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ABSTRACT

Magnetic parameters are useful for distinguishing North Atlantic Heinrich-like detrital layers from
background sediments. Here we compare magnetic properties with XRF scanning data back to 700 ka
and 1.3 Ma at IODP Sites U1302-U1303 and U1308, respectively. Multi-domain magnetite, with grain
sizes > 20 um, is characteristic of both Ca- and Si-rich detrital layers, as defined by XRF core scanning,
confirming the contribution of ice rafting. Reflectance spectra and magnetic parameters distinguish
Ca- and Si-rich IRD layers due the presence of high coercivity hematite in Si-rich layers. Heinrich layer 6
(H6) at Site U1302-U1303 is unlike other detrital layers, being marked by a 45-cm thick homogeneous
cream-colored clay layer underlain by a thin (5-cm) graded coarse-sand. Comparison of Site U1302/03 and
Site U1308 detrital layers implies a dominant Laurentide source for both Ca- and Si-rich detrital layers. At
Site U1308, low benthic 8'>C values during stadials are in-step with magnetic grain-size coarsening
associated with Si-rich detrital layers back to 1.3 Ma, indicating a link between deep-sea ventilation and ice
rafting. The surface-sediment tan-colored oxic layer (~2 m thick at Site U1308) yields magnetic hysteresis
ratios that are offset from the single-domain to multi-domain (SD-MD) magnetite mixing-line in
hysteresis-ratio diagrams. This offset is attributed to maghemite grain-coatings, that form on magnetite

in surface sediment, and undergo dissolution as they pass through the oxic/anoxic boundary.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Heinrich layers in the North Atlantic are cm- to decimeter-scale
detrital layers dominated by ice-rafted debris (IRD) deposited by
icebergs shed off surrounding continental ice sheets (Heinrich,
1988; Broecker et al., 1992). Heinrich layers deposited in the last
60 kyr have been studied in detail (for review, see Hemming,
2004), and represent a manifestation of the instability of sur-
rounding continental ice-sheets. They provide key information on
changes in surface and deep-water conditions associated with
these instabilities. They have been correlated to cold stadials in
Greenland ice cores and have been implicated in changes in
oceanic thermohaline circulation (e.g. Bond et al., 1993, 1999;
Bond and Lotti, 1995). For the last glacial cycle, Heinrich layers
have been identified in piston cores from throughout the North
Atlantic using a combination of high IRD content often comprising
detrital carbonate, minima in planktic foraminiferal accumulation
rates, and predominance of N. pachyderma (sin.) in the foraminif-
eral assemblage (e.g. Hillaire-Marcel et al., 1994; Van Kreveld et al.,
1996; Elliot et al., 1998; Hiscott et al., 2001; Rashid et al., 2003;
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Rasmussen et al., 2003). Magnetic properties of Heinrich layers
include high magnetic susceptibility (e.g., Robinson et al., 1995)
and a coarsening of the magnetic grain size parameter, namely the
ratio of anhysteretic susceptibility (xarm) to susceptibility (x)
(e.g., Stoner et al., 1995, 1996, 1998, 2000).

Integrated Ocean Drilling Program (IODP) Site U1302-U1303
(hereafter referred to as Site U1302/03) and Site U1308 (Fig. 1)
collected during IODP Expedition 303 (Channell et al., 2006) have
provided records of North Atlantic detrital layers that extend back
to 750 ka in the case of Site U1302/03 (Channell et al., 2012) and
1.3 Ma in the case of Site U1308 (Hodell et al., 2008). These two
sites provide the most comprehensive record of North Atlantic
Heinrich layers, at least prior to the last glacial cycle. Independent
age models for the two sites were used to correlate Site U1302/03,
from the mouth of the Labrador Sea at Orphan Knoll, to Site U1308
(Fig. 1) in the central Atlantic (Channell et al., 2012). Detrital layers
at these two sites have been recognized by a range of parameters:
X-ray fluorescence (XRF) core scanning yielding Ca/Sr and Si/Sr
ratios indicative of detrital carbonate and detrital silicate minerals,
gamma ray attenuation (GRA) density, bulk carbonate §'30 (Hodell
et al., 2008; Channell et al., 2012), and by identification of
dolomite using a Fourier Transform Infrared Spectrometer
(Ji et al,, 2009). At IODP Site U1313, at the southern edge of the
North Atlantic IRD belt, Heinrich layers over the last glacial cycle
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Fig. 1. Location map for IODP Sites U1302-U1303 and U1308.

have been recognized by high quartz/calcite and dolomite/calcite
ratios where they are associated with sea surface warming due to
northward expansion of the subtropical gyre (Naafs et al., 2013).
At Site U1308, high detrital carbonate (Ca/Sr) layers, labeled
“Hudson Strait” Heinrich layers, are associated with peak glacials
and glacial terminations back to marine isotope stage (MIS) 16
(Hodell et al., 2008). Site U1302/03, being proximal to Laurentia
(Fig. 1), contains many more detrital layers than Site U1308,
including additional “Heinrich Strait” Heinrich layers not mani-
fested at Site U1308 (e.g. HO and H5a). At Site U1302/03, however,
Ca-rich and Si-rich detrital layers occur not only in glacial stages
but also in most interglacial stages, implying that more than one
depositional process (other than IRD deposition) was responsible
for detrital layers at Site U1302/03 (Channell et al., 2012). Here we
discuss the magnetic signature of Heinrich layers at these two sites
in order to elucidate depositional mechanisms and provenance.

2. Methods

The measurement of natural remanent magnetization (NRM),
determination of relative paleointensity (RPI) proxies and aspects
of the magnetic properties have been reported elsewhere for Site
U1302/03 (Channell et al., 2012) and Site U1308 (Channell et al.,
2008). Here we are concerned with magnetic properties at these
two sites that pertain to magnetic grain size and mineralogy,
particularly anhysteretic remanent magnetization (ARM), isother-
mal remanent magnetization (IRM), magnetic susceptibility and
magnetic hysteresis data. The magnetic parameters are compared
with previously published Ca/Sr and Si/Sr values obtained from
core-scanning XRF and oxygen isotope data, at Site U1308 (Hodell
et al., 2008) and Site U1302/03 (Hillaire-Marcel et al., 2011;
Channell et al., 2012).

ARM is the laboratory-produced magnetization generated by
placing a sample in a strong alternating field (AF), and allowing
the peak alternating field to steadily decrease in the presence of a
weak uniform DC field. IRM is the laboratory-produced magneti-
zation generated by placing a sample in a strong DC field. ARM and
IRM were measured on u-channel samples (2 x 2 x 150 cm? “con-
tinuous” samples encased in plastic with a clip-on lid constituting
one of the sides) using a 2G Enterprises cryogenic magnetometer

at the University of Florida (see Weeks et al., 1993; Guyodo et al.,
2002). The ARM was acquired in a peak alternating field of 100 mT
and a DC bias field of 50 uT. IRM was acquired using a 2G
Enterprises pulse magnetizer built for u-channel samples. ARM
was measured at 1-cm spacing prior to demagnetization and then
demagnetized at peak alternating fields in the 20-100 mT interval
using stepwise 5-10 mT increments (see Channell et al., 2012,
2008). Volume susceptibility was measured at 1-cm intervals on
u-channel samples using a susceptibility bridge designed for
u-channel samples (Thomas et al., 2003). The response function
of the 2G Enterprises u-channel magnetometer is similar to the
response function of the susceptibility bridge (see Guyodo et al.,
2002; Thomas et al., 2003) thus allowing the calculation of the
ratio anhysteretic susceptibility to susceptibility (xarm/x). Anhys-
teretic susceptibility (xarm) is the quantity resulting from dividing
(normalizing) ARM intensity by the strength of the DC bias field
(50 uT in our case) used in its acquisition. Banerjee et al. (1981)
introduced the ratio of anhysteretic susceptibility (kxarm) to sus-
ceptibility (x) as a monitor of magnetite grain size in sediment
cores. The xarm/x ratio depends on empirical observation of a log-
log quasi-linear decrease in kary With increasing grain size in the
~0.05-100 pm grain size range (e.g., Egli and Lowrie, 2002).
Although mass susceptibility tends to increase with grain size in
the 1-100 um range, it is relatively independent of grain size
compared to xagrm, SO that x serves to normalize xary for changes in
magnetite concentration. A caveat is that ultrafine (superpara-
magnetic) magnetite grains ( <0.03 um) can have relatively high
mass susceptibility leading to xarm/x values that mimic coarse
(multidomain) grains. The xarm/x ratio has been empirically
calibrated for the 0.1-200 um grain size range (Dankers, 1978;
Banerjee et al., 1981; King et al., 1983), and we use this calibration
to assess magnetite (magnetic) grain size within detrital layers and
in intervening background sediments.

The S-ratio is a parameter sensitive to coercivity, the “hardness”
of the magnetization in AF demagnetizing fields, and can be
characteristic of magnetic mineralogy. The S-ratio can be calcu-
lated as the ratio of the IRM acquired in a DC back-field of 0.3 T,
divided by an initial IRM acquired in a DC forward-field of 1T
(King and Channell, 1991). Because the coercivities for magnetite
lie almost entirely below 0.3 T, irrespective of grain-size or
composition, and hematite coercivities would be expected to be
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above 0.3 T, the S-ratio is useful for detecting the presence of
hematite in marine sediments. Variations in sediment redness are
expressed in shipboard color reflectance data as a* red-green
reflectance (Expedition 303 Scientists, 2006). The primary mineral
imparting the red color to sediment is often hematite, which is
marked by a diagnostic peak in the first derivative of reflectance in
the 555-575 nm wavelength range (Barranco et al., 1989; Deaton
and Balsam, 1991). We use the S-ratio, and the difference in
reflectance for wavelengths of 560 and 570 nm, as monitors for
hematite at Site U1302/03 and Site U1308, respectively.

Day et al. (1977) introduced the so-called “Day” plot of the ratio
of saturation remanence (M;) to saturation magnetization (M;)
versus the ratio of remanent coercivity (Hc) to coercive force (H,)
for assessing titanomagnetite grain size and domain state. These
authors discriminated fields corresponding to single domain (SD)
and multidomain (MD) grains, with a broad transitional field
corresponding to pseudo-single domain (PSD) grains, that are
theoretically large enough to be MD, but are magnetically more
similar to SD grains, probably due to discontinuities and disloca-
tions characteristic of natural (detrital) magnetite. Alternatively,
the PSD field in a Day plot may represent a zone of mixing of SD
and MD magnetite grains. Deep-sea (pelagic) sediments usually
contain detrital titanomagnetite, and hysteresis ratios usually lie in
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the PSD field of a Day plot (e.g. Channell et al., 2008). Empirical
and theoretical calibrations of the Day plot (Day et al., 1977;
Carter-Stiglitz et al., 2001; Dunlop, 2002a, 2002b; Dunlop and
Carter-Stiglitz, 2006) can be utilized to assign “mean” magnetite
grain sizes to hysteresis ratios. At Site U1302/03 and Site U1308,
small (few hundred mg) samples were collected at regular inter-
vals (every few cm) using a toothpick, inserted in a #4 gel-cap and
then attached to the probe of a Princeton Measurements Corp.
vibrating sample magnetometer (VSM). Backfield measurements
were used to estimate H, and hysteresis loop measurements
carried out in a maximum applied field of 1 T provided values of
H., M; and M;. Magnetic hysteresis properties were also analyzed
through so-called First-Order Reversal Curves (FORCs) that provide
enhanced mineral and domain state discrimination (Pike et al.,
1999; Roberts et al., 2000; Muxworthy and Roberts, 2007). The
FORCs were measured on the VSM, and carried out by progres-
sively saturating a small (few hundred mg) sample in a field (Hs,¢),
decreasing the field to a value H,, reversing the field and sweeping
it back to Hs, in a series of regular field steps (Hp). The process is
repeated for many values of H,. The magnetization is then
represented as a contour plot with axes B. and B, where
B.=(Hp—H,)/2 and B,=(Hp,+H,)/2. The contoured distribution of
a FORC can be interpreted in terms of the coercivity distribution
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Fig. 2. 10DP Site U1302-U1303, for 0-15 m composite depth (mcd): (a) brown, planktic 5'®0 (Hillaire-Marcel et al., 2011); orange, bulk carbonate §'®0. (b) Black, Ca/Sr counts
from XRF core scanning; light green, Si/Sr counts from XRF core scanning (Channell et al., 2012); red, > 106 pm %wt (Hillaire-Marcel et al., 2011). (c) Blue, hysteresis ratio
M, /Mgs; red, hysteresis ratio He,/Hc. (d) Black: xarm/x, magnetite grain size proxy; green: volume susceptibility. Shaded intervals are associated with Heinrich Events (HO-H7).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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along the B, axis. Spreading of the distribution along the B, axis
corresponds to magnetostatic interactions for SD grains or internal
demagnetizing fields for MD grains, although the latter dominates
in weakly magnetized deep-sea sediments, and spreading in B,
combined with low B. can be interpreted in terms of high MD
titanomagnetite content. In general, closed peaked structures
along the B, axis are characteristic of SD grains, with contours
becoming progressively more parallel to the B, axis with grain-
size coarsening. FORC diagrams were analyzed using the software
of Harrison and Feinberg (2008) with smoothing factors (SF) of 6.
The relatively high smoothing factor is necessary to suppress noise
for weakly magnetized bulk sediments, in spite of a FORC protocol
lasting 3.6 hours with an averaging time of 1s and a field
increment of 2 mT up to a maximum applied field of 1T.

Finally, IRM acquisition curves for a few bulk sediment samples
placed in #4 gel-caps were generated using the VSM. The IRM was
measured at one hundred magnetizing field steps, interpolated to
be uniformly spaced on a logarithmic scale from ~7mT to 1T.
The IRM acquisition curves were then analyzed for coercivity compo-
nents using IRM-UNMIXER software (see Heslop et al, 2000) that
relies on the supposition of Robertson and France (1994) that, in
the absence of magnetic interactions, the first derivatives of IRM
acquisition curves yield log-normal probability density functions that
represent coercivity spectra.

3. Detrital layer stratigraphy

Age models for Sites U1302-1303 were based on planktic
oxygen isotopes and relative paleointensity data (Hillaire-Marcel
et al., 2011; Channell et al., 2012) and for Site U1308 on benthic
oxygen isotope data (Hodell et al., 2008). The age models for these
two sites have been used to demonstrate apparent synchronicity
of certain detrital layers between the two sites (Channell et al.,
2012). In this paper, we compare magnetic methods for determin-
ing magnetic grain size and mineralogy, and demonstrate the
usefulness of magnetic data for recognizing detrital layers and
constraining mode of deposition and provenance.

Parameters sensitive to magnetic grain size (xarm/x, M:/Ms and
H./H:) and magnetic mineralogy (S-ratio) are compared to sus-
ceptibility (a magnetic concentration parameter), reflectance data
(labeled 560-570 nm) and XRF scanning data (Ca/Sr and Si/Sr) for
Site U1302/03 (Figs. 2 and 3) and Site U1308 (Fig. 4). The 0-15m
composite depth (mcd) interval at Site U1302/03 records HO-H7
(Fig. 2). All labeled detrital layers in this interval, other than H6,
are characterized by high Ca/Sr ratios indicating high detrital
carbonate content. Peaks in Ca/Sr are accompanied by increased
magnetic grain size, as indicated by xarm/x, M/Ms and H¢/H.
(Fig. 2), and usually by susceptibility peaks indicating high
magnetite concentration. The Ca/Sr peak for H7a, but not that
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Fig. 3. I0ODP Site U1302-U1303, for 15-100 m composite depth (mcd). From top: planktic §'®0 (brown) and > 106 um %wt (red) (Hillaire-Marcel et al., 2011); S-ratios (purple); Ca/Sr
(black) and Si/Sr (green) from XRF core scanning (Channell et al., 2012); hysteresis ratios M;/Ms (red) and H/H. (blue); xarm/x magnetite grain size proxy (black); and volume
susceptibility (orange). Shaded intervals mark marine isotope stages (numbered). High levels of IRD are represented by XRF ratios (Ca/Sr and Si/Sr), wt% > 106 pm, S-ratios and
magnetic grain-size parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 10DP Site U1308, for 0-100 m composite depth (mcd). From top: benthic 50 (brown) and §'3C (red); change in reflectance in the 560-570 nm wavelength band
(blue); Ca/Sr counts (black) and Si/Sr (green) from XRF core scanning (Hodell et al., 2008); hysteresis ratios M,/Ms (red) and Hc./H. (blue); xarm/k, magnetite grain size proxy
(black) and volume susceptibility (orange). Glacial marine isotopic stages are shaded and numbered back to MIS 42. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

for H7, is manifest in susceptibility and in magnetic grain-size
parameters. In many cases, magnetic grain-size parameters indi-
cate detrital layers characterized by sharp bases and (bioturbated)
gradational tops. Three low detrital carbonate (LDC) events are
observed between H1 and H2 (see Stoner et al., 1998) that are
characterized by high Si/Sr ratios, coarse magnetic grain size, with
the oldest of the three LDC events being associated with high
susceptibility (Fig. 2). At least one, possibly two, LDC event
(s) occur between H2 and H3. These LDC events are particularly
well marked by hysteresis ratios (M;/Ms and Hc/H.). Estimated
ages for HO-H6 at Site U1302/03 are given in Table 1 of Channell
et al. (2012). H7 and H7a at Site U1302/03 lie in the 85-90 ka
interval, within MIS 5b.

H6 at Site U1302/03 has different characteristics from the
younger Heinrich events. It lacks a prominent Ca/Sr or Si/Sr peak,
but is manifest by a ~45-cm-thick cream-colored homogeneous
clay layer (95% clay) that is devoid of carbonate (low Ca/Sr) and
characterized by ultra-fine (submicron) magnetite grain-size,

low susceptibility, low density, and negligible IRD (wt% > 106 um)
(Figs. 2 and 5). The clay layer is underlain by 5-cm-thick graded
interval from very-coarse sand to medium sand, and then a sharp
contact with the overlying clay (Fig. 5). Silty-clays with elevated
Ca/Sr and wt% > 106 um grain-size lie immediately below the
graded sand layer, and silty-clays with slightly elevated Si/Sr lie
immediately above the clay layer (Figs. 2 and 5).

In the 15-100 mcd interval at Site U1302/03, comprising most of
the Brunhes Chronozone back to ~700 ka, detrital layers are marked
by Ca/Sr and Si/Sr peaks, and by increased magnetite grain-size from
karm/k, M/Ms and H/H. (Fig. 3). Detrital layers denoted by XRF ratios
and higher magnetic grain-size occur in all glacial and interglacial
stages, with the exception of MIS 11. Elevated Si/Sr is observed in
glacial intervals (particularly MIS 6, 12, 16) and are associated with
elevated magnetic grain size, high > 106 pm wt%, and low S-ratios,
implying the presence of a high-coercivity mineral such as hematite
(Fig. 3). High Si/Sr intervals can be associated with increased silicate-
rich IRD, rather than reduced carbonate content, because magnetic
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Fig. 5. Heinrich Layer 6 (H6) recorded at IODP Hole 1302C. First-order reversal curves (FORCs) are from samples at locations marked by red circles adjacent to core photographs.
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by fine magnetite grain size (high xarm/x), low susceptibility, low density, and low values of Ca/Sr (and Si/Sr). FORCs from FORCinel software of Harrison and Feinberg (2008) using a
smoothing factor of 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

grain-size parameters are independent of concentration variations that anomalies are observed in glacial stages MIS 8, 10, 12 and 16, and
would result from carbonate dilution. in glacial stages prior to MIS 16. Hodell et al. (2008) observed the

At Site U1308, prominent Ca/Sr anomalies are observed in association of Si/Sr peaks with low values of benthic §'3C implying
glacial stages back to MIS 16 (Hodell et al., 2008) (Fig. 4). Si/Sr a link between iceberg discharge, lowered salinity and weakening
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thermohaline circulation. Magnetic grain size parameters (karm/x,
M;/M;s and H/H.) at Site U1308 indicate that high Si/Sr and low
benthic 8'3C values are associated with grain size coarsening
implying enhanced silicate IRD input and deep-water circulation
changes during glacial intervals back to MIS 42 (~1.3 Ma).
The change in 560-570 nm reflectance co-varies with magnetic
grain-size coarsening indicating that silicate-rich detrital layers
have higher hematite content than background sediments and
carbonate-rich detrital layers. Carbonate-rich detrital layers are
associated with strong susceptibility peaks whereas susceptibility
peaks for silicate-rich detrital layers are muted (Fig. 4).

Plots of anhysteretic susceptibility (xarm) Versus susceptibility
(x) are expected to be quasi-linear for uniform magnetite grain size
with magnetite concentration increasing with distance from the
origin (Fig. 6). The calibration of this plot in terms of (magnetite)
grain-size is empirical, and stems from the work of King et al.
(1983). Magnetic concentration (note scale differences in Fig. 6)
and magnetic grain size are greater for Site U1302/03 than for Site
U1308. Magnetite grain size apparently varies in the submicron to
25 um range at both sites (Fig. 6).

Hysteresis ratios from Sites U1302/03 and U1308 usually lie
along the well-known SD-MD mixing line for magnetite on Day
plots (Fig. 7). A theoretically and empirically calibrated SD-MD
mixing line for titanomagnetite (Carter-Stiglitz et al., 2001;
Dunlop, 200243, 2002b; Dunlop and Carter-Stiglitz, 2006) is shown
by light green triangles in Fig. 7a-c, and empirical data for sized
(unannealed) natural magnetite (Dunlop et al., 2002a) are shown
in Fig. 7a. At Site U1302/03, background sediments plot in the PSD
field (Fig. 7b) and those from Site U1308 plot also in the PSD field
but in the finer-grained segment of the magnetite mixing line
(Fig. 7c). Background sediments appear to have “average” magne-
tite grain-size in the ~0.5-4pum range at Site U1308 and
0.8-10 um at Site U1302/03, broadly consistent with the xarm/x
distributions (Fig. 6). Hysteresis ratios associated with detrital
layers extend into the MD field, beyond 20 um, for both Ca-rich
and Si-rich detrital layers at both sites (Fig. 7b and c). The merging
of data points from detrital layers and background sediments
along the magnetite mixing line is partly attributable to bioturba-
tion of Heinrich layers and background sediments, particularly
close to the top of detrital layers.

At Site U1308, hysteresis data associated with H1 and H2, and
associated background sediment, lie off the SD-MD magnetite
mixing line (open symbols in Fig. 7c). This is attributed to the
occurrence of H1 and H2 at Site U1308 within the oxic (ochre-
colored) surface sediment layer, which is ~2 m thick at this site

Site U1308

T
0.1uym

1um

5um

gL 20-25um |

K *1073 (SI)

but only about 10 cm thick at Site U1302/03. The difference in
thickness of the oxic surface-sediment layer is attributed to lower
sedimentation rate and lower level of organic-matter burial at Site
U1308 with respect to Site U1302/03. The shift of the oxic surface
sediment layer from the SD-MD mixing line is due to the high
values of H. in the oxic zone (~60 mT compared to ~30 mT
below the oxic zone), and can be attributed to maghemite rims
forming on titanomagnetite in the surface layer that undergo
dissolution as the sediment is buried below the oxic zone.
Smirnov and Tarduno (2000) have given a similar explanation
for offset of hysteresis ratios from the magnetite mixing line for
surface sediment from the western equatorial Pacific.

FORC diagrams allow discrimination of detrital carbonate
layers, detrital silicate layers, and background sediment, and
perhaps for sediments from the oxic surface sediment layer at
Site U1308 (Fig. 8). FORC diagrams on the left side of Fig. 8
represent FORCs from high Ca/Sr detrital layers: H1 (Hole 1303B,
Fig. 8A), H2 (Hole 1303B, Fig. 8B) and for high Ca/Sr values within
MIS 8 (Holes 1302A/1308E, Fig. 8C and D). The center column of
Fig. 8 represents FORC diagrams from background sediment
immediately below H1 at Hole 1303B (Fig. 8E), below H2 at Hole
1303B (Fig. 8F), in MIS 8 at Hole 1302A (Fig. 8G) and MIS 17 at Hole
1308A (Fig. 8H). Fig. 81 depicts H1 from Hole 1308C within the oxic
zone indicating a higher coercivity “tail” to the FORC diagrams that
we attribute to maghemite coatings on magnetite grains. The rest
of the right-side column of Fig. 8 represents silicate-rich detrital
layers from Holes 1302C and 1308A (Fig. 8] and K) and Hole 1308A
(Fig. 8L). The carbonate-rich detrital layers have FORC diagrams
(Fig. 8A-D) indicating coarse MD magnetite showing low coerciv-
ity, and spreading along the B, axis due to internal demagnetizing
fields. These samples plot either within or close to the MD field in
the Day plots (Fig. 7a), and have the lowest slopes in the xarm
versus « plots (Fig. 6). The silicate-rich (high Si/Sr) detrital layers
also appear to have characteristic FORC diagrams (Fig. 8]-L) with
the ridge along the B. axis being associated with higher coerciv-
ities and with spreading along the B, axis. Background sediments
(center column in Fig. 8) show reduced spreading along B, and
similar coercivity distribution to the silicate-rich detrital layers.
One sample from immediately below H1 (Fig. 8E) is transitional
between carbonate-rich detrital layers and background sediment.

The first derivative of IRM acquisition curves can be modeled in
terms of magnetic coercivity spectra (see Kruiver et al., 2001;
Heslop et al., 2000). For background sediments and Ca-rich (high
Ca/Sr) detrital layers, adequate fit can be achieved using two log-
normal coercivity spectra, a prominent one centered on an applied
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Fig. 6. Sites U1308 and U1302/03: anhysteretic susceptibility (xarm) versus volume susceptibility («) for 20 mT peak demagnetization field applied to the anhysteretic

remanence (ARM) with magnetite grain-size calibration from King et al. (1983).



J.E.T. Channell, D.A. Hodell / Earth and Planetary Science Letters 369-370 (2013) 260-270 267

a
0.6 T T T
SD
PSD
04l
12}
s
% L
=
0.2
0
0
b T T T T
SD
0.5 . ]
. PSD
[ e Site U1302/03 h
."'.
b= ;
) 03 |
=
0.1+
C K T T T T
SD| &
0.5 . B
Site U1308
b=
B 03 | 4
=
o
0.1} .. LER B
1 ag it
& - . .
1 1 1 .MD
0 2 4 6 8 10
Her/He

Fig. 7. Hysteresis ratio plots after Day et al. (1977) for IODP Sites U1302-U1303 and
U1308, indicating fields for single-domain (SD), pseudo-single domain (PSD) and
multidomain (MD) magnetite. (a) Dark blue circles represent hysteresis ratios for
FORC data in Fig. 8 labeled A-L. Light blue squares show hysteresis ratios for FORC
data in in Fig. 5 labeled (1)-(4). Red square represents hysteresis ratios for FORC in
Fig. 81 (from the upper oxic zone of Site U1308). Red triangles: sized natural
magnetites (unannealed) from Dunlop (2002a). Closed light green triangles: SD
(100%)-MD (100%) magnetite mixing models based on linear mixing model and
mixing from hysteresis loops (Carter-Stiglitz et al., 2001; Dunlop and Carter-Stiglitz,
2006; Dunlop, 2002a). (b) IODP Site U1302-U1303. Black dots: background
sediments. Solid red circles: data from Ca-rich detrital layers. Solid blue circles
from Si-rich detrital layers (MIS 12 and 16). Closed light green triangles as for
Fig. 7a. (c) IODP Site U1308. Black dots: background sediment with open green
triangles for background sediment from the uppermost oxic zone. Open green
squares: H1 and H2 (from oxic zone). Solid red circles: data from Ca-rich detrital
layers. Solid blue circles: data from Si-rich detrital layers (MIS 12 and 16). Closed
light green triangles as for Fig. 7a. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

field of ~50-60 mT and a broader spectrum centered on a lower
field in the 15-40 mT range that may be associated with the
coarser IRD component (Fig. 9a-d). Increased asymmetry in the
first-derivative (gradient) curve is apparent for detrital layers
relative to background sediments (compare Fig. 9a and b). In the
case of Si-rich detrital layers (Fig. 9e and f), the gradient curves
cannot be adequately matched using two coercivity spectra, but
require a third coercivity spectrum for which saturation is not
achieved in the maximum applied field (1T). We associate this
unsaturated high-coercivity component in Si-rich detrital layers
with hematite, also detected by 570-560 nm reflectance and
S-ratios. The hematite component is not apparent in hysteresis
loops (they are not wasp-waisted), but is apparent in FORC
diagrams (Fig. 8) carried out on the same samples used for IRM
acquisition (Fig. 9).

4. Conclusions

Magnetite, or titanomagnetite, is the dominant magnetic
mineral in pelagic sediments in general, as well as in Quaternary
pelagic sediments of the North Atlantic. The sensitivity of mag-
netic grain-size estimates for magnetite lies in the transitional
behavior of the magnetic characteristics of this mineral as grain
size changes from SD (single domain) to MD (multi-domain).
Magnetic parameters are sensitive to grain sizes in the 0.03 pm
to several tens of um range for magnetite, a grain size range that is
largely below the reach of physical grain size determinations using
Sedigraph or laser-based methods, but in the grain-size range that
dominates detritus in the pelagic realm. Magnetic grain-size
proxies such as xkagm/x and magnetic hysteresis parameters (M;/M;
and H/H.) are useful for detecting North Atlantic Heinrich-like
layers. These grain size parameters can be rapidly acquired and
augment detection methods based on physical properties (e.g.
density and reflectance), bulk §'®0 (Hodell and Curtis, 2008), and
XRF scanning for elemental ratios such as Ca/Sr and Si/Sr (Hodell
et al., 2008).

Magnetic grain size parameters have been empirically and
theoretically calibrated for magnetite, allowing estimates of mag-
netic grain sizes for detrital layers and background pelagic sedi-
ment. Detrital layers and background sediment at IODP Sites
U1302/03 and U1308 lie on the SD-MD mixing line for magnetite
on the Day et al. (1977) hysteresis ratio plot. At both sites, Ca-rich
and Si-rich detrital layers, marked by high Ca/Sr and Si/Sr ratios,
reach into the MD field of the Day plot indicating grain sizes in
excess of ~20 um (Fig. 7). The estimate is broadly compatible with
maximum grain size estimates from the xarm versus « plot (Fig. 6).
We expect magnetic grain size estimates to represent minimum
estimates of average sediment grain size due to the high density of
magnetite (5.18 g/cm?) relative to other sedimentary constituents,
and the fact that magnetite may occur as inclusions in larger
detrital grains. IRM acquisition curves can be modeled by two
distinct coercivity populations for Ca-rich detrital layers, indicat-
ing a mixture of magnetite from IRD and background deposition,
and, in the case of Si-rich detrital layers, a third high-coercivity
(hematite) component (Fig. 9).

H6 is unlike other Heinrich layers within the last glacial at Site
U1302/03, or older detrital layers at either site (Fig. 2). At Site
U1308, H6 coincides with a broad Si/Sr anomaly (see Fig. 5 of
Hodell et al., 2008, or Fig. 5 of Channell et al., 2012), no Ca/Sr peak,
and muted magnetic grain size coarsening and susceptibility
peaks. At Site U1302/03, H6 is manifest by a 45-cm-thick cream-
colored clay layer devoid of carbonate that is underlain by a thin
(5-cm) graded sand layer (Fig. 5). Below the graded bed, silty clays
contain Ca-rich IRD as indicated by the wt% > 106 um, Ca/Sr and
magnetic grain size parameters (Figs. 2 and 5). Si-rich IRD appear
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Fig. 8. 10DP Sites U1302-U1303 and U1308: First Order Reversal Curves (FORCs) for carbonate-rich detrital layers (A-D), background sediment (E-H), carbonate-rich detrital
layer from surface oxic layer (I), and silicate-rich detrital layers (J-L). (A) 1303B-1H-2, 43 cm (H1), (B) 1303B-1H-3, 17 cm (H2), (C) 1302 A-4H-4, 40 cm (39.38 mcd, MIS 8),
(D) 1308E-2H-2, 135 cm (15.65 mcd, MIS8), (E) 1303B-1H-2, 45 cm (2.77 mcd, 2-cm below A), (F) 1303B-1H-3, 130 cm (5.12 mcd, MIS 3), (G) 1302 A-4H-4, 5 cm (39.38 mcd,
MIS 8), (H) 1308 A-5H-3, 5 cm (44.97 mcd, MIS 17), (I) 1308C-1 H-1, 84 cm (0.84 mcd, H1 from the surface oxic layer), (J) 1302C-7 H-1, 30 cm (63.43 mcd, MIS 12), (K) 1302 A-
9 H-4, 5 cm (88.96 mcd, MIS 16), (L) 1308 A-5 H-3, 75 cm (45.66 mcd, MIS 18). FORCs derived using FORCinel software of Harrison and Feinberg (2008) using a smoothing

factor of 6.

to be present immediately above the clay layer as indicated by
Si/Sr and magnetic grain size parameters. The clay layer and the
underlying graded interval may be attributed to massive turbidites
funneled down the nearby North Atlantic Mid-Ocean Channel
(NAMOC), with the 45-cm clay layer having been deposited at
Site U1302/03 from large volumes of clay-sized sediment lofted
into suspension by turbiditic activity.

The surface sediment oxic layer at Site U1308 is ~2 m thick in
contrast to a thin ~ 10 cm oxic layer at Site U1302/03, the difference
being attributable to differences in sedimentation rate and surface-
sediment organic content. Samples from the oxic layer at Site U1308
lie off the magnetite mixing line (open symbols in Fig. 7c), due to
remanent coercivity (H,) values of ~60 mT, about twice the values
below the oxic zone. Following Smirnov and Tarduno (2000), we
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attribute this “offset” from the magnetite mixing line to the
presence of maghemite coatings on magnetite grains in the oxic
zone that undergo dissolution as the sediment passes through the
oxic/anoxic boundary. This is probably a common process affecting
magnetite in the oxic zone of pelagic sediments.

Si/Sr and Ca/Si ratios from XRF scanning denote silicate-rich and
carbonate-rich detrital layers in which magnetic grain sizes exceed
20 pm, indicating an ice-rafted (IRD) component. The magnetic grain
size data confirm that Si/Sr anomalies denote silicate-rich IRD, rather
than intervals lacking carbonate. S-ratios and reflectance data indicate
that silicate-rich IRD is associated with higher magnetic coercivity due
to the presence of hematite, that is apparently not present in calcite-
rich IRD. Peaks in Si/Sr and lows in benthic §'3C are in-step with one
another (Fig. 4), indicating that silicate-rich IRD peaks coincide with
perturbations of thermohaline circulation affecting bottom waters.
Silicate-rich IRD dominates the detrital layer stratigraphy prior to MIS,
16 at least as far back as MIS 42 (~1.3 Ma) at Site U1308 (Fig. 4),
whereas calcite-rich IRD became important, especially during late
glacial intervals, since MIS 16 and since MIS 18 at Site U1308 and Site
U1302/03, respectively. The correspondence of the Site U1302/03 and
Site U1308 IRD records (see Channell et al,, 2012) implies that both
calcite- and silicate-rich IRD are largely supplied from the Laurentide
region. The dominant Laurentide silicate-rich IRD was augmented by a
Laurentide carbonate-rich source sometime between the onset of the
Middle Pleistocene climate transition (MPT) at MIS 22 time (Elderfield
et al,, 2012) and the base of the section at Site U1302/03 (MIS 18) and
the first arrival of icebergs carrying carbonate-rich IRD at distal Site
U1308 during MIS 16 (Hodell et al., 2008). The dominance of hematitic
IRD prior to the MIS 16 implies a role for either a hematite-bearing
(e.g. red sandstone) substrate, or a more oxidized regolith, in supplying
IRD, that is partially replaced by a different and/or less weathered
source after MIS 16, reminiscent of the “regolith” hypothesis of Clark
and Pollard (1998).
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