a location between
the Oregon margin to the north and the “California Continental bor-
derland” to the south. These localities were analysed in what are now
classic studies of magnetic mineral diagenesis (Karlin and Levi, 1983,
1985; Karlin, 1990a,b; Leslie et al., 1990a,b). AMS '*C dating has estab-
lished a calendar age of 31.184 ka for material from a depth of 3.98 m,
and a Holocene sedimentation rate of 6-7 cm/kyr (Gardner et al., 1997).

Paleomagnetic analysis of 91 discrete samples (8 cm® volume),
collected at an average stratigraphic spacing of 5 cm, was conducted in
the paleomagnetic laboratory at the University of California, Davis, in
1993. kand NRM were measured for all samples, but detailed stepwise
AF demagnetization (5 mT steps to 30 mT) was only performed on the
30 samples collected from the core above a depth of 1.5 m, and for
every tenth sample below this depth (average stratigraphic spacing
~45 c¢cm). Measurement of an ARM (imparted with a 0.05 mT dc bias
field in a 100 mT AF, followed by stepwise AF demagnetization at 5 mT
steps to 30 mT, then at 10 mT steps to 60 mT) was performed for every
tenth sample from the core. Hysteresis parameters and IRMgoo Were
measured for every sample in the uppermost 0.5 m of the core, and for
every second sample below this depth. FORC measurements were
made for every sample at NOCS in 2006 using the procedures de-
scribed above for core CD143-55705.
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Fig. 2. Down-core variation of magnetic parameters for core CD143-55705 from the Oman margin. (a) NRMs ;v (NRM is plotted following the first demagnetization step due to
multiple unrecoverable flux jumps during the initial NRM measurement run; data from 6.57-8.06 m are unavailable). (b) k, (c) ARM, (d) IRM, (e) HIRM, (f) S-ratio, (g) MDFyrwm (lighter
shading indicates where calculation of MDF was complicated by magnetometer flux jumps), MDFary, and (h) ARM/IRM. The core can be divided into three distinct zones based on
systematic variations in these parameters (see Section 3.1). For (a)-(d), grey lines represent values for Zone 3 plotted on a logarithmic scale, to highlight small increases in these

parameters toward the bottom of the core.
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3. Results
3.1. Oman margin core CD143-55705

Abrupt down-core changes in both magnetic mineral concentra-
tion and magnetic mineralogy (Figs. 2-5) enable subdivision of the
studied Oman margin core into three distinct zones, as described
below.

3.1.1. Zone 1 (0-2 m)

In the uppermost 2 m of the core, concentration-dependent
magnetic parameters (NRM, «, ARM, IRM, HIRM) have high but
variable average values (Fig. 2a-e). A high average S-ratio of 0.93
(Fig. 2f) and median destructive fields (MDFs) of ~30 mT for the NRM
(Fig. 2g) suggest that the magnetic fraction in this interval is domi-
nated by (titano-)magnetite, although HIRM values (Fig. 2e) indicate
that detectable concentrations of high coercivity minerals such as

(a) Oman margin (CD 143-55705)
1.00 7
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hematite are also present. Declining ARM/IRM values are consistent
with a coarsening in average grain size with depth, but hysteresis
parameters uniformly plot toward the coarse end of the ‘pseudo-
single domain’ (PSD) field for magnetite, on a Day plot (Day et al.,
1977) (Fig. 3a). FORC distributions (Fig. 4) have a peak at B.=10-
20 mT, and are elongated to high coercivities; the distributions also
have divergent outer contours at low coercivites, indicating a mixture
of non-interacting single domain (SD) and PSD (titano-)magnetite
grains (Roberts et al., 2000).

In SEM images of polished sections from depths of 0.1 and 1.0 m
(Fig. 5a-e), detrital titanomagnetite is the most commonly identified
magnetic mineral (Fig. 5b, e). However, even at these shallow depths,
minor amounts of authigenic iron sulfides are also observed. Isolated
framboids are most commonly associated with the confined micro-
environments inside foraminifer shells (Fig. 5a, c, d), although small
aggregations are also occasionally present within the bulk sediment
matrix (Fig. 5¢). Whilst EDS analyses of these iron sulfides usually
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Fig. 3. Day plot (after Day et al., 1977) of hysteresis ratios for: (a) Oman margin core CD143-55705, and (b) northern California margin core L13-81-G138, illustrating the shift to higher
Bci/B. values in Zone 2 (shaded grey in the accompanying plots of down-core NRM), followed by a return to more SD-like values in the lowest interval of the core (Zone 3). The
association of these changes with progressive pyritization (and SEM evidence for greigite formation, as shown in Fig. 5) suggests that the observed looping is due to the progressive
formation of SP greigite in Zone 2, which then grows through the stable SD blocking volume in Zone 3 (see Section 4). The theoretical SD-MD mixing curve for (titano-)magnetite is
from Dunlop (2002), and the SD-SP mixing trend represents the uppermost boundary of the envelope of SD-SP mixtures from greigite-bearing sediments in New Zealand (Rowan
and Roberts, 2006). The SD, PSD and MD fields for (titano-)magnetite are plotted for reference only.
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Fig. 4. Down-core changes in FORC distributions for the Oman margin core, with sample depths indicated on a plot of NRMs 1. The loss and reappearance of a stable SD component in
FORC distributions within Zone 2 (grey shaded region) indicates the dissolution of detrital SD magnetite followed by authigenic growth of new stable magnetic particles deeper in the
sediment column; the presence of greigite is indicated by increasingly strong GRM acquisition during AF demagnetization, expressed as NRMgg 1,r/NRM30 11 (grey line on the NRM
plot; smoothed 20-point running average), and by SEM observations (Fig. 5). Sediment ages are based on correlation of foraminiferal 6'0 to the marine oxygen isotope record

(Bryson, 2006); age control is less precise below 8 m.

indicate pyrite, a small number of smaller, finer grained framboids
have greigite-like Fe:S ratios (e.g., Fig. 5¢).

3.1.2. Zone 2 (2-4.65 m)

Immediately below a depth of 2 m, there is a sharp decline in
concentration-dependent magnetic parameters. Parameters that are
more sensitive to the presence of finer SD grains (NRM, ARM) fall by
more than 80% over a 20-cm stratigraphic interval (Fig. 2a, c);
parameters that are more sensitive to coarser multi-domain (MD) and
PSD grains (k, IRM) decrease more slowly (Fig. 2b, d), but also decline
to a pronounced minimum at ~3 m depth. Abrupt decreases in MDF
and ARM/IRM at 2 m (Fig. 2g, h) indicate the loss of magnetically stable
particles at this depth. A more gradual decrease in HIRM (Fig. 2e)
indicates that high coercivity minerals become less abundant, but also
that they are more resistant to dissolution than magnetite. There is
also a noticeable shift to higher B./B. values on a Day plot (Fig. 3a),
and FORC distributions start to lose the peak and high B, distribution
observed in Zone 1 (Fig. 4), leaving a low coercivity distribution with
divergent contours that is consistent with a dominantly PSD/MD
magnetic assemblage.

Between 3 and 4.5 m, concentration-dependent magnetic para-
meters record a secondary peak (Zone 2b, Fig. 2). This peak is relatively
minor in the NRM and ARM profiles (26% and 16% of their average values
in Zone 1, respectively), and is removed entirely following demagnetiza-
tion at 15 mT. The peak is much more prominent in the x, IRM and
HIRM profiles (78%, 43% and 76% of their average values in Zone 1,
respectively). HIRM, S-ratio and MDFygy also increase in Zone 2b
(Fig. 2e-g), but MDFagy and ARM/IRM remain unchanged in comparison
to Zone 2a, apart from a possible small peak at ~3 m (Fig. 2g, h). These
variations indicate that, compared to the uppermost part of the core, this
magnetically enriched interval is proportionally richer in coarser PSD
and MD grains, and high coercivity minerals such as hematite.

There is no obvious systematic difference in hysteresis parameters
between Zones 2a and 2b (Fig. 3a), although two samples from depths
of 3.6 to 3.8 m have significantly increased M;/M; and decreased B.,/B.
values compared to other samples from this interval, which possibly
indicates a transient change in magnetic mineralogy at the top of Zone
2b. In contrast, FORC distributions indicate a permanent alteration of
the magnetic mineral assemblage below depths of approximately
3.5 m (Fig. 4): the coercivity distribution clearly extends to much
higher values, but is now narrowly confined around the By, axis even at
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01 m

Fig. 5. Backscattered electron micrographs from 6 selected intervals in the Oman margin core ((a)-(e) Zone 1; (f), (g) Zone 2; (h)-(l) Zone 3). (a) Wide-field view illustrating the
general absence of authigenic iron sulfides at 0.1 m. (b) Detrital titanomagnetite grain at 0.1 m. (c) Individual pyrite and possible greigite (G) framboids inside a microfossil at 0.1 m,
and non-framboidal pyrite within the sediment matrix. (d) Wide-field view indicating iron sulfides starting to fill microfossils at 1.0 m. (e) Detrital magnetite grain with corroded
edges at 1.0 m. (f) Large iron sulfide aggregate with an early generation of pyrite framboids and a later, space-filling generation, including small greigite framboids at 4.2 m. (g) Close-
up of a smaller iron sulfide aggregate, with similar growth patterns to (f), at 4.2 m. (h) Wide-field view illustrating high concentrations of pyrite framboids, commonly with euhedral
overgrowths, within the sediment matrix at 6.01 m. (i) Close-up of an early pyrite framboid with euhedral overgrowths, surrounded by later space-filling pyrite and greigite at 6.01 m.
(j) Microfossil filled with euhedrally overgrown pyrite framboids at 7.45 m. (k) Close-up of an iron sulfide aggregate within the sediment matrix, with a large patch of gregite
neoforming around a pyrite framboid at 7.45 m. (1) Close-up of an iron sulfide aggregate within a microfossil at 10 m, with later space-filling pyrite and greigite surrounding

euhedrally overgrown pyrite framboids.

low coercivities. SEM observations from a depth of 4.2 m in Zone 2b
(Fig. 5f, g) clearly indicate the growth of large concentrations of iron
sulfides as aggregates within the sediment matrix. Most of these
aggregates are the product of at least two generations of iron sulfide
growth, with a space filling phase surrounding an earlier generation of
framboids. Greigite, identified on the basis of markedly higher Fe:S
ratios on EDS spectra (compared to that expected for pyrite),
principally occurs in fine-grained patches associated with this later
phase of growth.

3.1.3. Zone 3 (4.65-10.8 m)

The lowermost part of the Oman margin core is characterized by a
highly attenuated magnetic signal, with the values of all concentra-
tion-dependent magnetic parameters below a depth of ~4.5 m
reduced to 12% or less of the average values observed in Zone 1
(Fig. 2a-e). When plotted on a logarithmic scale (grey lines, Fig. 2a-d)
small variations are still apparent, and a small but gradual increase in
NRM and ARM intensities is indicated below ~9.2 m. This increase is
less obvious in the IRM and ~ profiles, which suggests that the
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increases in NRM and ARM represent an enhancement of magnetic
grains in the SD size range toward the base of the core.

Other changes at the top of Zone 3 include sharp increases in S-ratio,
MDFarm and ARM/IRM (Fig. 2f-h), and a systematic shift in hysteresis
parameters to B./B. values comparable with, and M,/M; values slightly
higher than, those observed in Zone 1 (Fig. 3a). These changes are
consistent with an increased proportion of thermally stable SD magnetic
grains within Zone 3. S-ratio and ARM/IRM continue to gradually
increase with depth, whereas hysteresis ratios and MDFary remain
constant. MDFyrw exhibits considerable variability, with values initially
lower than those in Zone 2b but apparently increasing below 9 m (values
in the lower part of Zone 3 were difficult to estimate due to un-
recoverable magnetometer flux jumps during measurement). FORC
distributions remain unchanged from the pattern first observed at the
bottom of Zone 2 (Fig. 4). SEM observations indicate that aggregates of
authigenic iron sulfides become larger and more abundant with depth
(Fig. 5h-1). These aggregates are still composed of distinct early
framboidal and later space-filling generations of iron sulfides; any
greigite present is associated with the later episodes of growth. Euhedral
overgrowth of the early pyrite framboids is also commonly observed
(e.g., Fig. 5k). Together, these observations suggest that authigenic
growth of iron sulfides is occurring throughout Zone 3.

3.2. Northern California margin core L13-81-G138

Although data for the studied northern California margin core
(Figs. 3b, 6 and 7) are less comprehensive and have lower resolution

(@)  ~NRw(amT) (b)
0 , 0;'1

02 03

x (x10°8 8|

than those for the Oman margin core, particularly below depths of
1.5 m, down-core variations in magnetic parameters exhibit similar
patterns to those discussed above, with an upper interval that has high
magnetic mineral concentrations (Zone 1, Fig. 6: 0-1 m) overlying a
transition zone (Zone 2: 1-2.2 m) to an interval with low magnetic
mineral concentrations in the lowermost part of the core (Zone 3: 2.2-
4.4 m). Magnetic parameters that are sensitive to SD grains (NRM,
ARM) decrease sharply within two specific intervals, at 0.8-1.1 m and
1.5-1.7 m (Fig. 6a, c); there is a secondary peak in NRM intensities at
1.5 m (low data resolution makes it impossible to tell if there is a
matching ARM peak). In contrast, parameters that are more sensitive
to the presence of PSD/MD grains (k, IRMggp) only undergo a single
noticeable decrease between 1.5 and 2 m, over a slightly broader
depth interval than the associated NRM decrease. There is a local
minimum in IRMgg intensity at ~1 m depth (Fig. 6d), but k increases
throughout the upper third of the core down to 1.5 m (Fig. 6b). When
concentration-dependent parameters are plotted on a logarithmic
scale for Zone 3 (grey lines, Fig. 6a-d), there appear to be slight
increases in NRM, ARM and IRMgqq just above the base of the core;
ARM/SIRM also slightly increases below 3 m (Fig. 6f).

Other magnetic parameters also vary in a manner comparable to
that observed in the Oman margin core. MDF values (Fig. 6e) are high
(40-50 mT) but gradually decrease with depth in Zone 1. MDFygrm
drops by 50% between 1 and 1.2 m, then after a minor secondary peak
at 1.3 m continues to slowly decrease, before levelling out at 10 mT
below 3 m. MDFary reaches a minimum at 1.5 m, then increases to
higher values (~40 mT) in the bottom 2 m of the core. On a Day plot
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Fig. 6. Down-core variation of magnetic parameters for core L13-81-G138 from the northern California margin. (a) NRM, (b) k, (c) ARM, (d) IRM, (e) MDFygrnm, MDFagy, and (f) ARM/
IRM. Similar changes to those observed in the Oman margin core allow a similar division into three zones. The grey lines in (a)-(d) represent values for Zone 3 on a logarithmic scale.
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Fig. 7. Down-core changes in FORC distributions for the studied northern California margin core, illustrating the same loss and reappearance of a stable SD component within Zone 2
(grey shaded region) as is observed for the Oman margin core (Fig. 4). Sediment ages are extrapolated from the AMS 'C ages of Gardner et al. (1997).

(Fig. 3b) hysteresis parameters exhibit down-core looping behavior,
with coarse PSD magnetite-like values within Zone 1, a transition to
much higher B./B. values within Zone 2, and a transition back to
lower B./B., and slightly higher M;/Ms values, in Zone 3. FORC
distributions for the upper part of the core (Fig. 7) indicate a magnetic
assemblage composed of a high coercivity non-interacting SD
component and a low coercivity PSD/MD component, with a peak at
~20 mT. The high coercivity distribution disappears between 1 and
1.7 m, along with the PSD/MD component. Below ~1.9 m, the FORC
distributions indicate the appearance of a magnetically non-interact-
ing higher coercivity component; the distribution is centered on the
origin of the FORC diagram, which indicates that there is also a
substantial superparamagnetic (SP) contribution (Pike et al., 2001).

4. Discussion
4.1. Interpretation of diagenetic trends

Anaerobic degradation of organic matter in marginal and pelagic
sedimentary environments is known to cause dissolution of detrital

magnetic minerals and authigenic growth of iron sulfides (Karlin and
Levi, 1983, 1985; Canfield and Berner, 1987; Karlin, 1990a,b; Leslie

et al., 1990a,b; Channell and Hawthorne, 1990; Bloemendal et al.,
1992; Tarduno, 1992; Bloemendal et al.,, 1993; Roberts and Turner,
1993; Tarduno, 1994; Dekkers et al., 1994; Robinson et al., 2000;
Larrasoafia et al., 2003; Liu et al., 2004; Emiroglu et al., 2004; Rey et al.,
2005; Rowan and Roberts, 2006). Variations in magnetic properties
consistent with the progressive down-core dissolution of detrital Fe-
Ti oxide mineral grains and associated authigenic formation of iron
sulfide minerals are observed in both of the studied sediment cores.
These cores lack pore water chemistry data, but combining the rock
magnetic data with SEM observations from the Oman margin (Fig. 5)
helps to establish a basic diagenetic zonation (Fig. 8a), because the
observed authigenic minerals can be clearly linked to the geochem-
istry of the sedimentary environment (Berner, 1981).

The primary magnetic mineral assemblage in Zone 1, which is
dominated by detrital SD and PSD (titano-)magnetite, undergoes
almost complete dissolution in Zone 2 (Figs. 2 and 6). The early
occurrence of minor amounts of pyrite within the sediment matrix of
the Oman margin core (Fig. 5¢) indicates that anoxic conditions were
established close to the sediment-water interface (cf. Berner, 1981),
and that the oxic and suboxic zones must be very thin. However, the
persistence of detrital titanomagnetite grains, albeit with corroded
rims (Fig. 5e), and the low overall abundance of iron sulfides in the
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Fig. 8. (a) Simplified model of inferred down-core changes in magnetic mineral content of the studied cores, illustrating the progressive dissolution of SD and PSD magnetite (dark
grey area/line) and formation of SP/SD greigite (light grey line/area) at the sulfate-methane transition (SMT); the delay before greigite grows to SD size; and continuous greigite
growth in Zone 3. High coercivity minerals (e.g., hematite) have been excluded for the sake of clarity, but would be expected to follow the progressive down-core dissolution trend
described by (Liu et al., 2004). (b) Model incorporating a recent upward migration of the SMT in the sediment column, leaving an interval enriched in PSD/MD magnetite (Zone 2b)

between the old and new dissolution fronts.

uppermost part of the sediment column suggest that rates of sulfate
reduction remained low above Zone 2. Accelerated magnetite dissolu-
tion and concomitant formation of authigenic iron sulfides observed
in Zone 2a are most likely to be associated with the sulfate-methane
transition (SMT; Fig. 8a), where upward diffusion of biogenic (and
possibly thermogenic) methane from deeper in the sediment column
provide an additional source of organic carbon for sulfate-reducing
bacteria, producing a peak in pore water H,S concentrations (Kasten
et al,, 1998; Neretin et al., 2004; Jergensen et al., 2004).

Toward the base of Zone 2, increased MDFary and ARM/IRM values
(Figs. 2g, h and 6e, f), the reappearance of a high coercivity component
in FORC diagrams (Figs. 4 and 7), and the looping back to more SD-like
values on a Day plot (Fig. 3) all indicate formation of new magnetically
stable grains at depth. SEM observations indicate that the most likely
explanation for this magnetic enhancement is the growth of
magnetically stable greigite, which is observed in increasing quan-
tities at these depths (Section 3.1.3). The offset between this transition,
and the zone of most intense reductive diagenesis at the top of Zone 2,
can be explained by the fact that newly formed greigite particles will
initially be small and exhibit thermally unstable SP behavior; it will
take some time before easily detectable quantities grow through the
stable SD blocking volume. Nucleation of SP greigite in the upper part
of Zone 2 could cause the observed shift to higher B/B. values
(Dunlop, 2002), an effect that has been previously documented in
greigite-bearing sediments from New Zealand (Rowan and Roberts,
2006) (Fig. 3). The looping of hysteresis parameters observed in Zone 2
may therefore be largely due to the effects of authigenic greigite
growth, rather than being the sole result of changes in the detrital
magnetic assemblage (although both processes are occurring). A
further indication of greigite formation at the top of Zone 2 in the
Oman margin core is the acquisition of a minor but increasingly large
gyroremanent magnetization (GRM), indicated by a down-core
increase in NRMggo m1/NRM3sg ryr in Fig. 4, which is a characteristic of
SD greigite (Snowball, 1997; Sagnotti and Winkler, 1999). This

acquisition of a weak GRM indicates that small amounts of greigite
have probably already grown through the SD blocking volume at the
top of Zone 2, which suggests that the NRMgg 1,,7/NRM3g 7 parameter
is considerably more sensitive to the presence of thermally stable
greigite than the other rock magnetic parameters used in this study.
Greigite formation in Zone 2 is volumetrically insignificant
compared to the amount of detrital magnetite being removed by
dissolution; most dissolved iron is taken up by paramagnetic pyrite,
which does not record a paleomagnetic signal. Zone 3 is therefore
characterized by extremely low concentrations of thermally stable
magnetic grains and a weak NRM. Hysteresis ratios and FORC dis-
tributions are unchanged throughout this interval (Figs. 3, 4 and 7).
However, in the Oman margin core, the S-ratio and ARM/IRM continue
to increase with depth (Fig. 2f, h), which indicates ongoing enrichment
in SD grains toward the bottom of the core. Widespread euhedral
overgrowth of early pyrite framboids (Fig. 5k) indicates continued iron
sulfide growth in evolving pore waters (Raiswell, 1982), and increases
in concentration-dependent magnetic parameters toward the bottom
of both cores (Figs. 2a-d and 6a-d) also indicates continuous, but slow,
growth of greigite through the stable SD blocking volume throughout
Zone 3 (Fig. 8a). This matches similar observations for sediment cores
from the Korea Strait (Liu et al., 2004). The precise mechanism of iron
sulfide growth so far below the SMT, where exhaustion of the sulfate
supply should inhibit pyritization, is unclear. Limited amounts of
sulfide must be present in the pore water, possibly by downward
diffusion, or as a product of anaerobic pyrite oxidation (Bottrell et al.,
2000; Larrasoafia et al., 2007). Importantly, such sulfide limitation
would favor the early arrest of pyritization, and preservation of greigite
(Kao et al., 2004).

4.2. SP enhancement during reductive diagenesis

Given that progressive dissolution of detrital magnetic iron oxide
minerals is accepted as a fundamentally important process in reducing
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environments, it was surprising when Tarduno (1995) found enhanced
concentrations of ultra-fine grains exhibiting SP behavior in diagene-
tically reduced sediments. Our analysis confirms that SP enhancement
can occur in anoxic diagenetic settings, and suggests that it is due to the
formation of authigenic greigite. Growth of greigite from solution will
proceed from an initial extremely fine-grained nucleus through to a
size that is large enough to exceed the stable SD blocking volume (cf.
Rowan and Roberts, 2006). In the sulfate-limited diagenetic environ-
ment below the SMT, it would not be surprising for greigite growth to
be arrested and for fine-grained greigite to exhibit dominantly SP
behavior. Rowan and Roberts (2006) reported that SP greigite is
abundant in the spatially extensive and thick Neogene stratigraphic
successions of reduced marine sediments exposed throughout eastern
New Zealand. We suggest that authigenic greigite growth, as has been
inferred within Zones 2 and 3 of the studied Oman and California
margin cores, is also responsible for the diagenetic SP enhancement
documented by Tarduno (1995).

4.3. Evidence for SMT migration within the sediment column

Magnetic profiles for both studied cores contain two distinct
decreases in magnetization within Zone 2, at ~1.8-2 mand ~4-4.6 min
the Oman margin core, and at ~0.8-1 m and ~1.5-2 m in the northern
California margin core, which we interpret as two separate dissolution
fronts. This is not a feature of the idealized model of coupled magnetite
dissolution and iron sulfide formation presented in Fig. 8a. The interval
between the inferred dissolution fronts (Zone 2b) is relatively enriched
in PSD/MD magnetite and high-coercivity magnetic minerals, suggest-
ing that fine SD grains have been preferentially removed by dissolu-
tion. Coarser magnetite grains with a lower surface area to volume
ratio will react more slowly with dissolved sulfide, and hematite has
been shown to persist longer than magnetite in sulfidic environments
(e.g., Yamazaki et al., 2003; Emiroglu et al., 2004; Liu et al., 2004;
Garming et al., 2005; Rey et al., 2005). However, although the lower
inferred reactivity of hematite and coarser detrital magnetite grains
can account for the slower decay of k, IRM and HIRM with depth
observed within both dissolution fronts, they cannot explain the
secondary peak in magnetic mineral concentration in Zone 2b, which
indicates that this interval has been subjected to less intense reductive
diagenesis than the overlying Zone 2a. A similar magnetic signature
has been documented in sediments from the Argentine margin, where
the SMT has migrated upward in the sediment column in response to
an order-of-magnitude decrease in sedimentation rate at the begin-
ning of the Holocene (Riedinger et al., 2005). Garming et al. (2005)
reported that the modern SMT on the Argentine margin is located at a

pronounced minimum in concentration-dependent magnetic para-
meters, beneath which is an interval that was initially above the zone
of reductive diagenesis, and has been mildly altered during, and since,
the ascent of the SMT to its present position. The minimum in magnetic
mineral concentration observed within Zone 2a of the Oman and
northern California margin cores may therefore mark the current
position of the SMT following a recent ascent from the lower
dissolution front at the top of Zone 3 (Fig. 8b). This migration was
most probably a response to environmental changes at the beginning
of the Holocene; sedimentation rates in both cores have decreased
since the last glacial maximum, and changes in other environmental
factors such as marine Co; productivity may also have altered the
geochemical/pore water equilibrium within the sediment column.
Dissolution of the originally pristine magnetic assemblage in Zone 2b is
occurring at a slower rate than in Zone 2a due to lower H,S con-
centrations; sufficient time has elapsed since SMT migration to almost
completely dissolve fine-grained SD magnetite in this interval, but
coarser-grained magnetite and hematite have yet to fully dissolve.

4.4. Timescales of magnetic iron sulfide growth

Chronologies established for both the Oman and northern
California margin cores, using foraminiferal 6®0 (Bryson, 2006)
(Fig. 4) and AMS 'C dating (Gardner et al., 1997) (Fig. 7), respectively,
provide constraints on the timing of the observed down-core
diagenetic changes (Table 1). A pristine detrital magnetic record is
only preserved in the uppermost part of these cores, above the SMT. In
sediments older than 10-20 kyr, this detrital signal has been
destroyed and newly-formed authigenic greigite becomes the domi-
nant magnetic carrier, resulting in a substantial temporal offset and
smoothing of the recorded paleomagnetic signal. The delay in
remanence acquisition corresponds to the age of the sediments
toward the bottom of Zone 2, where the first stable SD greigite is
detected. This presently occurs at 34 kyr in the Oman margin core, and
at 20 kyr in the northern California margin core, indicating that the
remanent magnetization in sediments below the SMT is tens of
thousands of years younger than the surrounding host sediments.
Mobility of the SMT within the sediment column over glacial-
interglacial timescales will cause this age offset to vary over time. The
population of magnetically stable greigite particles gradually increases
with depth in Zone 3, as more greigite grows through the SD blocking
volume. The magnetization of later-forming greigite will have an even
larger age offset with respect to the host sediment, and the total
remanent magnetization of a particular volume of sediment will be
the vector sum of remanences acquired over the entire interval of

Table 1
Estimated timescales of authigenic greigite growth for cores shown in Fig. 1
Core (location, water depth) Holocene sed. rate  Magnetite dissolution/ First SD greigite/ Duration of SD Reference
outward loop inward loop greigite formation

(cm/kyr) (kyr) (kyr) (kyr)*
Greigite directly observed/inferred
CD143-55705 — Oman margin (22°22’N 60°08’E, 2193 m) 6-8 22 34 2160 This study
L13-81-G138 — N California margin (38°25’N 123°58'W, 2531 m) 6-7 14 20 >14 This study
SSDP-102 — Korea Strait (34°57’N 128°53'E, 40 m) 230 03 1 25 (Liu et al., 2004)
SP enhancement associated with sulfate reduction
ODP-806A — Ontong-Java Plateau (00°19'N 159°22’E, 2520 m) 2 475 525 >25 (Tarduno, 1994, 1995)
GeoB-4901" — Niger Fan (02°41’N 06°43'E, 2184 m) 5-12 120 >220 unknown (Dillon and Bleil, 2006)
Looping of hysteresis parameters only
W?7905A-121 — Oregon (45°15’N 125°00'W, 919 m) 120 0.25 0.6 >1 (Karlin, 1990a)
GH 98-1232 — Japan Sea (44°48'N 139°42’E, 838 m) 20 6 7 >1 (Yamazaki et al., 2003)
GeoB-6229° — Argentine margin (37°12'S 52°39'W, 3446 m) 3-7 13 13.5 ~3 (Garming et al., 2005)

2 Age estimates assume that the looping of hysteresis parameters in the published records is diagnostic of greigite formation, illustrating the large but extremely variable resulting

offset and smoothing of the paleomagnetic signal.
b Core does not extend to base of sulfidic anoxic zone.
¢ Core does not extend to position of dissolution front prior to SMT migration.



CJ. Rowan et al. / Earth and Planetary Science Letters 277 (2009) 223-235 233

greigite growth. The minimum estimated duration for this smoothing
interval is ~15 kyr for the northern California margin core, and
~160 kyr for the Oman margin core. However, we cannot rule out
continued greigite formation below the cored intervals in these
locations, which would result in even greater paleomagnetic smooth-
ing deeper in the sediment column.

4.5. Similar down-core patterns in globally distributed records

Greigite formation during early diagenesis has not been widely
documented in previous studies of active depositional systems, even
though magnetite dissolution coupled with sulfate reduction and
pyrite formation are well-known phenomena. Exceptions include Liu
et al. (2004), who detected greigite in the lowermost interval of cores
from the Korea Strait, and interpreted gradual down-core increases in
NRM and S-ratio throughout the lower part of core SSDP-102 as
indicating greigite growth over an extended interval in the sediment
column. Although not discussed by Liu et al. (2004), their hysteresis
data follow a looping trajectory on a Day plot through the interval in
which detrital magnetite is being replaced by greigite (Fig. 9).
Diagenetic trends documented in the Korea Strait are therefore
directly comparable to those observed on the Oman and northern
California margins. The global distribution of these three records
(Fig. 1) indicates that geochemical conditions that favor the formation
and preservation of greigite can be achieved relatively easily during
early diagenesis.

Furthermore, hysteresis parameters from other published records
(Figs. 1 and 9) indicate that down-core looping of hysteresis param-
eters on a Day plot, associated with sulfate reduction, is routinely
observed in anoxic diagenetic settings. Such data have commonly
been interpreted solely in terms of changes in the detrital magnetite
assemblage: the outward loop toward higher B,/B. values is generally
interpreted to represent an increasing proportion of coarse PSD and
MD magnetite as finer SD magnetite is preferentially dissolved, while
the return loop has been interpreted to represent the fining and
fragmentation of these coarser particles with prolonged exposure to
H,S (e.g., Karlin, 1990a; Yamazaki et al., 2003; Garming et al., 2005).
However, close association of these changes with growth of authigenic
pyrite in these cores raises the possibility that, as has been inferred for
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Fig. 9. Day plot (cf. Day et al., 1977) illustrating the progressive down-core looping of
hysteresis parameters associated with sulfate reduction in numerous marine sediment
records from anoxic environments, including the trajectories for the Oman and
northern California margin cores. See Table 1 or Fig. 1 for references. SD-SP and SD-MD
mixing lines are as in Fig. 3.

the records described in this paper, the outward loop toward higher
B./Bc values, which would normally be considered to indicate
“coarser” grain sizes, is caused by the nucleation of fine SP greigite
during sulfate reduction, in addition to dissolution of SD detrital
magnetite. The return loop would then mark the progressive growth
of greigite through its SD blocking volume to produce a mixture of SD
and SP greigite. In the records examined, the trajectories of the loops
on a Day plot typically have a noticeably shallower gradient than
theoretical SD-MD mixing trends for magnetite (Dunlop, 2002), and
the return portions of most loops fall within the SP-SD mixing
envelope for greigite-bearing sediments reported by Rowan and
Roberts (2006) (Figs. 3 and 9). SP enhancement has been directly
detected in the interval characterized by higher B./B. values (the
outward part of the loop), and increased pore water H,S concentra-
tions, in sediments from the Ontong-Java Plateau (e.g., Tarduno, 1994,
1995; it should be noted that pore water geochemistry for this core is
based on correlation to adjacent holes rather than direct measure-
ments) and the Niger Fan (Dillon and Bleil, 2006) (Fig. 9). In both of
these cores, magnetite dissolution at the iron-redox boundary higher
in the sediment column produced no significant change in hysteresis
ratios, which further suggests that the looping observed in the sulfate
reduction zone may be linked to greigite formation rather than to
dissolution of the primary magnetic assemblage. In both cases, the
mineral causing the SP enhancement is unknown, although Dillon and
Bleil (2006) acknowledged that greigite is possibly present in the
Niger Fan sediments. Therefore, for many of these records, the looping
of hysteresis parameters may indicate progressive growth of small, but
paleomagnetically significant, quantities of greigite during sulfate
reduction. Potential timescales of greigite growth can be estimated
by assuming that the return loop marks the first appearance of SD
greigite. This indicates a wide range of paleomagnetic offsets and
smoothing intervals (Table 1).

4.6. Are the above processes ubiquitous in reducing sediments?

The dominant iron sulfide species that forms during early
sediment diagenesis will depend on the balance between key
reactants, principally Co, dissolved sulfide and reactive iron (e.g.,
Berner, 1984; Roberts and Turner, 1993; Kao et al.,, 2004). When Cog
and dissolved sulfide are abundant, dissolved reactive iron will be
completely sulfidized and pyrite will be the dominant authigenic
sulfide formed. This appears to be the case in the studied cores (Fig. 5);
nevertheless, greigite is also present in small quantities, possibly due
to eventual exhaustion of sulfide during pyritization. The small
amount of SP/SD greigite formed only results in a small, superposed
magnetic enhancement. However, because most of the detrital
ferrimagnetic mineral assemblage has been replaced by paramagnetic
pyrite, this weak authigenic magnetization can still be paleomagne-
tically significant (e.g., Rowan and Roberts, 2006, 2008). The global
distribution of records (Fig. 1) where looping of hysteresis parameters
is observed (Fig. 9) suggests that the observed growth of SP/SD
greigite during progressive magnetite dissolution may be widespread.

At the other end of the spectrum, most previous reports of
sedimentary greigite are from environments in which the growth of
dominantly SD greigite has given rise to strong magnetizations (e.g.,
Tric et al,, 1991; Horng et al., 1992; Roberts and Turner, 1993; Florindo
and Sagnotti, 1995; Snowball, 1997; Horng et al., 1998; Sagnotti and
Winkler, 1999; Jiang et al., 2001; Roberts et al., 2005; Sagnotti et al.,
2005; Larrasoafla et al.,, 2007; Vasiliev et al., 2007). In such
environments, it is likely that reactive iron was abundant and sulfide
was limited (Kao et al., 2004), preventing sulfidization reactions from
going to completion. The early arrest of pyrite formation will lead to
more greigite being preserved, and stronger magnetizations. It is
therefore the interplay between concentrations of the key reactants
that will dictate the concentration magnetic characteristics of
authigenic greigite. Regardless, our observations indicate that late
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growth of greigite after destruction of the detrital magnetic mineral
assemblage will be common in organic-rich marginal and pelagic
settings. The magnetic characteristics of SP-dominated greigite
mixtures, such as in the cores studied here, are much less distinctive
than those of sediments dominated by SD greigite, making it likely that
their presence has been under-recognized in the geological record. For
example, Yamazaki et al. (2003) argued against greigite formation in
reduced sediments from the Japan Sea based on a lack of GRM
acquisition, but acquisition of minor GRMs, similar to those observed
for greigite-bearing sediments in this study, is indicated in their Fig. 4
(samples at depths of 2.51 and 3.21 m). We therefore argue that the
processes documented in the present study will become more widely
recognized in future.

5. Conclusions and implications for the magnetic record in anoxic
marine sediments

Bacterially-mediated sulfate reduction and pyritization during
early diagenesis of rapidly deposited sediments from the Oman and
northern California margins has led to the complete dissolution of
detrital magnetite, and its replacement by greigite as the principal
magnetic mineral. Following destruction of the primary magnetic
assemblage, FORC distributions and down-core increases in the S-ratio
and MDFxry indicate the appearance of a new population of thermally
stable magnetic particles, which SEM observations confirm to be
greigite. Hysteresis parameters follow a looping trajectory on a Day
plot (Day et al., 1977) through the transition zone, as a result of the
nucleation of superparamagnetic greigite at the magnetite dissolution
front and its later growth through the stable single domain blocking
volume. Increases in concentration-dependent magnetic parameters
toward the bottom of both cores indicate that growth of new greigite
may continue deep into the sediment column, producing a remanent
magnetization that is not only offset from the age of the host sediments
by 10's of kyr, but which is also a smoothed record of 10's or even 100's
of kyr of magnetic field behavior. The environmental magnetic and
paleomagnetic signals in these cores are likely to be severely
compromised by such diagenetic effects. SP-dominated mixtures
may represent the most common natural occurrence of greigite, but
they can be difficult to detect using discrimination methods that
assume dominantly SD behavior (e.g., Roberts, 1995; Snowball, 1997;
Sagnotti and Winkler, 1999); similar patterns of rock magnetic
variations seen in numerous other records from similar sedimentary
environments may therefore also indicate paleomagnetically signifi-
cant quantities of greigite. Late remagnetizations are recognized as a
common problem in greigite-bearing sediments (Roberts and Weaver,
2005; Rowan and Roberts, 2008), but our results suggest that even in
ideal cases where the magnetic signal is carried entirely by early
diagenetic greigite, there is likely to be a substantial offset between the
age of the magnetization and the host sediment, and considerable
smoothing of recorded magnetizations.
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