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Abstract

We report here on results of palaeo- and rock magnetic investigations of two sediment cores from the Upper Congo deep-sea
fan. The sediments have a high organic content and contain a heterogeneous Fe-mineral assemblage with biogenic magnetite
and detrital (Ti-)magnetite as the main magnetic carrier minerals. Pyrite, hematite, and Fe-oxyhydroxides were identified by
comparing high-temperature magnetic susceptibility curves with those from Fe-minerals of known composition. Accord-
ing to AMS '*C dates, the 6.8 m-long profile spans the last 37 kyr. Sediments older than 20 ka are affected by reductive
diagenesis that has led to a loss of the fine-grained magnetic mineral fraction. Sediments younger than 20 ka have stable
magnetizations. Characteristic remanent magnetization records of inclination and declination were obtained for each core.
There is a little agreement between these records, modelled curves, and other sediment records from Equatorial Africa, so
no composite record could be established. The cores are not ideal relative palaeointensity recorders and estimates using dif-
ferent normalizers did not yield consistent signals from both cores. Normalization methods used for relative palacointensity
estimation were not developed for sediments that contain large amounts of ultra-fine-grained biogenic magnetite; therefore,
the relative palaeointensity estimates should be considered with caution. However, in view of the incoherent picture given
by the scarce available palaeointensity information from the region off South-West Africa, the GeoB6517-2 record may
provide a tentative relative palaeointensity record for comparison, at least for the past 10 kyr.

Keywords Magnetic mineralogy - Palacomagnetic secular variation - Palaeointensity - Late quaternary - Upper Congo
deep-sea fan

Introduction

It is now a common procedure in palacomagnetic investiga-
tions to test the validity of the reconstructed signal obtained
from sediments, volcanic rocks, and archaeological material
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against a set of geomagnetic field models (e.g., Barletta et al.
2010; Gallet et al. 2015; Kissel et al. 2015; Bourne et al.
2016). For areas where the database for modelling is well
stocked, such as Europe or North America, this method is
often successful and might be justified. However, in regions
where data coverage is sparse, the validity of the models is
restricted, because they cannot be better than the input data,
and the model output should be considered with caution.
Thus, new records of geomagnetic palaecosecular variation
(PSV) and relative palaeointensity (RPI), especially for low
latitudes and the southern hemisphere, are needed to fill data
gaps.

The ideal material for such studies would be long,
mostly lithogenic sediment cores with continuously high
sedimentation rates, containing sufficient amounts of
fine-grained (Ti-)magnetite as the dominant magnetic
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carrier mineral and unaffected by diagenesis. Most sedi-
ment cores recovered from low latitudes and the south-
ern hemisphere are obtained mainly for palaeoclimatic
studies, which target sites with characteristics that are
less ideal for palaeomagnetic purposes. Abundant organic
matter and rapid sedimentation changes, for example, are
not ideal for reconstructing PSV and RPI records. Here,
we present results from two marine sediment cores from
the Congo deep-sea fan. Although neither of the two cores
possesses ideal characteristics for palacomagnetic studies,
a lack of alternatives means that they currently provide
our best information about South Atlantic Holocene pal-
aeomagnetic variations.
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Material

The studied sediment cores were recovered from two dif-
ferent sites on the Upper Congo deep-sea fan (Fig. 1). Dur-
ing Ocean Drilling Program (ODP) Leg 175, “Benguela
Current” Hole 1076D (5°4.13'S, 11°6.12'E) was drilled
at 1401 m water depth (Wefer et al. 1998b), whereas core
GeoB6517-2 (5°37.0'S, 11°19.9'E) was recovered from
642 m water depth during RV Meteor cruise M47/3 (Spief3
and Cruise 2002). Core GeoB6518-1 (5°35.3'S, 11°13.3'E)
from the same cruise provides the chronology for this
study, but it is from a water depth of 962 m. GeoB6517-2
and GeoB6518-1 were both recovered within the freshwa-
ter plume in front of the Congo River mouth (Spiefl and
Cruise 2002), whereas ODP Hole 1076D is situated at its
NE periphery (Wefer et al. 1998a). The fan sediments are

Fig. 1 Geographical position of the coring area within the South Atlantic current systems offshore of tropical West Africa (a) and locations of
the cores relative to the Congo River mouth (b). The locations of additional sites referred to in the text are shown in panel ¢
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a mixture of reworked shelf material and pelagic sediments
with hematite and hematite-coated quartz, contributed by the
Congo (formerly known as the Zaire) River (Heezen et al.
1964), and authigenic as well as reworked pyrite (Vreum-
ingen 1984; Eisma et al. 1978). The sediment matrix is
composed of organic carbon-rich olive grey and grey clays,
with an average total organic carbon (TOC) content of about
3 wt% and a CaCO; content of about 4 wt% (Weijers et al.
2009; Wefer et al. 1998b).

Methods

Continuous magnetic susceptibility logs were measured on
the archive halves of cores GeoB6518-1 and GeoB6517-2
in 1 cm increments with a Bartington Instruments MS2F
sensor integrated in a split core logging system at the
Faculty of Geosciences, University of Bremen. Core
GeoB6517-2 and the uppermost 550 cm of core ODP
1076D were then sub-sampled continuously with plastic
boxes (20 x 20X 15 mm) that were pushed into the sed-
iment surface at 20 mm intervals. A filled sample was
removed carefully before the next sample was pushed
into the sediment, yielding continuous coverage by the
samples. All samples were weighed and the low-field

magnetic susceptibility x; p was measured with a Multi-
Function Kappabridge MFK-1A (AGICO Brno) at 976 Hz.
Palaeomagnetic investigations included the measurement
and stepwise alternating field (AF) demagnetization of
the natural remanent magnetization (NRM) with a fully
automated cryogenic 2G Enterprises 755 superconducting
rock magnetometer (SRM) based on DC-SQUIDs with a
noise level of about 107® Am™~! for a 6 cm® sample vol-
ume. AF demagnetization was carried out in ten steps up
to a peak field of 100 mT using the in-line three-axis AF
demagnetizer in parallel with the long-core magnetom-
eter (Fig. 2). The directions of the characteristic remanent
magnetization (ChRM) were then determined by prin-
cipal component analysis (Kirschvink 1980), normally
based on AF demagnetization results from 15 to 65 mT.
Neither core was obtained with azimuthal orientation, so
the mean ChRM declination of the whole core was set
to zero. Stacked records of inclination and declination
were obtained after development of a depth-age model
(see below) by numerical resampling into 0.1 kyr time
bins and subsequent calculation of arithmetic mean val-
ues. An anhysteretic remanent magnetization (ARM) was
produced along the positive z-axis of the samples with
0.05 mT static field and 100 mT AF using a separate 2G
Enterprises 600 single-axis AF demagnetizer with an
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Fig.2 Alternating field demagnetization results for the natural
remanent magnetization (NRM) of four samples each from a core
GeoB6517-2 and b core ODP 1076D. Sampling depth refers to the
individual core depth. Embedded plots indicate the corresponding
orthogonal projections (vector endpoint diagrams) of components
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Demagnetizing field (mT) Demagnetizing field (mT)

during stepwise demagnetization. Demagnetization steps run from 0
to 100 mT. Closed symbols denote X (north) plotted versus Y (east) in
the horizontal plane (declination changes), and open symbols denote
Z (vertical) plotted versus H (horizontal) in the vertical plane
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ARM-coil. The ARM intensities (Jgy) Were then meas-
ured and demagnetized with the 2G Enterprises 755 SRM
at the same levels as the NRM.

A saturation isothermal remanent magnetization
(SIRM) was imparted in a 1.5 T field with a 2G Enter-
prises 660 pulse magnetizer along the sample’s positive
z-axis and was measured with a Molyneux MiniSpin flux-
gate magnetometer. S-ratios with a backfield of — 0.2 T
were calculated as 0.5 X (1 — (IRM_; ,1/SIRM; 57)) fol-
lowing Bloemendal et al. (1992). The ARM mainly repre-
sents fine-grained magnetic particles (mainly magnetite).
Its intensity normalized by the amplitude of the static field
used for imparting the ARM is defined as the anhysteretic
susceptibility kspy. The low-field magnetic susceptibility
k. and the SIRM represent the whole magnetic fraction,
so both kspam/kp and Japm/Jsirm (J for intensity) can be
used as proxies for the presence of fine magnetic particles.

On a subset of samples, the hysteresis parameters Mg,
Mgs. Bc, and By, FORC diagrams, and IRM-acquisition
curves were measured, each at maximum fields of 0.5,
1, and 2 T, with a Princeton Measurements Corporation
alternating gradient magnetometer (MicroMag). High-
temperature magnetic susceptibility measurements up to

Magnetic susceptibility (10°) geoB6518-1

700 °C in an argon atmosphere were performed on three
samples from each core with the MFK-1A.

Magnetic extracts were prepared for scanning electron
microscope (SEM) analysis following the procedure of
Nowaczyk (2011) for one sample from core ODP 1076D
and two samples from core GeoB6517-2. Analyses were per-
formed with a Carl Zeiss SMT Ultra 55 Plus SEM with inte-
grated energy-dispersive X-ray spectrometry (EDS), which
has a spatial resolution of 1 nm at 15 keV. SEM samples
were sputtered with carbon. For imaging in the backscatter
high-current mode and for parallel EDS analyses, a working
distance of 12 to 13 mm, an aperture of 120 um, and a volt-
age of 20 keV were generally used.

Depth-age models and correlation

Depth-age models for cores GeoB6517-2 and ODP 1076D
are based on 15 calibrated AMS '“C ages obtained from
core GeoB6518-1 (Scheful et al. 2005, 2016) (Fig. 3b). To
transfer these ages to the two cores investigated, inter-site
correlation was performed, based on magnetic susceptibil-
ity logs for all three sites (Fig. 3a). Shipboard magnetic
susceptibility measurements of ODP 1076D were cor-
rected by a calibration factor of 6.8, as suggested by Blum
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Fig.3 a Inter-core correlation (right) by depth tie-points (middle)
between cores GeoB6518-1, GeoB6517-2 and ODP 1076D based on
magnetic susceptibility data from the split cores in 1 and 2 cm strati-
graphic increments (left), respectively. ODP 1076D data are from the
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(1997). Additional information for correlation between
cores GeoB6518-1 and GeoB6517-2 was obtained from the
records of pore water content and density (Miiller 2003a, b),
as well as unpublished geochemical data sets (Miiller 2004a,
b). The correlation between cores GeoB6517-2 and ODP
1076D is supported by rock magnetic results. The uncor-
related and correlated susceptibility records are shown in
Fig. 3a along with the correlation models. In the follow-
ing, palaeo- and rock magnetic results are presented either
on a standard depth-scale, identical to the depth in core
GeoB6518-1, or versus age.

Results and discussion
Characterization of the magnetic mineralogy

Depth profiles of rock magnetic parameters for GeoB6518-2
and ODP 1076D are presented in Fig. 4 versus standard
depth to point out the main similarities and differences
between the two cores. Above 380 cm, all parameter varia-
tions are mostly similar with smaller differences in magnetic
mineral concentration toward the top of the cores as visible
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in J gy and Jgry. Below 380 cm, these differences are more
prominent, with two intervals of distinctly higher magnetic
mineral concentration in core GeoB6517-2 and a slightly
higher fine-grained ferrimagnetic particle content in ODP
1076D between 450 and 520 cm (Fig. 4), as reflected by
higher k,grm/kp values. The depth range between 380 and
520 cm includes the Holocene/Pleistocene boundary. Sea-
level rise after the end of the last glacial period resulted in
a more homogeneously distributed sediment load from the
Congo River to the Northern Congo Fan. Below 570 cm,
the decreased magnetic mineral concentration in both cores
is the most obvious indicator that the magnetic fractions in
both cores are affected by reductive diagenesis.
High-temperature magnetic susceptibility measurements
indicate that there is a complex mixture of Fe-bearing min-
erals within the sediments (Fig. 5a). The sediments contain
Fe-sulfides and different clay minerals (Wefer et al. 1998b;
Spiefl and Cruise 2002). Studies on the sediment load of the
Congo River indicate that up to 10% of the suspended load
consists of iron oxyhydroxides due to the predominance of
chemical erosion in the catchment area (Eisma et al. 1978),
which has led to ferrosol formation (Collins et al. 2010).
Hematite and hematite-coated quartz grains, which probably
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Fig.5 High-temperature magnetic susceptibility —measurements
for a six representative sediment samples and b a set of artificially
mixed samples. The capital letters refer to Fig. 4 where the strati-
graphic positions of the samples are marked by horizontal lines. The
iron-bearing minerals used for comparison are those asssumed to

originate from red sandstones in the lower Congo region,
were identified by heavy-mineral separation for sediment
recovered in cores from the Congo canyon to the south
(Heezen et al. 1964).

To identify individual components in the high-temper-
ature curves, natural pyrite, synthetic a-Fe-III-hydroxide
(Alfa Aesar® GmbH & Co KG, Karlsruhe, Germany), and
synthetic Fe,O; (for technical characteristics see Frank and
Nowaczyk 2008) were mixed separately with (a) Al,O; and
(b) Al,O4 plus 8 wt% activated charcoal. These mixtures
were then measured under the same conditions as the sedi-
ment samples (Fig. 5b). In the artificial samples, the charcoal
represents the organic carbon content in the natural sedi-
ments. This is relevant, because experiments on a variety
of iron-bearing minerals commonly found in soils have
shown that at least high-temperature measurements in air
are strongly influenced by the presence of carbon (Hanesch
et al. 2006; Minyuk et al. 2011). There is generally little
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be present in the sediment. They were mixed with aluminium oxide
and activated carbon. See text for details. Red denotes heating, blue
denotes cooling curves, and solid and dashed black curves represent
results from synthetic samples with and without additional carbon,
respectively. All samples were measured in an argon atmosphere

difference between the cooling curves of synthetic samples
with and without C (Fig. 5b). However, heating curves for
a-Fe-III-hydroxide and Fe;O, with and without C are dif-
ferent, with a much earlier onset of magnetite/maghemite
formation when carbon is present, and more pronounced
transformation steps, which resemble strongly the heating
curves obtained from the natural sediment samples (Fig. 5a).
In addition, hematite is reduced to magnetite/maghemite in
the presence of C (Hanesch et al. 2006; Minyuk et al. 2011)
and is visible neither in heating nor cooling curves for syn-
thetic samples. In sediment samples where intergrowth of
magnetic minerals with host rock minerals is to be expected,
hematite is visible to some degree in some heating and cool-
ing curves above 580 °C (Fig. 5a). Pyrite (FeS,), due to
baking out of sulfur, transforms into pyrrhotite (Fe,Sg) dur-
ing heating with Curie temperature of ~325 °C (Dekkers
1989), but there is no formation of magnetite from pyrite
with carbon present (Fig. 5b). The observed formation of
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magnetite and most likely maghemite in all sediment sam-
ples starting at around 300 °C (Fig. 5a) is, therefore, not
caused by alteration of pyrite (e.g., Passier et al. 2001), but
is presumably due to the presence of either Fe-bearing para-
magnetic minerals like smectite, illite, or biotite (Ellwood
et al. 2007; Minyuk et al. 2011; Hirt et al. 1993) or, more
likely, Fe-hydroxides and hematite, as shown by our experi-
ments on pure minerals (Fig. 5b). The characteristic finger-
print for the presence of pyrite in the studied sediments is
the distinct susceptibility increase in cooling curves below
325 °C (Fig. 5a) related to the Hopkinson peak of newly
formed ferrimagnetic pyrrhotite (Dekkers 1989). Although
(Ti-)magnetite is not properly visible in high-temperature
curves, it was identified in SEM images of magnetic extracts
from both cores together with pyrite (Fig. 6a, b), and rutile
as an accessory mineral (Fig. 6¢).

IRM acquisition curve analysis with IRMUNMIX (Hes-
lop et al. 2002) reveals that the magnetic fraction contains
up to three ferrimagnetic components distinguished by their
different grain sizes and by one high-coercivity component,
most likely hematite (Fig. 7). Goethite will mainly be evi-
dent in fields below 2 T (Rochette and Fillion 1989; Rochette
et al. 2005). A scatter plot of the dispersion parameter (DP)
versus B, for all measured samples indicates a clear cluster-
ing of the single components and grain-size fractions (Fig. 8)
with no obvious difference between results from both cores.
The ultra-fine-grained ferrimagnetic component (black) has
a mean log B, of 1.7 mT and a dispersion <0.2 (Fig. 8),

which corresponds to the values obtained for biogenic mag-
netite (Egli 2004; Roberts et al. 2012). The latter is found
commonly in a wide range of marine environments, and can
be dominant in sediments with high carbonate content (see
Roberts et al. 2012 and references therein). Abundant living
magnetotactic bacteria were found in the upper cm of hemi-
pelagic sediments along the West African coast (Hilgenfeldt
2000; Petermann and Bleil 1993).

In addition, FORC diagrams for samples A and D (Fig. 9)
clearly contain a narrow central ridge that is typical of
weakly interacting SD particles (Roberts et al. 2000), as
would be expected for isolated intact magnetofossil chains
dispersed in the sediment (Egli et al. 2010; Roberts et al.
2012). In contrast, the FORC diagram for sample E from
anoxic sediments (Fig. 4) has a mixed assemblage of SD and
lower coercivity signatures (Fig. 9) (Roberts et al. 2000),
which resemble those recently associated with the vortex
state by Roberts et al. (2017). This is consistent with the
results of IRM-acquisition analysis (Fig. 7) and the low
Jarm//sem Values (Fig. 4). An aeolian origin for the ultra-
fine-grained component as suggested by Bloemendal et al.
(1988) for fine-grained material in cores offshore of Sen-
egal is unlikely here. End-member modelling based on the
major element composition of dust, suspended river sedi-
ment, and marine sediment originating from West Africa
indicates that, in sediments from the Congo Fan, the riverine
component dominates throughout the whole time interval
investigated (Collins et al. 2010). Part of the fine-grained
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Fig.7 Acquisition curves of an isothermal remanent magnetization
(IRM) (top) and corresponding component analysis results (bottom)
for eight samples from cores GeoB6517-2 and ODP 1076D in strati-
graphic order. The capital letters (GeoB6517-2: black, ODP 1076D:
green) refer to Fig. 4 where the stratigraphic positions of the samples
are marked by horizontal lines. Grey bars below the IRM-acquisition

ferrimagnetic fraction is, therefore, probably the product of
chemical weathering and soil formation in the Congo basin,
which contributes to the mixture of detrital (Ti-)magnetite
and biogenic magnetite in the sediments.

The high ultra-fine-grained magnetite content is also vis-
ible in Fig. 4, with high k,gp/k; g and J s/ Jsirm Values cor-
responding to the values determined for sediment cores from
the Guinea Basin (Itambi et al. 2010), the Niger deep-sea
fan (Dillon and Bleil 2006), and offshore of Senegal (Bloe-
mendal et al. 1988; Itambi et al. 2009). The dominance of
fine-grained (Ti-)magnetite is limited to the sediment above
570 cm depth (Figs. 4, 7 samples A to D). Below 570 cm
in both cores, the rock magnetic fraction is heavily altered
due to reductive diagenesis, which is a common phenom-
enon in sediments from along the West African coast and
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plots represent the IRM-acquisition rate. Red lines in the component
analysis denote the sum of components, and black diamonds repre-
sent the raw data. The hematite component is marked by golden col-
ours, whereas other colours represent different ferrimagnetic grain-
size fractions with variable coercitivities

the South Atlantic Ocean (Wefer et al. 1998a, b; Channell
et al. 2000; Stoner et al. 2003; Dillon and Bleil 2006; Itambi
et al. 2010). Diagenetic alteration of the magnetic fraction
is visible not only as a loss of magnetic mineral concentra-
tion (Jorms> Jsirm) but also as an increased mean grain size
(Iow kagam/kLp and J o g Jsirm Values), respectively (Fig. 4).
In the sample from 628 cm (F), there is little fine-grained
(Ti-) magnetite left, but, instead, the high-coercivity compo-
nent is dominant (Fig. 7). The observed coercivity decrease
in core ODP 1076D, which is expressed by low MDFz\
values below 570 cm, is not in conflict with the increasing
dominance of hematite as reflected in the S-ratio (Fig. 4).
Studies on artificially mixed hematite and magnetite samples
demonstrate that MDF,y; will not increase until the hema-
tite content is higher than 99 wt% of the magnetic fraction,
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obtained from IRM-component analysis with IRMUNMIX (Heslop
et al. 2002) for 24 samples from cores GeoB6517-2 (crosses) and
ODP 1076D (open squares). The colour coding is the same as in
Fig. 7

which corresponds to an S-ratio of 0.7 (Frank and Nowaczyk
2008). In core GeoB6517-2, this low value is reached, but
the MDF,y,, is not constantly high (Fig. 4), which indi-
cates that other factors, e.g., grain size, also influence the
MDF -

Scatter plots of the main rock magnetic parameters in
Fig. 10 highlight the different properties of magnetic frac-
tions from oxic (above 570 cm) and sulphidic sediments
(below). They also indicate that the magnetic fraction from
core ODP 1076D is more homogeneous, with a lower con-
tent of high-coercivity minerals, as visible from the higher
S-ratio. Lower magnetic grain-size variability is also
reflected by a clustering of Jgam/Jsirm Tatios. These differ-
ences can be attributed to the distance between the sites and
to the position of ODP Site 1076D further to the north of
the Congo River mouth compared to GeoB6517-2 (Fig. 1).
Although some greigite is evident in the SEM analyses, there
is no indication in the magnetic results that greigite makes
a major magnetic contribution. None of the representative
samples, which are marked by capital letters in Fig. 10, have
a combination of high S-ratios and low J gy /JgrMm Values
that are typical of greigite (Frank et al. 2007b; Nowaczyk
etal. 2012, 2013). We cannot rule out an influence from low
concentrations of greigite with thermally relaxed SP and SD
properties as reported by Rowan et al. (2009).

Palaeomagnetic directions

ChRM inclination and declination records from both cores
are shown in Fig. 11, along with the maximum angular devi-
ation (MAD) and the median destructive field (MDF) of the
NRM, which are indicators of the stability of the magnetic

signal during demagnetization. Except for the topmost 40 cm
of ODP 1076D, where the sediment was obviously distorted
during core recovery, the magnetic signal is stable with
MAD values < 2° to a depth of 580 cm (ODP 1076D) and
570 cm (GeoB6517-2), respectively. The low MAD values
support the evidence provided above that the magnetic rema-
nence is partly carried by biogenic magnetite. Further down-
core, grain-size sensitive parameters point to coarser mag-
netic mineral grain sizes due to preferential dissolution of
the fine-grained (Ti-)magnetite fraction below about 570 cm
depth (Fig. 4). The dissolution effect is more pronounced in
core ODP 1076D, where the NRM drops to below 1 mAm™!
(not shown) and MDFy\; decreases by more than 30 mT
below 570 cm (Fig. 11). Inclination and declination varia-
tions for core ODP 1076D generally look like geomagnetic
palaeosecular variation patterns above 570 cm. The mean
inclination is slightly lower than the expected inclination
of — 10.1° for a geocentric axial dipole field. Below 570 cm,
with drastically increased MAD values of > 15°, palacomag-
netic directions are scattered.

In core GeoB6517-2, which is located closer to the Congo
River mouth, the inclination and declination record is scat-
tered below 350 cm (Fig. 11), which is accompanied by a
slight change in sediment composition. This is also docu-
mented in colour reflectance profiles and was interpreted to
indicate a change in the ratio of oxic versus sulphidic iron
contents (Spiel and Cruise 2002). It is not reflected in the
MAD or MDFygy values (Fig. 11). In core ODP 1076D, no
such distinct change is visible.

When considered separately, the inclination records
from both cores look reasonable. However, when plotted
on a common time scale, differences between the signals
become obvious. The differences appear as large uncertain-
ties when stacked for comparison with predictions from the
existing palaecomagnetic field models (Fig. 12). The inter-
site variability also clearly exceeds geomagnetic variation
differences expected from such closely adjacent locations.
Moreover, comparison with palacosecular variation curves
for the Congo Fan area from the CALSK10k.2 (Constable
et al. 2016) and pfm9k.l1a (Nilsson et al. 2014) models illus-
trates differences with respect to the existing field models.
Except for the distinct inclination minimum at 9 ka, none of
the model features can be clearly identified in either incli-
nation record, although there are some similarities mainly
between the GeoB6517-2 record and the models throughout
the time interval. There is reasonable to good agreement
between the declination records from GeoB6517-2 and ODP
1076D back to about 10 ka, again with GeoB6517-2 having a
slight resemblance to the model declination curves (Fig. 12).
However, the quality of the sediment signal should not be
judged by comparison with the modelled records, because
data for low and southern latitudes are sparse, which might
result in large uncertainties in the CALS10k.2 and pfm9k.la
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Fig.9 FORC diagrams for samples from core ODP 1076D. The sam-
ples are from depths indicated in Fig. 4: 38 cm (A), 559 cm (D), and
583 cm (E). The FORC diagrams were conventionally measured (150
FORCs were measured with an average time of 100 ms) and pro-

models (Constable et al. 2016; Nilsson et al. 2014). This is
illustrated clearly by the dispersion between the two model
declination curves prior to 6 ka. The new palaecomagnetic
records agree most closely for that time interval, which indi-
cates their potential for improving future models for that
time interval.

The only published sedimentary PSV records from
equatorial West Africa are those from Barombi Mbo,
Cameroon (Thouveny and Williamson 1988), which lies
about 1100 km north and slightly west of the Congo Fan,
and from Lake Bosumtwi, Ghana (Walker 2001), some
2000 km to the northwest (Fig. 1a, c). Both records have
outdated chronologies in the original publications, which
have been subsequently updated. A new chronology for
core BM6 from Barombi Mbo, published by Lebamba
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cessed using the VARIFORC protocol (Egli 2013) within the FOR-
Cinel software package (Harrison and Feinberg 2008). Note that a
smoothing factor (SF) of 5 was adopted for all the samples

et al. (2012), was applied to the inclination and declination
records from Core BM6, which was digitized from Fig. 3
of Thouveny and Williamson (1988). The same depth-age
model was also used to date core BM2 separately, because
descriptions of the coring sites, NRM records, and radio-
carbon ages available for BM2 (Thouveny and William-
son 1988) suggest that the 5 m BM2 core corresponds
to the topmost 4.5 m of BM®6 rather than to the interval
between 4 and 7 m as originally published. The individual
records for both cores are shown in Fig. 13a, b. Differ-
ences in the timing of PSV features caused by this update
are illustrated in supplemental Fig. S1 by comparison of
the records both plotted on the old and new age scales.
For Lake Bosumtwi, the NRM data after demagnetization
at 50 mT were digitized from Fig. 13 of Walker (2001)
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Fig. 10 Scatter plots of the main measured magnetic parameters,
which highlight the differences between the magnetic fractions from
Core GeoB6517-2 (black diamonds) and Core ODP 1076D (green
filled circles). The capital letters refer to Fig. 4 where the stratigraphi-

and were then dated with the depth-age model of Shana-
han et al. (2012). Additionally shown in Fig. 13a, b are
the records of core MAL98-3P from Lake Malawi (Lund
et al. 2016), which is situated only ~ 500 km to the south,
but some 2500 km to the east (Fig. 1c). Given the large
distances between available records, we must consider
how close a correlation can be expected. Comparison of
model curves for all the locations in supplemental Fig. S2
suggests that both inclination and declination correlations
between the new Congo Fan, the Lake Barombi Mbo, and
Lake Bosumtwi reocrds should be high, while differences

cal positions of the samples are marked by horizontal lines. Data that
plot within the areas marked by ellipses (including A to D) are from
oxic sediments (above 570 cm depth) and others (including E to H)
are from anoxic sediments (below 570 cm depth)

to the Lake Malawi record, in particular declination, might
also be due to spatial geomagnetic field variability.

In general, the amplitudes of the marine PSV records
are lower than those of the lacustrine records (Fig. 13).
This is probably due to the lower sedimentation rates of
cores GeoB6517-2 and ODP 1076D when compared with
Barombi Mbo (Lebamba et al. 2012) and Lake Bosumtwi
(Walker 2001; Shanahan et al. 2012). In addition, more
intense bioturbation might contribute to the low amplitudes
of the marine records by leading to averaging over a larger
depth interval and thus damping short-frequency variations.
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Despite the fact that the inclination records in Fig. 13a  and have slight offsets in time, which is not uncommon for
appear to be different at the first sight, several variations are ~ independently dated records. The records from the Congo
coherent in their general trends, although not in amplitudes, Fan, Lake Barombi Mbo, and Lake Malawi have more or
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less pronounced inclination minima at around 1, 7, 9, and
14 to 16 ka, a broad maximum between 4 and 6 ka, and a
sharp maximum at about 9 ka. Except for GeoB6517-2, a
decreased inclination can be observed over about two mil-
lennia between 12 and 14 ka. These features appear to be
clearer in ODP 1076D than in GeoB6517-2, which, as men-
tioned earlier, probably does not reflect geomagnetic varia-
tions below 350 cm (prior to approximately 9 ka). Several of
these features also appear in the Bosumtwi record, although
it is an inclination record based on blanket demagnetization
at 50 mT (Walker 2001) rather than a ChRM. Available rock
magnetic data, however, indicate that the magnetic mineral
fraction in the Bosumtwi sediments is fairly homogeneous
with regard to grain size, coercivity, and mineralogy over the
last 10 kyr (Peck et al. 2004; Walker 2001). Thus, recorded
variations for this time interval are considered to reflect true
geomagnetic field variations.

There are fewer similarities for the declination records
between the five curves presented (Fig. 13b), although they
have some common features like a maximum (easterly dec-
lination) between 8 and 10 ka that is visible at ODP 1076D,
Lake Barombi Mbo, and the more distant Lake Malawi or
a minimum (westerly declination) at around 15 ka. Further
processing of the inclination and declination records of cores
ODP 1076D and GeoB6517-2 as a step toward developing
a master curve for equatorial West Africa is on hold until
results from ongoing investigations on new drill cores from
Barombi Mbo taken in 2015 become available.

Estimation of relative palaeointensity

We attempt to reconstruct relative palaeointensity (RPI)
variations through suitable NRM normalization to account
for the observed variations in magnetic mineral concentra-
tion, grain size, and coercivity. The NRM after demagnetiza-
tion at 20 mT (Jyryoo) Was divided by either «y g, Jgrm» OF
ARM after 20 mT demagnetization (Jsgpp0)> and the records
were then normalized to their respective mean values. The
results, along with normalization parameters and K pp/k g,
as an indicator of magnetic mineral grain size, are shown in
Fig. 14a, b.

As can be seen in scatter plots of the estimated RPI, cal-
culated with kg, sy and Joryp0, Plotted versus kpy/kps
there is no obvious correlation between grain size and the
RPI estimates for core GeoB6517-2 (Fig. 14a), but there is
possibly for ODP 1076 (Fig. 14b), at least for the Jgymo
or Jgiry normalizers. Here, samples with lower intensities
are apparently linked to finer magnetic grain sizes, which
is opposite to what would be expected regarding the com-
position of the magnetic fraction. This misinterpretation is
generated by the presence of two main groups of samples
with the normalized RPI values > 1 and those with values < 1
(Fig. 14b). A third group with RPI values below 0.5 belongs
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to the samples from the topmost 40 cm of the core. Within
these groups, there is a little variation in RPI values and no
linear correlation with grain size (Fig. 14b). Nevertheless,
data from both cores should be treated with caution, espe-
cially because the magnetic fraction most likely contains
biogenic magnetite and detrital (Ti-)magnetite.

RPI records can be evaluated by comparison to abso-
lute palacointensity data in addition to the consideration of
rock magnetic criteria (King et al. 1983; Tauxe 1993). No
absolute palaeointensity data are available from equatorial
Africa, so we first compare the data to intensity values given
by the CALS10k.2 (Constable et al. 2016) and pfm9k.1a
(Nilsson et al. 2014) models. As can be seen in Fig. 15, there
is a little similarity between the modelled curves and the
estimated RPI records from cores GeoB6517-2 and ODP
1076D except for the last 4 kyr. This, in itself, does not pre-
clude the reliability of our data, because the validity of mod-
els for this region is limited or questionable because of a lack
of data. More problematic is the fact that the Jyravo/J arm20
records from both cores are less similar than expected from
comparison of rock magnetic parameters (Fig. 4). The RPI
curve from core ODP 1076D decreases since 12 ka with
little variations, whereas the record from core GeoB6517-2
has higher variability with an increase between 12 and 9 ka
and a decrease during the last 5 kyr (Fig. 15). This differ-
ence is probably caused by differences in depositional envi-
ronments, which leads to higher amounts of detrital (Ti-)
magnetite and hematite in core GeoB6517-2, as can be seen
in kg, Jarm»> and the S-ratio (Fig. 10). The latter is more
sensitive to high-coercivity minerals than MDF,,,, which
is nearly identical in both cores (Figs. 4, 10). This result also
indicates that the estimated RPI record is affected by the
composition of the magnetic mineral fraction.

The closest RPI record to the Congo Fan is from Lake
Malawi (Lund et al. 2016), about 2600 km away (Fig. 1c).
Although even more distant, a low-latitude Caribbean record
(Frank et al. 2017), more than 8000 km distant, and the
South Atlantic Palaeointensity Stack (SAPIS) (Stoner et al.
2002), about 4000 km away, are included in the comparison
(Fig. 16, see Fig. 1c for locations). The complete NRM20/
IRM?20 record from Lake Malawi core MAL98-3, superim-
posed upon the NRM10/IRM 10 and NRM40/IRM40 records
in Fig. 10 of Lund et al. (2016), was digitized and the pub-
lished age model was applied. Although Lund et al. (2016)
stated that high RPI values between 6 and 11 ka are probably
an artefact caused by normalization with low SIRM20 val-
ues; they are shown here for comparison with regard to the
influence of depositional environment changes. Moreover,
we probably should not expect close correlations between
African data and the Carribean record, because the compari-
son of model predictions for these locations (supplemental
Fig. S2) suggests that the large separation may allow notable
centennial to millennial scale variation differences.
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Fig. 14 From left to right, down-core logs of NRM intensity after
AF demagnetization at 20 mT (Jygrwao)> of concentration-dependent
parameters kg, Jgrye and Jagypoo used as RPI normalizers (=Jygpoo
divided by ki g, Jgrme and Japao)s and of the grain-size-dependent

Comparison between the records in Fig. 16 indicates
little similarity. The closest agreement surprisingly occurs
between the distant records from ODP 1076D and the Car-
ibbean during the past 10 ka, while there is no obvious

parameter Kypp/kip for cores: a GeoB6517-2 and b ODP 1076D.
Right-hand side: scatter plots of the estimated RPI (calculated with

KLp> Jsirmy @nd JARrpog) VETSUS Karm/KLp

correlation between the two neighbouring Congo Fan
sites except for a strong decrease during the youngest time
interval. Comparing Lake Malawi to SAPIS, it is ques-
tionable whether the youngest part of the record gives a
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with the field intensity (B) as predicted by the CALSKI10k.2 (Con-
stable et al. 2016) and pfin9k.1a (Nilsson et al. 2014) models for the
study area

more reliable representation of RPI than the problematic
interval between 11 and 6 ka that is affected by sediment
composition (Lund et al. 2016). The more critical point
in this record is the transition from the late Glacial into
the Holocene (13 to 11 ka), which is characterized by a
steep NRM20/SIRM20 increase (Fig. 16) caused by a dis-
tinct magnetic grain-size change (Lund et al. 2016). In
records from core GeoB6517-2 and the Caribbean, this
transition is visible as an intensity minimum, an artefact
caused by magnetic grain-size variations (Fig. 14b, Frank
et al. 2017). Several climatic factors that control sedimen-
tation in marine and lacustrine environments underwent
pronounced changes during the transition from the Pleis-
tocene to the Holocene. For the studied site, close to the
Congo River mouth for example, increased global seal
level resulted in changes in coastal current systems and
changes in precipitation patterns that led to changes in the
amount of riverine discharge, thus controlling the overall
sediment load composition, the deposition mechanism,
and redox conditions at the water/sediment interface and
below (Dupont 2008; Marret et al. 2008; Weijers et al.
2009). Most of the sedimentary RPI records available for
this time interval are, in some way, affected by these fac-
tors, which often results in thorough modification of the
magnetic mineral assemblage, such as in sediments from
Lake Malawi, Africa (Lund et al. 2016) (Fig. 16), Lake
Lama, northern central Siberia (Frank et al. 2002a, b),
the Blake/Bahama Outer Ridge, North Atlantic (Schwartz
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Fig.16 RPI records from low-latitude areas, the Caribbean Sea
(Frank et al. 2017), cores GeoB6517-2 and ODP 1076D (this study),
and Lake Malawi (Lund et al. 2016), compared to the South Atlantic
Paleointensity Stack (SAPIS) (Stoner et al. 2002)

et al. 1997), or the Black Sea (Nowaczyk et al. 2012,
2013).

The normalization method used in this study is based on
the assumption that there is a linear relationship between
NRM intensity and geomagnetic field strength during depo-
sition, an assumption which was until recently thought to
be valid only for particles in the 1 to 15 pp size (King et al.
1983; Tauxe 1993; Roberts et al. 2012). In sediments from
the Upper Congo Fan, there are at least two different fer-
rimagnetic grain-size fractions present, one of which is in
the SD range (Fig. 9). Various studies have demonstrated
that there is a linear relationship between NRM and applied
field for biogenic magnetite carrying a DRM, or pDRM,
but with a two-to-four times higher remanence acquisi-
tion efficiency compared to detrital (Ti-)magnetite (Pater-
son et al. 2013; Ouyang et al. 2014; Chen et al. 2017). No
time lag was observed between the records carried by bio-
genic or detrital magnetites in these studies. Transferring
these results to the Congo Fan, it must be assumed that the
recorded NRM intensity consists of two overlapping signals
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acquired at the same time. Based on the extremely high
Karm/KLp and J sgm/Jsirm Values (Fig. 4), and the low MAD
values (Fig. 11) obtained for cores GeoB6517-2 and ODP
1076D, it is likely that the recorded magnetic intensity sig-
nal is predominantly carried by the ultra-fine-grained frac-
tion. However, the influence of other factors on the degree
of alignment of magnetic particles in different grain-size
fractions (e.g., sedimentation rate and clay content) cannot
be quantified.

In summary, our normalized remanence records must be
interpreted with caution. The two records are notably differ-
ent. Comparisons with the sparse available palaeointensity
information from adjacent regions and existing models sug-
gest that the intensity signal might be recorded more reliably
in core GeoB6517-2 than in core ODP 1076D. Nevertheless,
further high-resolution RPI records from low latitudes and
the southern hemisphere, especially from the Atlantic Ocean
and surrounding regions, are needed to confirm or reject this
interpretation of the normalized remanence records from
cores GeoB6517-2 and ODP 1076D. However, it might
require new methods to extract RPI signals from coexisting
detrital and biogenic magnetic fractions in sediment records
before RPI can be reliably recovered.

Conclusions

Detailed rock magnetic investigations on sediment cores
GeoB6517-2 and ODP 1076D from the Congo Fan reveal a
heterogeneous magnetic mineral composition, with biogenic
magnetite in the SD-size range and detrital (Ti-)magnetite of
varying grain sizes as the main magnetic carrier minerals.
Thermomagnetic measurements allow further identification
of Fe-hydroxides and pyrite, with the latter being a prod-
uct of reductive diagenesis in these organic-rich sediments.
Sediments older than 20 ka are affected by nearly total disso-
lution of the fine-grained magnetic fraction, which results in
a highly scattered palacomagnetic signal and the loss of any
geomagnetic intensity information. Individual inclination
and declination records obtained from cores GeoB6517-2
and ODP 1076D at ages younger than 9 and 20 ka appear
reasonable. Despite having larger than expected differences
for closely adjacent sites, they have similarities with other
low-latitude African records. Both the biogenic and detrital
(Ti-)magnetite are assumed to carry a palacomagnetic signal
that records geomagnetic field intensity variations differ-
ently, thus producing superimposed signals that cannot be
separated by the rock magnetic analysis techniques applied
here. Although rock magnetic results suggest that ultra-fine-
grained magnetite is the principal remanence carrier in the
sediments younger than 20 ka, which should provide a rea-
sonably reliable recorder of geomagnetic field variations,
the RPI results should be interpreted with caution. Our new

records contribute to, but cannot fully resolve the incoher-
ent picture of Holocene geomagnetic field evolution in the
African/southern Atlantic Ocean region. Given that only a
few palacomagnetic records from widely separated low-lat-
itude sites are available, comparisons with the existing field
models that are, consequently, sparsely constrained for that
region are highly ambiguous.
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