
1. INTRODUCTION

ODP Site 982 (at 57.52°N, 15.87°W, 1135 m water depth)
is located in the Hatton-Rockall Basin, a small depression on
the Rockall Plateau (Figure 1). The site has provided a coupled
magnetic/δ18O record for the 0.3–2.7 Ma interval. The record
can be used to correlate polarity reversals to marine isotope
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At ODP Site 982, located on the Rockall Bank, component magnetizations define
a polarity stratigraphy from the middle part of the Brunhes Chronozone to the top
of the Gauss Chronozone (0.3–2.7 Ma). The Cobb Mountain and Reunion sub-
chronozones correlate to marine isotope stages (MIS) 35 and 81, respectively.  The
Gauss/Matuyama boundary correlates to the base of MIS 103. The slope of the nat-
ural remanence (NRM) versus the anhysteretic remanence (ARM) during stepwise
alternating field demagnetization is close to linear (r > 0.9) for the 900–1700 ka inter-
val indicating similarity of NRM and ARM coercivity spectra. The normalized
remanence (NRM/ARM) can be matched to paleointensity records from ODP Sites
983/984 (Iceland Basin) and from sites in the Pacific Ocean.  The age model based
on δ18O stratigraphy at ODP Site 982 indicates sedimentation rates in the 1–4 cm/kyr
range.  At ODP Site 980/981, located ~200 km SE of Site 982 on the eastern flank
of the Rockall Plateau, sedimentation rates are 2–7 times greater. According to the
δ18O age models at Site 982 and Site 980/981, the boundaries of the Jaramillo, Cobb
Mountain, Olduvai and Reunion subchronozones appear older at Site 982 by 10–15
kyr. We model the lock-in of magnetization using a sigmoidal magnetization lock-
in function incorporating a surface mixed layer (base at depth M corresponding to
5% lock-in) and a lock-in depth (L) below M at which 50% lock-in is achieved.
The observed age offsets can be simulated by values of DM (difference between val-
ues of M at Sites 982 and 980/981) in the 16–23 cm range, and values of L <10 cm.
The low values of L imply that the magnetization is rapidly locked (within 10 cm)
after sediment passes through the decimeter-scale surface mixed-layer. 



stages (MIS), and provides a normalized remanence (pale-
ointensity) record for comparison with other records span-
ning the same time interval. 

The correlation of Plio-Pleistocene isotopic stages to po-
larity chrons and subchrons has been established using data
from DSDP Sites 607/609 [Raymo et al., 1989], ODP Site
659 [Tiedemann et al., 1994], ODP Site 846/849 [Shackle-
ton et al., 1995a; Schneider, 1995], ODP Site 983/984
[Channell and Kleiven, 2000; Channell et al., 2002] and
Italian land sections [Lourens et al., 1996]. The correlation
is not always straightforward due to uncertainties in inter-
pretation of either the MIS or the magnetic stratigraphy. For
example, the boundaries of the Olduvai Subchronozone and
the Gauss-Matuyama boundary at ODP Site 659 are poorly
defined [Tauxe et al., 1989], and the lack of foraminifera in
the Matuyama Chronozone at ODP Site 983/984 requires
that the susceptibility record be used as a proxy for δ18O
[Channell et al., 2002]. 

An additional motive for this study is that the compari-
son of polarity chron/MIS correlations for different
sedimentation rates offers the possibility of gaining insights
into the nature of magnetization lock-in. ODP Site 980/981
located on the eastern slope of the Rockall Plateau (Figure
1) has sedimentation rates 2–7 times greater than at Site
982. High resolution magnetic and isotope records for the
Matuyama Chronozone at Site 980/981 have been published
elsewhere [Channell and Raymo, 2003; Channell et al.,
2003]. Here we report the magnetic and isotope records from
ODP Site 982, and we compare these records with those
from Site 980/981. 

2. LITHOSTRATIGRAPHY AND AGE MODEL

The sedimentary sequence recovered at ODP Site 982 com-
prises nannofossil ooze with clay and silt [Shipboard Scien-
tific Party, 1996]. The composite section, the optimal section
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Figure 1. Location map for ODP Site 982. Bathymetry in meters. Dashed line indicates crest of Gardar Drift. Arrows indi-
cate inferred bottom current flows [after Manley and Caress, 1994; McCave et al., 1980].



recovered at the site, was compiled from the shipboard multi-
sensor track (MST) as a splice from the four holes drilled at
the site [Shipboard Scientific Party, 1996]. This paper deals
with the 7–66 meters composite depth (mcd) interval, cor-
relative to the 0.3– 2.7 Ma time interval. The 0–7 mcd inter-
val was not sampled due to drilling disturbance.

Samples for stable isotope analyses were collected at 5 cm
intervals from the composite section at Site 982. Stable iso-
tope data were acquired from two benthic foraminifera, Cibi-
cidoides wuellerstorfi and Cibicidoides kullenbergi (Figure
2). Oxygen isotopic ratios were measured on carbon dioxide
gas released on treatment with orthophosphoric acid at 90°C
using a VG Isogas mass spectrometer at the University of
Florida. Values are reported relative to PDB. The analytical pro-
cedure, and the benthic and planktic isotope records for the last

1.2 Myrs from Site 982, have been reported elsewhere [Venz
et al., 1999; Flower et al., 2000; Kleiven et al., 2003]. 

Carbonate percentage, calculated from reflectance data and
coulometric titration, varies widely in the 90–20% range [Ortiz
et al., 1999; Venz et al., 1999]. Highs in susceptibility (lows
in carbonate) are associated with glacial isotopic stages (Fig-
ure 2), reflecting enhanced surface water (carbonate) pro-
ductivity during interglacial stages. Highs in susceptibility
also correspond to highs in percentage ice rafted debris [Venz
et al., 1999]. Down-section from just above the Gauss-
Matuyama boundary, located at 57.3 mcd, the percentage car-
bonate values are uniformly high and volume susceptibility
values are uniformly low (Figure 2). 

We construct the age model for Site 982 by matching the
benthic δ18O record to the chronology of Shackleton et al.
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Figure 2. ODP Site 982: benthic δ18O data [Venz et al., 1999; Flower et al., 2000; Kleiven et al., 2003] with marine iso-
tope stages numbered, natural remanent magnetization (NRM) after demagnetization at peak fields of 20 mT and 80 mT,
volume magnetic susceptibility, isothermal remanence (IRM) and anhysteretic remanence (ARM), both remanences after
demagnetization at peak fields of 35 mT. Magnetic measurements on u-channel samples.



[1990, 1995a,b] as defined by his TARGET curve (http://del-
phi.esc.cam.ac.uk/coredata/v677846.html) shown in Figure
3. Depth/age tie points are given in Table 1. The TARGET
curve in the interval of interest comprises data from ODP
Site 677 (0.34–1.81 Ma) and ODP Site 846 (1.81–2.70 Ma)
[Shackleton et al., 1990; 1995a,b]. In Figure 3, the match of
the Site 982 δ18O record with the TARGET curve is compared
with the benthic δ18O record from DSDP Site 607 [Raymo et
al., 1989] which was independently correlated to the Shack-
leton time scale used here. Note that the Site 982 age model
of Venz et al. [1999], subsequently used by Flower et al. [2000]
and Kleiven et al. [2003], utilizes a different target curve and

hence differs slightly from the age model used here. The age
model for ODP Site 980/981 [Channell and Raymo, 2003;
Channell et al., 2003] utilizes the same TARGET curve used
here for Site 982.

3.MAGNETIC MEASUREMENTS

Magnetic remanence and susceptibility measurements were
made on u-channel samples (with 2x2 cm square cross-sec-
tions) collected from the archive half of the Site 982 com-
posite section in the 7–66 mcd interval. Magnetic remanence
measurements were made using a pass-through 2G magne-
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Figure 3. Orthogonal projection of alternating field demagnetization data for samples from the polarity reversal at the top
of the Olduvai Subchronozone at ODP Site 982. Superimposed magnetization components are apparent in the 22 cm tran-
sition interval (40.11–40.33 mcd). Representative projections are shown. Data acquired at stratigraphic interval of 1 cm
on u-channel samples with a magnetometer response function width of ~3.5 cm. Open and closed symbols indicate pro-
jection on the vertical and horizontal planes, respectively. The positions of the samples in meters composite depth (mcd)
are indicated. The peak alternating fields range from 20 mT to 80 mT. 



tometer designed for u-channel samples [see Weeks et al.,
1993]. Volume magnetic susceptibility measurements utilized
a u-channel track incorporating a Sapphire Instruments 3.5
cm-square susceptibility loop [Thomas et al., 2003]. Ship-
board treatment of archive halves of the composite section
involved AF demagnetization of natural remanent magneti-
zation (NRM) at maximum peak fields of 25 mT [Channell
and Lehman, 1999]. Subsequent treatment of NRM on u-
channel samples constituted alternating field (AF) demag-
netization at peak fields of 20 to 60 mT (5 mT steps), 70 mT
and 80 mT. The natural remanent magnetization (NRM) inten-
sity falls by an order of magnitude between the 20 mT and 80
mT demagnetization steps (Figure 2) indicating that the NRM
is carried by a low coercivity mineral such as magnetite. Ther-
mal demagnetization of isothermal remanent magnetization
and hysteresis ratios at neighboring sites (ODP Sites 980/981,
983 and 984) indicate pseudo-single domain (PSD) magnetite
as the principal remanence carrier in the sediment drifts of
the Iceland Basin [Channell et al., 1997, 1998; Channell,
1999; Channell and Raymo, 2003].

Orthogonal projections of AF demagnetization data from
ODP Site 982 indicate the presence of a well-defined, low
coercivity, magnetization component (e.g. samples at 39.84
mcd and 40.43 mcd in Figure 3). In the immediate vicinity of
polarity zone boundaries, multi-component magnetizations
are occasionally observed. For example, at the top of the Oldu-
vai Subchronozone in the 40.11–40.33 mcd interval (Figure
3), a lower coercivity post-reversal magnetization appears to
be superimposed on a higher coercivity pre-reversal magne-
tization. 

Component declination and inclination were computed from
u-channel data by applying the standard least squares method
[Kirschvink, 1980] to the 20–70 mT demagnetization interval.

The demagnetizaton interval was modified for some samples
at polarity zone boundaries (e.g. those at 40.19 and 40.24
mcd in Figure 3). Maximum angular deviation (MAD) values
are less than 10° for the majority of the magnetization com-
ponents (Figure 4). Component declination and inclination
define a polarity stratigraphy from the mid-Brunhes Chrono-
zone to the Gauss Chronozone (Figure 4).

Anhysteretic remanence (ARM) was applied to u-channel
samples using 100 mT AF and a 0.05 mT DC field. The ARM
was measured and then progressively demagnetized in the
same steps applied to the NRM. ARM intensity, after AF
demagnetization in peak fields of 35 mT, varies over a range
of 0.1 to 0.6 A/m in the 7 to 55 mcd interval (Figure 2). ARM
values are close to zero below 55 mcd where carbonate per-
centages reach 90% [Ortiz et al., 1999]. A similar trend is
observed for isothermal remanence (IRM), applied in a 500
mT DC field (Figure 2). Anhysteretic susceptibility (karm),
the ARM normalized by the biasing DC field, divided by vol-
ume susceptibility (k) can be used as a measure of magnetite
grain size [King et al., 1983]. For ODP Site 982, the karm/k
ratios (Figure 5) imply magnetite grain sizes of <0.1 µm for
low susceptibility intervals (full interglacial stages) and grain
sizes of ~1–5 µm for high susceptibility intervals (full gla-
cial stages).

Volume susceptibility, ARM and IRM fluctuate by more
than an order of magnitude, particularly below 45 mcd (Fig-
ure 2). In order to test the coercivity match of NRM to ARM
and IRM, and evaluate the potential for deriving paleointen-
sity proxies, we plot the slope of NRM versus ARM (or IRM)
in the 25–45 mT demagnetization range (Figure 6b). In ideal
circumstances, the slopes constitute paleointensity proxies
and the linear correlation coefficients (r) associated with the
slopes should be close to unity. In the vicinity of the
Matuyama-Brunhes boundary (Figure 6), the linear corre-
lation coefficients depart significantly from unity. This indi-
cates that neither IRM nor ARM have coercivity that matches
that of NRM in this interval. For the 900–1700 ka (22–38
mcd) interval, however, linear correlation coefficients are
usually above 0.9 indicating that the coercivity of NRM
matches the coercivity of IRM and ARM. This is also the
interval over which the values of IRM and ARM are less vari-
able (Figure 2).

The paleointensity proxy derived from the slope of
NRM/ARM can be compared with other records for the
900–1700 ka interval. In Figure 7, we compare the ODP Site
982 normalized remanence record with the paleointensity
records from the Ontong-Java Plateau [Kok and Tauxe, 1999],
the California Margin [Guyodo et al., 1999], the Equatorial
Pacific [Valet and Meynadier, 1993; Meynadier et al., 1995],
and ODP Sites 983/984 [Channell and Kleiven, 2000; Chan-
nell et al., 2002]. Mean sedimentation rates in the Matuyama
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Chronozone are ~2 cm/kyr or less for all records in Figure 7,
apart from ODP Sites 983/984 where mean sedimentation
rates are ~15 cm/kyr. To compensate for differing sedimen-
tation rates, the ODP Site 983/984 records in Figure 7 have
been smoothed using a 10 kyr running mean. 

Some offsets in Figure 7 can be explained by discrepan-
cies in chronology. The Ontong-Java stack was dated by lin-
ear interpolation between polarity reversals at the
Matuyama-Brunhes boundary (MBB), the boundaries of the
Jaramillo Subchronozone, and the Gauss-Matuyama bound-
ary [Kok and Tauxe, 1999]. The age control at ODP Site 1021
(California Margin) for the Matuyama Chronozone was based
on linear interpolation from the MBB to the boundaries of
the Jaramillo Subchronozone [Guyodo et al., 1999]. The age

control for the Equatorial Pacific ODP Leg 138 record [Valet
and Meynadier, 1993; Meynadier et al., 1995] was based on
orbital tuning of the GRAPE density stratigraphy [Shackleton
et al., 1995a]. The age models for ODP Sites 983/984 [Chan-
nell and Kleiven, 2000; Channell et al., 2002] were derived by
tuning to the Ice Volume Model of Imbrie and Imbrie [1980]
for the 700–1100 ka interval, and by matching the δ18O and sus-
ceptibility records to the ODP Site 677 δ18O record [Shackle-
ton et al., 1990] for the older part of the record.

Paleointensity lows at ~990 ka, 1070 ka and 1200 ka in
Figure 7 correspond to the boundaries of the Jaramillo Sub-
chron (TJ/BJ) and to the Cobb Mountain Subchron (C). The
normalized remanence record from ODP Site 982 for the
900–1600 ka interval can be matched to paleointensity records
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Figure 4. ODP Site 982: Benthic δ18O data versus age from ODP Site 982 (fine line with points) compared to the chronol-
ogy of Shackleton et al. [1990] as defined by his TARGET curve(http://delphi.esc.cam.ac.uk/coredata/v677846.html)
(fine continuous line) and benthic δ18O data from DSDP Site 607 [Raymo et al., 1989] (dashed line) tuned to the same TAR-
GET curve. The TARGET curve comprises data from ODP Sites 677 (0.34–1.81 Ma) and 846 (1.81–2.70 Ma) [Shackle-
ton et al., 1990; 1995a,b]. Interval sedimentation rates according to the age model, maximum angular deviation (MAD)
values associated with component magnetization directions, component inclinations and declinations placed on the oxy-
gen isotope age model. 



from the Iceland Basin (ODP Sites 983/984) and to records
from the Pacific Ocean (Figure 7). The Equatorial Pacific
record and the Site 983/984 records are better aligned with the
Site 982 record than the California Margin and Ontong-Java
records (Figure 7). This reflects the enhanced age control for
the Equatorial Pacific record and for ODP Sites 982/983/984
as outlined above. Paleointensity lows correspond to the bound-
aries of the Jaramillo Subchronozone (TJ/BJ), the Santa Rosa
excursion (SR), the Punaruu excursion (P) [Singer et al.,
1999], the Cobb Mountain excursion (C) [Clement and Kent,
1987], the Ontong-Java excursion (OJ) [Valet and Meynadier,
1993; Gallet et al., 1993], the Gardar excursion (Ga) [Chan-
nell et al., 2002] and the Gilsa excursion (Gi) [Clement and
Kent, 1987; Channell et al., 2002]. 

4. REVERSAL AGE OFFSETS AT SITES 980–982

The correlations of Pliocene-Pleistocene isotopic stages to
polarity chrons and subchrons at ODP Site 982 are consis-
tent with correlations established elsewhere (Table 2). The
magnetic and δ18O data from Site 982 and from neighboring
Site 980/981 (Figure 1) are sufficiently detailed to allow an as-
sessment of the precise position of reversals relative to isotopic
stages. Mean sedimentation rates at Site 982 and Site 980/981
differ by factors of 2–7, and hence the precise correlation of
reversals to isotopic stages at these sites may give insights
into the magnetization lock-in function. Mean sedimentation

rates in the Matuyama Chron at Site 982 vary in the 1–3
cm/kyr range (Figure 4). At Site 980/981, mean sedimentation
rates in the Matuyama Chron vary in the 5–30 cm/kyr range
[Channell and Raymo, 2003; Channell et al., 2003].

The age models at Site 982 and Site 980/981 were derived
by matching the benthic δ18O records to the same TARGET
curve (see above). For the two sites, the ages of polarity re-
versals at the boundaries of the Jaramillo Chronozone, the
Cobb Mountain Subchronozone, the Olduvai Subchronozone
and the Réunion Subchronozone are discrepant by 10–15 kyr
(Figure 8). With the exception of the base of the Réunion
Subchronozone (Figure 8d), the ages of polarity reversals
appear older for Site 982, the site with lower mean sedimen-
tation rates. This could be explained by incorrect correlation
of the δ18O records to the TARGET curve and inadequacy of
the age model. For example, the Site 982 δ18O records at the
boundaries of the Jaramillo Chronozone lack distinctive fea-
tures (Figure 8a), and may therefore be misaligned with the
TARGET curve. The consistent age offset, however, with
older ages for Site 982, tends to indicate that the offset is
related to the magnetization lock-in function. If the physical
lock-in functions were comparable for the two neighboring
sites, the lock-in time would have been more extended for the
site with the lower sedimentation rates. The modeling of this
process, developed below, indicates that lock-in depth for the
lower sedimentation rate site (Site 982) must have been greater
to account for the observed age offsets.

Post-depositional remanent magnetization (pDRM), stem-
ming from the work of Irving and Major [1964], has been
modeled by an exponential function [Hyodo, 1984; Meynadier
and Valet, 1996; Mazaud, 1996; Teanby and Gubbins, 2000;
Guyodo and Channell, 2002]. Teanby and Gubbins [2000]
added an 8 cm uniform mixing layer (magnetization = 0) at the
top of the sedimentary column to simulate the bioturbated
surface mixed layer. The assumption of a well-mixed layer,
in which the sediment is consumed by organisms such as
sipunculid or echiuran worms, is valid in deep-sea sediments
where the mixing coefficient exceeds the product of mixed
layer depth and sedimentation rate [Guinasso and Schink,
1975]. In deep-sea sediments, isotopic tracers indicate mean
mixed layer thicknesses of about 10 cm (values vary by an
order of magnitude from 3–30 cm) that is largely independ-
ent of sedimentation rate [Boudreau, 1994, 1998]. The main
control on the mixed-layer thickness appears to be organic
carbon flux derived from surface water productivity [Trauth
et al., 1997; Smith and Rabouille, 2002]. We would, there-
fore, expect the mixed layer thickness at Site 982, with its
lower detrital component and higher organic carbon flux, to
exceed that at Site 980/981. Using 14C of the bulk carbonate
fraction as the isotopic tracer, Thomson et al. [2000] esti-
mated mixed-layer thicknesses of 10–20 cm in box cores col-
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Figure 5. Anhysteretic susceptibility (karm), the ARM normalized
by the biasing DC field, plotted against volume susceptibility (k)
for ODP Site 982. Magnetite grain size estimates from King et al.
[1983].



lected close to the Rockall Plateau at water depths compara-
ble to Sites 980–982. These values are greater than the 2–13
cm mixed-layer thicknesses obtained from further south in
the North Atlantic using 14C in foraminifera [Trauth et al.,
1997; Smith and Rabouille, 2002]. Estimates of mixed-layer
thickness are grain-size sensitive [see Bard, 2001] and would

be expected to be lower for the coarse fraction (foraminifera)
than for the bulk carbonate (nannofossils). For this reason,
mixed layer thickness estimates based on 14C and other isotopic
tracers should be considered as minimum estimates for the
fine (PSD) grains that carry stable magnetization. In the stud-
ies of Thomson et al. [2000] and Trauth et al. [1997], uni-
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Figure 6. ODP Site 982: Linear correlation coefficients (r) and slopes of NRM versus ARM (solid line) and NRM ver-
sus IRM (dashed line) for the 25–45 mT peak field range in the 300–1700 ka interval. Virtual geomagnetic polar (VGP)
latitudes derived from the component directions in Figure 4.
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Figure 7. Comparison of NRM/ARM (slope) for ODP Site 982 with paleointensity data from Ontong-Java Plateau [Kok
and Tauxe, 1999], California Margin [Guyodo et al., 1999], Equatorial Pacific [Valet and Meynadier, 1993; Meynadier et
al., 1995], and from ODP Sites 983 and 984, before and after smoothing with a 10 kyr running mean [Channell and
Kleiven, 2000; Channell et al., 2002]. 



form 14C values in the mixed layer, and an abrupt change to
uniformly increasing 14C ages below, imply that the mixing
coefficient (efficiency) is high in the mixed layer on millen-
nial (14C) timescales. 

A simple way of explaining the age offsets observed be-
tween Site 982 and Site 980/981 would be to consider a larger
surface mixed layer at Site 982. In view of the observed aver-
age age offset and the difference in average sedimentation
rates between the two sites, an increased mixed layer thick-
ness of about 25 cm would be required. In order to study this
problem in a more comprehensive manner, we consider a num-
ber of parameters: (1) estimated interval sedimentation rates,
(2) age control procedures, (3) offsets due to magnetization
lock-in, and (4) sample measurement effects. Rather than using
a mixed layer (magnetization = 0) overlying an exponential
lock-in function [Teanby and Gubbins, 2000], we have used a
sigmoidal pDRM function based on tanh(x) (Figure 9a). This
function has the attribute of describing a smooth transition
between the mixing zone and the lock-in zone. The function can
be defined by a surface mixing layer depth (M) at which 5%
of the magnetization is acquired, and a lock-in depth (L) that
is the depth below M at which 50% of the magnetization is
acquired (Figure 9a). With this pDRM function, increasing M
by x centimeters leads to an increase (by x cm) in the depth at
which the magnetization is locked. An increase in L also leads
to an increase in the depth at which the magnetization is locked
but, more importantly, it leads to a marked increase in the
depth interval over which the reversal transition is recorded
(Figure 9a). Increasing L also reduces the time resolution of the
record, as the lock-in function acts as a filter [Teanby and Gub-
bins, 2000; Guyodo and Channell, 2002].

The modeling procedure involved the following steps:
(1) conversion from the time domain to the depth domain of

a model virtual geomagnetic polar (VGP) latitude time series
using sedimentation rate estimates from the age model, (2)
simulation of the magnetization (pDRM) acquisition proc-
ess, (3) simulation of the smoothing inherent in the u-channel
measurement procedure, and (4) conversion back into the
time domain.

The input VGP latitude time series was constructed as a step
function representing a succession of reversals corresponding
to the onset and termination of Jaramillo, Cobb Mountain,
Olduvai, and Réunion subchrons. The initial duration of the
reversals was set to 4 kyr, based on the distribution of reversal
durations obtained from ODP Sites 983 and 984 [Channell et
al., 2002]. For each simulation, the age-scale of this initial
time series was converted to a depth-scale using the sedimen-
tation rates specific to each site investigated (Figure 8). The
magnetization acquisition process was subsequently simulated
as a convolution between this input signal and the pDRM func-
tion described above. In this function, both L and M can be var-
ied systematically in order to define the curve that will best fit
the real data (i.e., yield the appropriate mid-reversal position
and transition duration). A more precise fit would require sim-
ulation of the details of each reversal record, including the
(amplified) secular variation during reversal transitions. Note
that the mixing depth necessary to match the real data depends
on the initial age chosen for the reversals. Since the precise
absolute age of reversals is not known with sufficient accu-
racy, the position of the reversals in the model signal was arbi-
trarily fixed at some time before the occurrence of the reversals
in the real data. Using this method, only relative values of the
mixing depth between sites (hereafter referred to as DM) could
be obtained for a given input. Subsequently, another function
was applied to simulate the smoothing introduced by the mag-
netometer during measurement of the u-channel. This func-
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tion was chosen as the z axis response function of the 2-G
Enterprises cryogenic magnetometer located at the University
of Florida [Guyodo et al., 2002]. The resulting signal was then
converted back into the time domain using site-specific sedi-
mentation rates.

Using this approach, the observed reversal offsets (Figure
8) can be simulated by values of DM (MSite 982− MSite 980/981)
of ~20 cm for the boundaries of the Jaramillo and for the
Cobb Mt. (Figure 9b), 16 cm for the base of the Olduvai and
36 cm for the top of the Réunion (Figure 9c). High values of

L do not generate the desired offset but extend the apparent
duration of the polarity reversal (Figure 9a). Values of L < 10
cm appear to satisfy the observations (Figures 9 b,c). Evi-
dently, this value depends to some extent on the duration cho-
sen for the initial reversals (here 4 kyr), and therefore could
vary by a few centimeters. Large fluctuations in sedimentation
rates at the onset of the Olduvai Subchron and within the
Réunion Subchron make the results of these simulations more
problematic than the estimates for the boundaries of the
Jaramillo and Cobb Mt. subchrons. Indeed, a slight change
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Figure 8. Comparison of Site 982 and Site 980/981. (a) Jaramillo Subchronozone, (b) Cobb Mountain Subchronozone, (c)
Olduvai Subchronozone, (d) Reunion Subchronozone. Benthic δ18O with marine isotope stage numbers for Site 982 (thin
line, open symbols) and Site 980/981 (thick line, closed symbols) correlated to the TARGET curve (dashed line) from Shack-
leton et al. [1990, 1995a,b]. Virtual geomagnetic polar latitudes (VGPs) from Site 982 (thin line, open symbols) and Site
980/981 (thick line, closed symbols). Sedimentation rates for Site 982 (thin line, open symbols) and Site 980/981 (thick
line, closed symbols).



in the positioning of a reversal (in the input signal) relative to
the boundary between two different sedimentation rate inter-
vals (i.e., an age model tie-point), may place this reversal
either in a higher or a lower sedimentation rate interval, which
will alter the model output.

5. DISCUSSION

A recent re-deposition study has suggested that, at least for
some lithologies, inter-granular interaction could reduce sig-

nificantly the extent of pDRM, and bioturbation would not
enhance, but rather disrupt, the remanent magnetization below
the sediment/water interface [Katari et al., 2000]. The con-
clusions of this paper are consistent with studies by Tauxe et
al. [1996], based on a comparison of magnetic and oxygen
isotope records at the MBB, that imply that magnetization
lock-in depth is insignificant in these (low sedimentation rate)
marine sediments. Other studies [DeMenocal et al., 1990;
Lund and Keigwin, 1994; Kent and Schneider, 1995] invoked
pDRM, and hence a finite lock-in depth, to explain rever-
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Figure 9. (a) The sigmoidal function based on tanh(x) used to model the mixing zone (thickness M) and the underlying
lock-in zone (thickness L). The effect of varying the difference in mixing zone depth (DM) between Sites 982 and 980/981,
and lock-in depth (L), is illustrated. The sigmoidal function can be used to model the reversal offsets between the two sites
for (b) the boundaries of the Jaramillo and Cobb Mt. subchronozones and (c) the base of the Olduvai and top of the Réu-
nion subchronozones. 



sal/isotope offsets, and observed attenuation of secular vari-
ation records.

At Sites 982 and 980/981, the consistent sense of age offset
of reversals between Sites 982 and 980/981 can, according to
the model presented above, be explained by a mixing depth
(zone) that is significantly thicker (by ~20 cm) at Site 982
than at Site 980/981. The simulations imply that magnetization
is acquired very soon after the sediment passes through the
mixed layer (M), the lock-in layer (L) beneath the mixed layer
being just a few centimeters thick. Estimates of mixed layer
thickness, based on 14C, from Holocene pelagic sediments in
the eastern North Atlantic give mixed layer thicknesses of
~2–20 cm [Thomson et al., 2000; Trauth et al., 1997]. Large
variations in M are found for pelagic sediments, with no clear
dependence on sedimentation rate [Boudreau, 1994, 1998].
Lower mean sedimentation rates at Site 982, relative to Site
980/981 (Figure 8), do not imply that the mixed layer depth (M)
would be greater at Site 982 than at Site 980/981. Organic car-
bon flux is believed to be a control on mixed layer thickness
[Trauth et al., 1997; Smith and Rabouille, 2002]. Higher car-
bonate content (lower detrital concentration) and shallower
water depth at Site 982, relative to Site 980/981, implies that
organic carbon flux to the seafloor was greater for Site 982
than for Site 980/981. The higher organic carbon flux at ODP
Site 982 may, therefore, account for the larger surface-sedi-
ment mixed-layer thickness at ODP Site 982. 

The difference in mixed layer thickness between the two
sites is proposed as an explanation for the apparent age offset
of reversals in the Matuyama Chron. It is important to note that
this difference in mixed layer thickness would affect the δ18O
record, and hence the age model. The small number of
foraminifera (1–3) required by modern mass spectrometers
for precise estimates of δ18O has exacerbated the effect of
reworking on δ18O records in general. Reworking down-sec-
tion is limited by the extent of the mixed layer, but no such lim-
itation exists for reworking up-section [see Guinasso and
Schink, 1975]. As a result of lower sedimentation rates and
larger mixing layer thickness at Site 982, the definition of the
isotope stratigraphy (and hence the age model) would be
reduced at Site 982 relative to that at Site 980/981. Mixed
layer effects on the isotopic data should be taken into account
in future, more comprehensive simulations. Nevertheless, it is
very unlikely that reworking and fortuitous picking of spec-
imens would offset the Site 982 δ18O record to account for
the observed offsets in ages of polarity reversals.  
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