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Abstract

The North Atlantic plays a key role in global climate through formation of North Atlantic Deep Water, which
drives the thermohaline circulation. To understand past and future climate change, it is essential to understand the
processes occurring within the present-day North Atlantic but ocean-wide studies of present-day sediment distribution
and sources are relatively sparse. Here, we use magnetic measurements to characterise the surface sediments of the
North Atlantic and identify the major climatic and oceanographic controls on their magnetic signatures. The magnetic
data, and subsequent cluster analysis, identify distinct spatial patterns of sediment sources and transport pathways.
Much of the sedimentary magnetic signal appears to be controlled by detrital inputs, especially of windblown dust,
and ice-rafted debris (IRD), with a range of different sources. These sediment transport pathways can be validated by
making direct comparison of the sediment magnetic properties with source rocks and soils, and with iceberg trajectory
and observation data. The spatial distributions of the IRD-dominated sediments substantiate those mapped
previously using lithological tracers, provide additional spatial information on sediment sources and pathways, and
suggest that deep water currents are less significant than proposed in controlling present-day sediment mineralogy and
distribution. The data form a present-day basis for comparison with glacial-stage IRD and dust distributions, and
modes of ocean circulation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Deep Water (NADW), which drives the thermo-
haline circulation and controls the transport of

The North Atlantic plays a key role in global heat polewards from the equator. Palaeoclimate
climate through formation of North Atlantic data and ocean/atmosphere circulation models in-

dicate that variability of convective activity in the
Nordic and Labrador Seas can result in rapid
climate change, on timescales of 1-10° years.
‘ Any future climatic change may be controlled
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understand the processes occurring within the
present-day North Atlantic.

Despite the large number of sediment cores tak-
en in the North Atlantic during the last 40 years,
ocean-wide studies of present-day sediment distri-
bution and sources are sparse (e.g. [1,2]). Most
previous studies have concentrated on selected At-
lantic sub-regions, for example, the NE Atlantic
[3], the Nordic Seas [4] and the Kara and Laptev
Seas [5]. Kissel et al. [6] have examined sediment
properties along the path of NADW. Bond et al.
[7] mapped ice-rafted debris (IRD) in the northern
North Atlantic, based on petrological analysis of
> 120 core tops; they identified three distinct IRD
sources and sinks based on the percentages of
haematite-stained grains, volcanic glass and detri-
tal carbonate.

It is also notable that whilst palaeo-oceano-
graphic conditions have been examined in detail
(especially, for example, during Heinrich events),
a detailed picture of present-day conditions has
yet to be defined. For example, IRD is clearly
an important sediment source in the polar and
sub-polar North Atlantic but the modern-day
IRD distribution has yet to be reconstructed
over the whole ocean basin [8,9].

This study uses magnetic measurements to
characterise the surface sediments of the North
Atlantic and identify the major climatic and
oceanographic controls on their magnetic signa-
tures. It also aims to provide geological data for
ground-truthing of iceberg trajectory models [10].
It directly complements both the study of Schmidt
et al. [11], who used the magnetic characteristics
of surface sediments to identify major sediment
sources and pathways in the South Atlantic, and
a similar magnetic data set for a smaller number
of North Atlantic surface samples (Robinson, per-
sonal communication). Compared with other an-
alytical methods, magnetic measurements have
the advantage of being non-destructive, rapid
and can be carried out on small (~1 g) samples,
enabling conservation of often scarce surface ma-
terials.

The magnetic mineralogy of sediments can re-
flect distinctive detrital inputs (aeolian, ice-rafted,
bottom water-transported), authigenesis via in
situ formation of magnetite by magnetotactic bac-

teria and/or the effects of post-depositional dia-
genesis. Diagenetic effects can mostly be excluded
for these surface sediments, specifically obtained
from box cores and trigger weight cores; they are
oxic in nature and show no evidence of the pres-
ence of iron sulphides. Thus, investigation of
these sediments using a number of different mag-
netic properties may allow identification of the
sources and transport pathways of detrital mag-
netic grains or, in the absence of significant detri-
tal sources, magnetically distinctive, bacterially
produced magnetosomes.

To represent the ocean-wide sample area, 321
surface samples have been obtained, through the
co-operation of international core archives (see
Acknowledgements). In order to identify potential
source areas (PSAs), a number of rock, sediment
and soil samples were also obtained from the cir-
cum-Atlantic region and their magnetic signatures
compared directly with the sediments.

Individual magnetic parameters such as mag-
netic susceptibility can be affected both by varia-
tions in the concentrations of magnetic minerals
and/or by the effects of biogenic dilution (e.g. by
diamagnetic carbonate). Measurement of mag-
netic susceptibility (at more than one frequency)
and an additional range of magnetic remanence
parameters enable calculation of a number of in-
terparametric ratios, in which such concentration
and/or dilution effects are removed. Given there
may be possible overlap between sample magnetic
properties (perhaps reflecting mixing of different
magnetic sources), multivariate methods of anal-
ysis are appropriate. Fuzzy c-means cluster anal-
ysis is used here, as applied recently to a number
of different environmental data sets, including:
magnetic mapping of pollution in soils [12], anal-
ysis of the climatic/magnetic connections for sedi-
ments from the Azores region [13], and the pre-
viously cited magnetic study of surface sediments
in the South Atlantic [11].

2. Samples and methods
Core locations for the 321 North Atlantic sam-

ples are shown in Fig. 2 (and following). Surface
samples were mostly obtained from box and trig-
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Fig. 1. Bar chart showing susceptibility data (y, X107¢ m?

kg™!) for measured PSA samples.

ger weight cores (piston core samples were only
used when comparison of the piston and trigger
weight core indicated surface sediment was
present in both). Samples from PSAs were also
collected, including: soils from the North African
region; Icelandic basalts and volcanic ash; Devo-
nian and Triassic redbeds from Spitsbergen and
east Greenland, respectively; Caribbean carbon-
ates containing bacterial magnetite; granites
from north Bylot Island; and a range of other
lithologies from the circum-Atlantic area (Fig.
1). Wet samples were dried overnight at 40°C
and sample weights measured to allow for correc-
tion of measurements to a dry mass-specific basis.
Samples were firmly packed, to avoid internal
movement of the sample within the holder, into
10-cc plastic pots. A suite of susceptibility and
remanence measurements was applied to all sam-
ples with the aim of characterising their magnetic
mineralogy, concentration and magnetic grain size
(domain state). All fields were applied and rema-
nences measured along the same axis. The Appen-
dix details the instrumentation used. In order to
remove variations caused by changes in magnetic
concentration (due to possible biogenic dilution
and/or variations in sedimentation rates), normal-
ised, interparametric ratios were calculated from
the susceptibility values (measured at low and
high frequencies) and the anhysteretic and rema-
nent magnetisations. Carbonate values were ob-

tained, either as published values or interpolated
from the data of Balsam and McCoy [1], for 60%
of the sample set and spanning the whole mea-
sured susceptibility range. Geographic plots of the
magnetic data were generated using ArcView,
each sample point being represented by a shaded
area of 300 km radius.

Given the reasonably large, multi-parameter
magnetic data set produced from the sediment
and source samples, univariate or bivariate anal-
ysis of individual magnetic parameters may be
ineffective in discriminating between possible sedi-
ment sources and any mixing between sources. To
provide such information, multivariate methods
are required. Two multivariate methods are ap-
plied here: fuzzy c-means clustering and non-lin-
ear mapping, using the program of Vriend et al.
[14] in which the clustering algorithm was adapted
from Bezdek et al. [15] and the non-linear map-
ping algorithm based on Sammon [16]. In tra-
ditional clustering methods (hierarchical and
k-means), a sample is forced to belong to an in-
dividual cluster. This may be a disadvantage for
this magnetic data set, where a number of pro-
cesses may be responsible for the magnetic signal
and source mixing is a possibility. Fuzzy cluster-
ing does not force a sample to belong to a specific
cluster; instead, it calculates a membership value,
ranging from 0 (no similarity) to 1 (identical), for
each sample to each cluster. Following Hanesch et
al. [12], samples are classified here as ‘belonging’
to a cluster, if the ratio of the highest membership
to the second highest membership is greater than
0.75; if this condition is not satisfied, the sample
is unclassified. This method does not require the
number of clusters to be known before clustering
and the program iteratively performs the cluster-
ing for two to nine clusters. The ‘best’ solution is
calculated by minimising the distance between a
sample and its cluster centre and maximising the
distance between the cluster centres [13]. These
distances are represented by two statistics pro-
duced by the program: the partition coefficient
F and the classification entropy H. The ‘best’
number of clusters is given by the highest F and
lowest H value [12]. Non-linear mapping, a multi-
dimensional scaling method [12], was also used to
evaluate the results of the fuzzy c-means cluster-
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ing [17]. It provides a means of plotting the multi-
dimensional relationship between samples and
clusters in two dimensions.

Fuzzy clustering was run using the following
magnetic parameters: (a) the high-field remanence
(the HIRM, as a percentage of the saturation
remanence, SIRM), to identify the presence of
the high-coercivity minerals, haematite/goethite;
(b) frequency-dependent magnetic susceptibility
(xga), to identify ultrafine-grained (< ~20 nm),
superparamagnetic (SP) ferrimagnets, such as
magnetite and maghaemite; (c) the ratio of the
anhysteretic remanence normalised to magnetic
susceptibility (yarm/xir), to identify fine-grained
(~30-50 nm), single-domain (SD) ferrimagnets;
and (d) the ‘soft’ remanence fraction, i.e. that ac-
quired at the relatively low magnetic field of
20 mT (the IRMjynt/IRMigomt), tO identify
low-coercivity, multidomain (MD)-like ferrimag-
nets. Prior to cluster analysis, the magnetic pa-
rameters were investigated using the non-paramet-
ric Spearman test to ensure that they were not
autocorrelated.

All parameters except HIRM% were found to
have a log-normal distribution and were thus log-
transformed. Nine outliers were identified (values
more than three times the standard deviation
from the mean value, normal or logarithmic de-
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Fig. 2. Geographic distribution of susceptibility (i, X 107°
m? kg7!) in present-day North Atlantic deep-sea sediments
(sample values interpolated to 300 km radius of sample site,
using ArcView); the locations of the PSA samples are also
shown.

pending on the parameter distribution) and re-
moved from the data set to preclude undue influ-
ence on the clustering, leading to unrealistic
groupings [12]. Finally, values were standardised
so that parameters with large values and/or vari-
ability again did not predominate.

3. Results

First, we use ArcView to display the interpo-
lated geographic distributions of the measured
magnetic parameters and ratios (Figs. 2, 4, 6
and 8) and then show the results of multivariate
statistical analysis of the non-concentration-de-
pendent, sediment magnetic properties.

3.1. Magnetic susceptibility

Magnetic susceptibility provides an indication
of how magnetic a sample is:

Susceptibility (xir) = xr + Xp + Xa + Xd

where ¢ is the strong, positive susceptibility con-
tributed by ferrimagnets (like magnetite), ), and
Xa the weak, positive susceptibility carried by para-
magnets (like clay minerals) and high-coercivity
minerals (like haematite and goethite), respec-
tively, and x4 the weak, negative susceptibility
of diamagnets (like calcium carbonate). Suscepti-
bility thus often reflects the concentration of fer-
rimagnets within a sample. Magnetic susceptibili-
ty values for our sampled range of potential
sources mostly vary from 0.01 to 3.3x107¢ m?
kg™!, with one extreme value of ~23x107¢ m?
kg™!, measured on a granite from Devon Island
(Fig. 1). Highest values are associated with the
igneous rock samples (basalts and granites) and
low values with the African soils, Triassic and
Devonian sandstones and carbonate-rich sedi-
ments dominated by bacterial magnetite. In com-
parison, magnetic susceptibility values for the
North Atlantic surface sediments were found to
range from 0.01 to 8 X 107% m? kg™! (Fig. 2). The
susceptibility data identify a major contrast in
present-day North Atlantic sediments and sour-
ces. The low-latitude zone, extending in a trans-
Atlantic belt west and northwest from Africa
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Fig. 3. Bar chart showing frequency-dependent susceptibility
(Xta, %0) for PSA samples.

(from 0 to ~30°N and to ~60°W), displays the
uniformly lowest susceptibility values
(<0.5%x107% m? kg !). This pattern persists
even when adjustment of the susceptibility data
is made for carbonate content. In contrast, the
middle to higher latitudes exhibit much higher
and more variable susceptibility values (up to
~8x107° m? kg~!). High values (1-6x107¢
m? kg ') are found all around Iceland, possibly
associated with: (a) the underlying, magnetite-rich
basalt of the mid-ocean ridge and the Iceland-
Faeroe ridge (Fig. 1); (b) movement of sediment
in the South Iceland Basin by Iceland-Scotland
Overflow Water (ISOW), a component of
NADW; and (c) possible deposition of sub-aer-
ially erupted ash (Fig. 1). Additional high-suscep-
tibility locations include sites off the east Green-
land coast, coinciding with the location of major
iceberg-calving glaciers. Intermediate values occur
in the Labrador Sea, Baffin Bay and to the south
of Greenland and are also probably associated
with iceberg rafting. Maximum rates of iceberg
melting off eastern Canada occur presently in
the Labrador Current at 54-50°N [18]. It is also
possible that there has been some subsequent re-
distribution of IRD by turbidite activity or deep-
ocean currents (see below). Within the mid- to
high-latitude belt of high susceptibility values,
there are localised regions of slightly lower values,
including: off Newfoundland; south of Spitsber-

Frequency dependent susceptibilty
0-25
25-5

-

- Core locations

Fig. 4. Geographic distribution of frequency-dependent sus-
ceptibility (), %) in present-day North Atlantic deep-sea
sediments (sample values interpolated to 300 km radius of
sample site, using ArcView).

gen; the eastern Nordic Seas; and southwest of
Ireland. In contrast with the South Atlantic [12],
no relationship appears to exist between water
depth and magnetic susceptibility; shallow pelagic
sites show no obvious link with lower susceptibil-
ity values. The North Atlantic seems dominated
magnetically by distinctive terrigenous inputs
rather than by productivity variations.

These terrigenous inputs become more clearly
defined upon inspection of the frequency-depen-
dent susceptibility, which displays an almost in-
verse relationship to susceptibility. Values of fre-
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Fig. 5. Bar chart showing HIRM (%) for PSA samples.
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quency-dependent susceptibility for the PSAs
range from 0.1 to 10% (Fig. 3), with maximum
values associated with the Niger and Moroccan
soil samples and minimum values with acid igne-
ous rocks from Baffin, Devon and north Bylot
Islands and the unweathered Illinoian (USA)
loess. Values for the North Atlantic sediments
range from 0 to ~ 14% (Fig. 4). Again, the low-
latitude belt is distinctive and conspicuous, with
two ‘plumes’ of sediment with the lowest suscep-
tibility and the highest y values — to the west
and northwest of the African continent, extending
to 50°W and 55°N. Values of g as high as
~ 14% indicate the dominant presence of ultra-
fine, SP ferrimagnetic grains, i.e. < ~30 nm in
magnetite [19,20]. These two swathes of present-
day sediment are thus characterised by low con-
centrations of dominantly SP ferrimagnets. In
contrast, the regions of high and intermediate sus-
ceptibility around Iceland, Baffin Bay, the Labra-
dor Sea and along the coast of Greenland are
associated with low y values (<4%), indicating
the dominance of coarser SD to MD ferrimag-
nets. The low-susceptibility region in the eastern
Nordic Seas is associated with moderate fre-
quency dependence of ~ 4-8%.

3.2. Magnetic remanences

Remanence ratios can be used to characterise
the magnetic stability of samples (e.g. [21]). The
relative abundance of the high-coercivity, mag-
netically ‘hard’ minerals, haematite and goethite,
is indicated by the HIRM (the remanence ac-
quired in fields between 0.3 and 1 T, as a percent-
age of the total remanence). HIRM values for the
PSAs range from 0 to 76%. The highest HIRMs
are exhibited by the red sandstones, the lowest by
the granitic and basaltic samples (Fig. 5). Values
for the North Atlantic surface sediments range
from 0.3 to 27% (Fig. 6). The region of highest
HIRMY% values coincides with the low-suscepti-
bility/high-frequency-dependence belt between 0
and 30°N to the west of Africa (Fig. 6). Well-
drained, oxic soils in humid to sub-humid tropical
regions form haematite and goethite [22]. Haema-
tite/goethite input to lower-latitude North Atlan-
tic sediments has thus been associated with aeo-

lian transport of such soils from the sub-Saharan/
Sahel region of Africa (e.g. [2,23,24]). In addition
to this dust-dominated belt, high HIRM values
(~10%) are also found close to the eastern coast
of North America, between 40 and 50°N. Whilst
these values might reflect some distal dust input, it
seems more likely that they result from (glacial)
erosion of the redbeds in the St. Lawrence region
(e.g. [2,25]) transported southwards by the Deep
Western Boundary Current [18]. Smaller, localised
regions of high HIRM values also occur off the
coast of eastern Greenland (at ~70°N) and to the
north and northeast of the UK. The high eastern
Greenland values may result from the transport
of IRD from Triassic redbeds in the Fleming
Fjord region (Fig. 5; [26]). Redbeds of Devonian
age are found in the central peninsula of northern
Spitsbergen (Fig. 5); the intermediate HIRM val-
ues (6-8%) found in the eastern Nordic Seas may
similarly be the result of transport of haematite-
rich IRD. Other regions, including Baffin Bay, the
Labrador Sea and the coast of Greenland south
of ~65°N, are characterised by lower HIRM val-
ues (< 6%), indicating domination by ferrimag-
nets.

Another remanence ratio, identifying the pro-
portion of remanence acquired at low applied
fields (here, IRMjy 1, normalised to the rema-
nence acquired at 100 mT), can act as an indica-
tor of ferrimagnetic grain size (domain state).

HIRM (%)
'.' 0-5
. 5-75
L Core locations

=

Fig. 6. Geographic distribution of HIRM (%) in present-day
North Atlantic deep-sea sediments (sample values interpo-
lated to 300 km radius of sample site, using ArcView).
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samples.

High values of this parameter indicate higher
amounts of ferrimagnets that are easy to magne-
tise, i.e. either coarse MD or viscous grains on the
SD/SP border. Values of this low-field remanence
ratio for the PSA samples (Fig. 7) range from
maxima of ~0.5-0.7 for the Niger and Moroccan
soils and the basalt samples, to a minimum of 0.1
for the US loess samples and the purest (carbon-
ate+) bacterial magnetite sample. For the North
Atlantic sediments (Fig. 8), IRMyy n/IRMigg mt
values range from 0.01 to 0.56. Highest values are
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Fig. 9. Bar chart showing yarm/yr ratios for PSA samples.

found between the equator and 40°N, extending
to ~50°W. As this corresponds to the ‘dust belt’
region of low susceptibility, high frequency depen-
dence, high HIRM and intermediate to high
xarm/xie, it is likely that the high TRMjyg 1/
IRM o mt ratio indicates here the presence of vis-
cous SD/SP grains. The region surrounding Ice-
land is characterised by intermediate values, most
likely associated with the basaltic ridge material
(Fig. 7). Lowest values are found in Baffin Bay
and in parts of the Labrador Sea and close to the
southern coast of Greenland. Given the high sus-

ARM / Susceptibility
0-10
10-20
20-50

=
— =
L ]

Core locations

E R ) ™ W 3 0 E] 0 o

Fig. 8. Geographic distribution of low field remanence
(IRM3o mT/IRM g0 m1) In present-day North Atlantic deep-sea
sediments (sample values interpolated to 300 km radius of
sample site, using ArcView).

Fig.

10. Geographic distribution of yarm/xir ratios

in

present-day North Atlantic deep-sea sediments (sample values
interpolated to 300 km radius of sample site, using Arc-
View).
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Fig. 11. Summary of the non-linear mapping for the nine-cluster solution.

ceptibility, low frequency dependence and low
HIRM of these samples, these low-IRMjg 1/
IRM g mr areas probably reflect the presence of
lithogenic SD/PSD ferrimagnets. There is also a
region of low IRMjg /IRMjgo mt values off the
eastern North American coast. These low values
coincide with low yyr, %f4, and HIRM values and
high yarm/yic values, suggesting the presence of
SD ferrimagnets of bacterial magnetite origin (see
below).

Finally, the susceptibility of ARM (xarm) is
highest for strongly interacting SD ferrimagnets
(such as the ferrite chains produced intracellularly

by magnetotactic bacteria) and decreases rapidly
with increasing grain size (e.g. [19,27]). Normal-
ising yarm With susceptibility (i), to remove
magnetic concentration effects, values for the
PSAs range from 0.2 to 204 (Fig. 9), with the
carbonate sample containing intact bacterial mag-
netite displaying the highest value and the red
sandstones and igneous rocks the lowest. The
xarm/xye values for the North Atlantic surface
sediments are very similar in range to the mea-
sured PSAs, from 0.5 to 254 (Fig. 10). Maximum
xarm/xie values are found in restricted areas close
to the southeastern coast of North America
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(~30°N), south of Newfoundland, the African
coast and west of the UK. The highest values
(> 50) occur in association with low susceptibili-
ty, HIRM and IRMyg ,7/IRM g9 7 values, indi-
cating little detrital input of source materials such
as either dust or IRD. We infer the dominant
presence of intact, SD, bacterial magnetite chains
(e.g. [28-30]) formed in situ in these areas. Less
extreme values (20-50) off the southeastern coast
of North America may be linked to the presence
of broken bacterial magnetite chains. Values in
the range 20-50 are also found for sediments to
the west of Africa, together with high yy and
IRMy) m7/IRM oo 7 ratios, indicating the pres-
ence of SD, SD/SP and SP ferrimagnets. Such
grain size assemblages are characteristic of soil-
formed ferrimagnets [27,31]. Minimum Yarm/)ir
values are observed along the eastern coast of
Greenland, around Iceland, Baffin Bay and the
Labrador Sea, indicating for each of these regions
the contribution of coarser, MD-like ferrimag-
nets. Intermediate values of yarm/xir (10-20) are
associated with the ‘dust belt’ regions of low sus-
ceptibility and high y and HIRM to the west
and northwest of the African continent. A region
of intermediate values also surrounds Spitsbergen.

4. Discussion

Geographic presentation of the individual mag-
netic properties of the North Atlantic surface
sediments reveals evidence of areal differentiation
and distinctive terrigenous (dominantly) and au-
thigenic magnetic sources. To integrate the mag-
netic data and make objective identification of
sediment groupings and transport pathways, mul-
tivariate analysis is required. Only parameters in-
dependent of magnetic mineral concentration
were used in the fuzzy cluster analysis applied
here. Compared with the sediments, many of the
potential source samples display magnetic param-
eter values which fall as outliers, and so cannot be
included as end-members. Mixing of sources is
thus indicated; mathematical unmixing of sedi-
ments in terms of sources is the subject of further
analysis and will be reported in a later paper.

The statistical indicators of cluster perfor-

mance, highest F and lowest H, suggest that the
‘best’ clustering solution for the magnetic data set
for the North Atlantic present-day sediments is
achieved with nine clusters. The parameter means
for each of these nine clusters are shown in Ta-
ble 1. Fig. 11 shows the results of the non-linear
mapping (NLM) of the data. Making no pre-
sumptions regarding the presence or number of
clusters, the NLM displays a two-dimensional
projection of the multidimensional data cloud,
with minimal distortion of the interdata distances
[14]. Six of the nine clusters are well separated (i.e.
display large interdata distance): clusters 1, 2, 4,
5, 8 and 9. The three remaining clusters, 3, 6 and
7, are well-defined, but separated by smaller dis-
tances, and fall in the central part of the NLM.
Samples dominated magnetically by fine-grained
ferrimagnets (cluster 2) plot in the upper left sec-
tion of the NLM. Further to the right, samples
become increasingly dominated by high-coercivity
behaviour (cluster 5 to cluster 9). In contrast,
sediments dominated by coarse ferrimagnets (clus-
ters 1, 4, 7, 8) plot in the lower section of the
NLM. These are further split into clusters by var-
iations in their concentration of high-coercivity
minerals. Samples plotting towards the middle

Cluster membership
1

*xDESH+roOte

ssfied

4

Fig. 12. Geographic distribution of the magnetic nine-cluster
solution, based on 276 sediment samples (i.e. excluding those
with missing magnetic values). Twenty-two samples were un-
classified, i.e. 8% of the sample set. The symbol size repre-
sents the degree of affinity with each cluster. The solid line
represents the approximate path of the NADW.
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Fig. 13. Location of samples belonging to cluster 2 (dominat-
ed by bacterial magnetite). The symbol size represents the de-
gree of affinity with the cluster.

of the NLM (clusters 3, 6, 7) interface between
the coarse- and fine-grained clusters, most likely
indicating a mixture of sources. Fig. 12 shows the
spatial distribution of all the cluster results. No
information on the spatial distribution of samples
is included in the fuzzy c-means cluster analysis.
Hence, the distinctive spatial groupings that result
are notable.

4.1. Cluster 2

Samples with strong affinities to cluster 2 are
found close to the coast in two main regions:
(a) off the southeast coast of the southern USA
(~30°N) and (b) in a narrow transect extending
southeast from the Gulf of St. Lawrence (Fig. 13).
Additional, single samples belonging to this clus-
ter are distributed throughout the North Atlantic
(e.g. off the African coast at ~16°N; south of
Iceland; southeast of Greenland; and east of
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Fig. 14. Location of samples belonging to clusters 5 and 9
(dominated by wind-blown dust). The symbol size represents
the degree of affinity with the cluster.

Spitsbergen). The cluster means indicate the dom-
inance of SD ferrimagnets, with the highest yarm/
wr values (39), low HIRM (3.4%) and low ¥
(3%). Given that susceptibility values are also
low in these regions, little detrital input is indi-
cated but rather the predominance of bacterial
magnetite, formed in situ. Intact magnetosome
chains are characterised by high yarm and low
Yra values (e.g. [29,32]). The slightly higher
HIRM of this cluster in comparison to our mea-
sured bacterial magnetite representatives may re-
sult from a contribution of either windblown dust
[2] or glacially derived haematite, transported
from the St. Lawrence redbeds region by the
Deep Western Boundary Current. It is likely
that bacterial magnetite formation occurs in sur-
face sediments right across the North Atlantic at
the present day but is only identified as the major
magnetic component when detrital inputs are
minimal.

Table 1
Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster
1 2 3 4 5 6 7 8 9
HIRM (%) 2.97 3.45 4.64 4.32 5.58 5.68 6.23 8.26 10.61
XARM/ X1t 6.73 39.04 8.58 2.78 25.43 16.69 9.26 5.24 15.87
IRM 1/ IRMgommt  0.11 0.13 0.22 0.16 0.26 0.18 0.11 0.10 0.35
Xra (%) 2.10 2.97 2.48 0.78 7.64 4.13 3.59 1.53 7.63




S.J. Watkins, B.A. Maher| Earth and Planetary Science Letters 214 (2003) 379-394 389

4.2. Clusters 5 and 9

Samples belonging to cluster 5 and cluster 9 are
found south of 60°N in two bands: the first ex-
tending northwest and the second west from Afri-
ca. Both clusters have distinctive and similar mag-
netic properties (Fig. 14). They have the highest
¥ta means (~8%). Cluster 9 also has the highest
HIRM mean (11%). The potential source materi-
als measured here, i.e. topsoils from Morocco,
Tunisia and Niger, match strongly with these sedi-
ment magnetic properties and have strong statis-
tical affinity (> 0.8) with these clusters. The only
exception is that the sediments have slightly high-
er yarm/xir values; a minor magnetic contribution
of ~2-10% intact bacterial magnetosomes could
account for this difference.

4.3. Clusters 1, 4, 7 and 8

Samples belonging to cluster 1 are mostly re-
stricted to the northwestern North Atlantic (Fig.
15), being located in Baffin Bay and the north-
western Labrador Sea. Additional cluster 1 sam-
ples occur off the coast of east Greenland at
~70°N, southwest of Iceland and one sample
north of Spitsbergen. y and yarm/xir are both
low (Table 1) and HIRMY% is the lowest for any
of the clusters. These data indicate the dominance
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Fig. 15. Location of samples belonging to clusters 1, 4, 7
and 8 (dominated by IRD). The symbol size represents the
degree of affinity with the cluster.

of MD ferrimagnets. Large numbers of cluster 1
samples are located close to present-day calving
glaciers. The geology surrounding these sites is
dominated by (titano)magnetite-rich, Precambrian
acid igneous rocks and Tertiary basalts. Ice-raft-
ing is thus the most likely sediment transport
mechanism for these sites. For more proximal
sites, debris flows and turbidites may also be sig-
nificant sediment sources (e.g. the nearshore
northwestern Labrador Sea [33]). IRD in north
Labrador Sea samples most likely derives from
icebergs released around Baffin Bay, where the
dominant geology is Precambrian granite and
gneiss. The geographic distribution of these clus-
ter 1 samples closely matches the IRD source
(Baffin Bay) and deposition area (Labrador Sea)
mapped lithologically by Bond et al. [7] on the
basis of the presence of detrital carbonate
(> 10%). However, cluster 1 samples extend fur-
ther eastwards than inferred by these authors.

IRD sources for the cluster 1 samples off east
Greenland mostly comprise granodioritic gneisses
and granite, with Triassic redbeds further north.
Our potential source rock sample (granitic gneiss
from north Bylot Island) provides an obvious
source of coarse, MD ferrimagnets, being charac-
terised by high susceptibility (3xX107% m?® kg™!),
minimal yg (< 1%), zero HIRM% (saturated by
300 mT), and a high IRMyy ,,7/TIRMgp T Value of
0.36. As these magnetic values are more extreme
than the cluster | means, some subsidiary admix-
ture of other sources is likely (e.g. bacterial mag-
netite (~ 3%) to raise the yarm/yir and red sand-
stone (~4%) to raise the HIRM). A mix of 40%
granitic gneiss and 60% Icelandic ash also produ-
ces values comparable to, but slightly higher than,
the cluster 1 means.

The cluster 1 samples south of Iceland lie along
the eastern flank of the mid-Atlantic ridge and
probably result from bottom water transport by
ISOW. Whilst they have highest affinity with clus-
ter 1, they also display some affinity with cluster
7, which appears to have a significant contribu-
tion from Icelandic ash as a source material.

Cluster 4 samples are mainly restricted to the
northwestern North Atlantic, off the southern
Greenland coast and in the Labrador Sea (Fig.
15). This cluster has the lowest g (0.8%) and
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xarm/xie (2.8) values, indicating the dominance of
coarse MD ferrimagnets. Both the geographic ex-
tent and cluster means of cluster 4 are similar to
cluster 1; a similar, IRD contribution is indicated
for most of these samples. Samples at 40°N, along
the US coast, may appear too proximal to result
from IRD, but the International Ice Patrol re-
ports modern iceberg sightings as far south as
38°N [34].

Cluster 7 samples are found in similar regions
to clusters 1 and 4, again suggesting an IRD
source. However, an additional cluster 7 group
lies south of Iceland, along the mid-Atlantic ridge.
Cluster 7 has a higher contribution from high-co-
ercivity minerals (HIRM =6.2%) and SP ferri-
magnets (Y = 3.6%). Low values of yarm/xir (9)
and IRMj /IRMjgomt (0.1) suggest the pres-
ence of PSD-type grains. The cluster means cor-
respond well with our Icelandic ash samples
(although these have slightly higher yy values).
It is possible, therefore, that this group reflects
transport and deposition by the bottom water
currents of the ISOW [6].

Cluster 8§ is restricted to two small regions, off
Newfoundland/Nova Scotia, and south of Spits-
bergen. The HIRM values (8%) indicate signifi-
cant contribution by high-coercivity minerals. Ad-
ditionally, however, X, Xarm/Yir and IRMpg 1/
IRM oo mt values are all low (1.5%, 5 and 0.10,
respectively) indicating coarse ferrimagnets, of
likely IRD origin. The Newfoundland/Nova Sco-
tia region of high HIRM values may be associ-
ated with the glacially derived redbed sediments,
redeposited by turbidity or bottom currents, off-
shore from the St. Lawrence region [2,18]. The
high HIRMs north of Norway may be related
to ice-rafting from Devonian redbeds on Spitsber-
gen.

In summary, most of the samples belonging to
the IRD clusters substantiate Bond et al.’s [7]
conclusion that most (tracer-bearing) ice circu-
lates in the cooler waters north and west of the
subpolar front. Whereas Bond et al. [7] inferred
the presence of IRD from south and west Green-
land on the basis of low tracer percentages, the
cluster data presented here identify IRD from
these source regions both to the south of Green-
land and in the Labrador Sea.
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Fig. 16. Location of samples belonging to cluster 3 (mid-
ocean ridge and volcanic material). The symbol size repre-
sents the degree of affinity with the cluster.

4.4. Cluster 3

Parameter means for cluster 3 indicate MD fer-
rimagnets (low garm/xir and ygq and slightly high-
er IRMjym1/IRMigomt and HIRM values than
the cluster 1 samples). Notably, most samples
are located around Iceland (Fig. 16), coinciding
with Bond et al.’s [7] Icelandic glass lithological
zone. There are no iceberg releases from Iceland
at the present day; Bond et al. [7] suggest that this
region results from volcanic eruptions onto drift-
ing ice. A discrete cluster 3 sample group lies off-
shore from the east Greenland Scoresby Sund re-
gion (Precambrian granites and Tertiary basalts)
and may represent IRD.

Further cluster 3 samples occur around the
Azores, Canaries/Madeira area, reflecting erosion
of (titano)magnetite-rich, mid-ocean ridge and
volcanics [35].

4.5. Cluster 6

The geographic distribution of cluster 6 is wide-
spread (Fig. 17). Notably, however, most samples
extending from the eastern Nordic Seas have
strong memberships to this cluster. These samples
coincide with the low-susceptibility/low-IRD re-
gion of the Greenland Sea previously noted by
Pirrung et al. [4] and also resemble the IRD
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Fig. 17. Location of samples belonging to cluster 6. The
symbol size represents the degree of affinity with the cluster.

area mapped (on the basis of >10% haematite-
stained grains) by Bond et al. [7]. Smaller groups
of samples occur off the Floridan coast, northwest
of Africa, south of Iceland, north of Spitsbergen
and along the eastern coast of Greenland. This
cluster has a moderate yarm/yr mean value
(17), s of 4%, HIRM of 5.7% and IRMyy !/
IRMjpomr of 0.18. It appears to relate to areas
where detrital inputs (from haematite-bearing
IRD or dust) are relatively low at present. Some
contribution from bacterial magnetite is also
likely, given the low detrital supply.

4.6. Summary

Taking into account the cluster means, and the
available source magnetic data, cluster 2 appears
to reflect authigenic formation of bacterial mag-
netite, with no other significant detrital input.
Clusters 5 and 9 represent aeolian dust. Clusters
1, 4, 7 and 8 are characterised by coarse-grained
ferrimagnets. From comparison with present-day
observations and iceberg model data [10,36], the
majority of samples classified in these four clus-
ters appear to contain IRD. Studies of glacial
North Atlantic sediments have similarly shown
that much of the IRD is associated with high
concentrations of coarse-grained (MD and PSD)
ferrimagnets with low coercivities and a ‘soft’
IRM signal [23,37-39]. Cluster 3 samples are

also characterised by coarse ferrimagnets but their
spatial distribution suggests they are more likely
to be derived from mid-ocean ridge material or
volcanic ash. The remaining cluster, 6, is geo-
graphically widespread but with a number of sam-
ples confined to the eastern half of the Nordic
Seas; this cluster probably receives low inputs of
haematite-bearing dust and/or IRD, coupled with
some in situ formation of bacterial magnetite.

This interpretation of distinct sediment sources
is supported by the NLM results (Fig. 11). Great-
est interdata distance is apparent between the
IRD-dominated sediments (clusters 1, 4, 7 and
8) and the bacterial magnetite (cluster 2) and
dust clusters (5 and 9). Within the IRD clusters,
8 is separated from 1 and 4. Cluster 3 (mid-ocean
ridge/volcanic) is less well separated from 7 (IRD
and mid-ocean ridge mixed). Cluster 6 interfaces
between clusters 3 and 7 and the dust and bacte-
rial magnetite groupings. Subsequent runs of the
cluster analysis were made, with the bacterial
magnetite and the two dust sample groups re-
moved, to assess if any further discrimination be-
tween the remaining clusters is possible. The best
cluster solution in this case was six, with the spa-
tial distribution and the magnetic parameter
means matching closely those of the original anal-
ysis. This indicates both that no further discrim-
ination is possible statistically and that the origi-
nal nine-cluster solution is robust.

In summary, magnetic characterisation of
present-day samples from across the North Atlan-
tic, together with similar data for a range of po-
tential sediment source areas, identifies distinct
and statistically robust spatial groupings of sedi-
ment. These groupings in turn reflect mostly de-
trital inputs to the sediments, principally of IRD
and windblown dust. These sediment transport
pathways can be validated by making direct com-
parison of the sediment magnetic properties with
source rocks and soils, and with iceberg trajectory
and observation data. The spatial distribution of
the IRD-dominated groupings suggest that deep
water currents are less significant than previously
proposed [6,40] in controlling present-day sedi-
ment mineralogy and distribution. Kissel et al.
[6] identified little magnetic variation in sediment
cores obtained along the trajectory of the
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NADW, and on this basis proposed that such
constancy could be explained by dominant bot-
tom water transport of material from the Nordic
basaltic province. However, the larger number of
sediment samples analysed here presents a differ-
ent picture, with several different statistical group-
ings occurring along this pathway (Fig. 12). This
apparent contradiction may be explainable in that
bottom water transport and deposition does occur
— but is overshadowed magnetically wherever oth-
er detrital inputs (such as IRD) are supplied. Such
an interpretation is independently supported by
Prins et al.’s recent [41], particle size-based study
which also identifies significant IRD inputs to
areas previously thought dominated by ISOW
flow.

In similar vein, in situ authigenesis of bacterial
magnetite probably occurs over much of the
ocean floor but is also only identified where de-
trital inputs are low.

5. Conclusions

Magnetic measurements of present-day, deep-
sea sediments from across the North Atlantic
identify distinct spatial patterns of sediment sour-
ces and transport pathways. Much of the sedi-
mentary magnetic signal appears to be controlled
by detrital inputs, especially of IRD and wind-
blown dust. Sediments identified as having signifi-
cant IRD inputs, which presently occur as far
south as 40°N in the western North Atlantic,
can be split statistically into four different clus-
ters, reflecting different sources and/or mixing of
sources. These IRD distributions can be com-
pared explicitly with observational and iceberg
trajectory data, and lithological tracer-based stud-
ies. They provide a present-day basis for compar-
ison with glacial-stage IRD patterns and modes of
ocean circulation (Watkins et al., in preparation).
Previous studies have concluded that the magnetic
signal of North Atlantic sediments along the
NADW trajectory shows little variation, and
that transport and deposition by bottom water
is the dominant process. However, the larger
data set shown here identifies significant input
by IRD for discrete areas along this pathway.

In terms of windblown dust, the magnetic data
delineate the source and spread of dust; statistical
analysis identifies two, distinct westerly- and
northwesterly-orientated dust ‘plumes’. Again,
these modern dust patterns can be used for com-
parison with previous glacial-stage distributions.

Authigenesis of magnetic material is only evi-
dent in those locations presently supplied with
little detrital input. It is likely that bacterial mag-
netite is being formed across much of the North
Atlantic at present but is overwhelmed magneti-
cally by other, allochthonous inputs.

Finally, whilst magnetic discrimination of sedi-
ment sources and pathways seems effective for the
majority of present-day samples, one statistical
cluster (cluster 6) is notable by its rather wide
geographic spread. It is likely that these sediments
receive relatively small amounts of a mix of po-
tential source materials at the present day.
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Appendix. Magnetic instrumentation

Low-field, room-temperature and frequency-de-
pendent susceptibility were measured using a dual
frequency (0.46 kHz — xr and 4.6 kHz — ynr)
Bartington MS2B sensor, with frequency depen-
dence calculated as:

Ky = 25 100

xit

To identify if the geographic distribution of
susceptibility is influenced by carbonate content,
a subset (60%) of susceptibility values were cor-
rected for carbonate content, using the formula:
i X (1—CO;3 content (wt fraction)). Anhysteretic
remanent magnetisation was imparted to samples
using a Molspin AF demagnetiser, by placing
them in a slowly decreasing alternating field
from a peak of 80 mT. A superimposed DC field
of 0.08 mT was applied parallel to the AC field
and the resulting ARM was measured using a
Molspin magnetometer. The ARM 1is expressed
as a mass-specific susceptibility of ARM (Xarm,
107® m3 kg~ !) by normalising with the DC field:

fo — ARM
arm j

where ARM is the mass-specific ARM (10~ Am?
kg™ ') and fis the steady biasing field applied (in
this case, 0.08 mT=63.66 Am~!). ARMs were
then demagnetised, before isothermal remanent
magnetisations were measured (resulting from in-
crementally applied fields of 20, 100, 300 and 1000
mT), using a Molspin magnetometer. Fields from
20 to 300 mT were imparted using a pulse mag-
netiser and the 1 T (‘saturation’) field was im-
parted using a Highmoor DC electromagnet.
The proportion of high field remanence acquired
between 300 mT and 1 T, the HIRM%, was cal-
culated as:

SIRM—IRM300 mt
SIRM

%HIRM = X100
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