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Abstract :

Age models for new records of the Laschamp and Iceland Basin excursions from the eastern flank of the
South Atlantic mid-ocean ridge (44.15°S, 14.22°W) are derived from radiocarbon dates, and from
matching sea-surface temperature records to Antarctic (EPICA) air-temperature records from ice cores.
The onset of the Laschamp excursion occurred during Antarctic Isotopic Maximum (AIM) 10, consistent
with its occurrence during Greenland Interstadial 10. The end of the Laschamp excursion occurred prior
to AIM 9 in Greenland Stadial 10. The age model is supported by synchroneity of directional and relative
paleointensity manifestations of the Laschamp excursion in the marine core with peaks in EPICA10Be
and nitrate flux. The Iceland Basin excursion is synchronous with the final phase of the transition from
marine isotope stage (MIS) 7a to MIS 6e as recorded in the EPICA 8D record. The onset of the Laschamp
and Iceland Basin excursions, defined here by component inclinations >-40°, occurred at 41.4 ka and
190.0 ka, and durations are ~1 kyr and ~3.5 kyr, respectively, although these estimates depend on the
criteria used to define the directional excursions. By comparison with Laschamp and Iceland Basin
excursion records from the North Atlantic Ocean, the two excursions are synchronous at centennial
timescales between the two hemispheres, based on synchronization of the GICC05 and AICC2012 age
models for Greenland and Antarctic ice cores.

Highlights

» Rare recording of Laschamp and Iceland Basin excursions in the South Atlantic. » Age model links
excursions to Antarctic ice core and cosmogenic nuclide flux. » South Atlantic ages consistent with North
Atlantic ages for the excursions. » No evidence of global diachroneity of magnetic excursions. »
Estimated mid-point ages (durations) are 40.9 ka (1 kyr) and 188 kyr (3.5 kyr).
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1. Introduction

Documenting the spatial distribution of magneticwsion records, and determining their
timing and duration, are important not only for geng the usefulness of excursions in high-
resolution stratigraphy but also for understandimgworkings of the geodynamo. The proposal
that the age of the Laschamp excursion, and itscégsd relative paleointensity (RPI)
minimum, is location dependent (Leonhardt et &09), and that the Matuyama-Brunhes (M-B)
boundary is asynchronous from the Atlantic to theific by ~10 kyr (Leonhardt and Fabian,
2007), have important implications for magnetiasgrraphy. Most Quaternary magnetic
excursion and RPI records are from north of 35°haNorth Atlantic Ocean. Southern
hemisphere records of the Laschamp excursion heswe keported from several piston cores
from the vicinity of the South Atlantic Agulhas Rjel (Fig. 1, Channell et al., 2000), from two

piston cores from the Scotia Sea (Collins et 8123, from a single Indian Ocean core (MD94-
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103) collected east of the Kerguelen Plateau (Mdedwal., 2002), and from several sites
occupied during Ocean Drilling Program (ODP) Le@ 2frincipally Site 1233 at 41.0°S,
74.26°W, off southern Chile (Lund et al., 2006&tmner et al., 2008). The only southern
hemisphere record of the Iceland Basin excursidroim ODP Site 1089, again from the
Agulhas Ridge (Fig. 1, Stoner et al., 2003).

Age models for the Agulhas Ridge records of thechamp and Iceland Basin excursions
were based on benthic oxygen isotopes (Channall,2000; Hodell et al., 2001; Mortyn et al.,
2003) and their correlation to nearby Core RC11v@8¢h has 14 radiocarbon ages in the 11-41
ka interval (Charles et al., 1996). The age mofielthe Scotia Sea Laschamp records (Collins
et al., 2012) were derived by RPI correlation ® 8outh Atlantic (SAPIS) paleointensity stack
(Stoner et al., 2002). Similarly, the age modeltfa Indian Ocean record (Mazaud et al., 2002)
was based on correlation of RPI proxies to the INAttantic (NAPIS) RPI stack (Laj et al.,
2000). Finally, the age model for the ODP Site 1d38ny et al., 2004) was determined by
correlation of alkenone sea-surface temperatur@)(8&ta to the Byrd (Antarctic) ice cob&®O
record of Blunier and Brook (2001).

Here we report records of the Laschamp and IceBasih excursions from cores MDO7-
3076Q and MDO07-3077, collected frdRV Marion Dufresne at a site (44.15°S, 14.22°W) on
the eastern flank of the mid-Atlantic ridge at aevalepth of 3770 m. The location is ~1985 km
west of Agulhas Ridge (Fig. 1). Core MD07-3076Q@ i50.9-m square-section (25 x 25 cm)
gravity core, and core MD07-3077 is a 49.82alypso piston core that extends back through the
last ~500 kyr. The top ~10-15 m of cores retriewetth the Calypso corer prior to 2016 are
usually “oversampled” (stretched) by ~30-40% duriegpvery (see Skinner and McCave, 2003;

Szérémeéta et al., 2004). For this reason, we Umetbp six sections (sections are usually 1.5-m
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in length) of core MD07-3076Q down to 8.20 metezkoty seafloor (mbsf), which is equivalent
to 75 ka, and core sections 9 to 21 of core MDO773Bat correspond to the 12 to 31 mbsf
interval in this core. Below 31 mbsf (~250 ka), lavagnetization intensities limit the fidelity of
the records, so we restrict our discussion todke250 kyr. Blue reflectance data from the two
cores (Fig. 2) indicate that the base of the stugtigerval in core MD07-3076Q (at 8.2 mbsf)
corresponds to the 13.5 mbsf level in core MDO773@0e to core stretching in the upper part of
core MDO7-3077.

The new South Atlantic records of the Laschamplaeldnd Basin excursions are notable,
not only because southern hemisphere excursiomd®ewne rare, but also because of their
relatively enhanced age control based on calibnatéidcarbon ages and on correlation of sea
surface temperature proxies to the EPICA Dome OQJD record. The age control enables us
to link the South Atlantic records of the two exgions to Antarctic (and Greenland) ice core
chronologies, and hence to North Atlantic recoridhe same excursions, and to assess the

global synchroneity of these magnetic excursiomsthair utility as stratigraphic markers.

2. Age Modél

The age model for core MD07-3076Q back to 27 keased on 50 calibrated accelerator
mass spectrometer (AM$)C ages from monospecific planktic foraminifera, erhare
corrected for variable reservoir age effects basedlignment of variations in sea surface
temperature to changes in Antarctic air-temperdtora ice-core records (Skinner et al., 2010;
Table 1; Fig. 2). Sea surface temperatures wemnsdaicted based on Mg/Ca ratios of planktic
foraminiferaGlobigerina bulloides andNeogloboquadrina pachyderma (sin.), and on abundance

variations ofN. pachyderma (sin.) (Skinner et al., 2010; Vazquez Riveirogalet2010).
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During marine isotope stage (MIS) 3, beyond 27%tka,age model for core MD07-3076Q
(Table 1, Fig. 2) is based on the stratigraphigratient of abundance peaksGfbulloideswith
Antarctic air-temperature maxima represented bymann the EDGD Antarctic ice-core
record (Jouzel et al., 2007), transferred ontoAl&C2012 age scale (Bazin et al., 2013; Veres
et al., 2013). This age model (Table 1, Fig. 2)assistent within 330 £280 years with
previously established chronologies for core MDO7&Q (Gottschalk et al., 2015a,b).

A similar strategy was used for core MDO07-3077izitilg the alignment of abundance peaks
of G. bulloides and abundance lows b pachyderma (sin.), with Antarctic air-temperature
maxima represented by minima in the EBIZ Antarctic ice-core record (Fig. 2), following the
procedure used for MIS 11 in the same core (Vaz&ieziros et al., 2010; 2013). Two
additional tie points for core MD07-3077, basedcorrelation of maxima in planki#®0
with minima in Antarctic air-temperature, were adde MIS 4 (Table 2). Correlation between
cores MD07-3076Q and MDO07-3077 down to 13.5 mb%00-ka) in MDQO7-3077 is based on
blue reflectance data from each core (Fig. 2e)ciwpermits the age model of MD07-3076Q to

be transferred to MD07-3077, where the two coreslap.

3. Natural Remanent M agnetization (NRM)

Continuous u-channel samples (2 x 2 x 156 samples encased in plastic with a clip-on lid
constituting one of the sides) were collected fice B of the square-section gravity core
MDO07-3076Q (Sections 1-6) and from the archive éslef Sections 9-33 of calypso core
MDOQ7-3077. Sections 1-8 of core MD07-3077 weresastpled due to evidence for core
stretching in the upper part of core MD07-3077, badause this part of the core was recovered

in better condition in core MD07-3076Q. Measureraaritthe natural remanent magnetization
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(NRM) of u-channel samples were made at 1-cm intervals, with a 10-cm leader and trailer at the
top and base of each u-channel sample, using a 2-G Enterprises pass-through magnetometer at
the University of Florida designed for the measurement of u-channel samples (Weeks et al.,
1993; Guyodo et al., 2002). After initial NRM measurement of u-channel samples, stepwise
alternating field (AF) demagnetization was carried out in 5 mT increments in the 10-60 mT peak
field interval, and in 10 mT increments in the 60-100 mT interval, using tracking speeds of 10
cm/s. Component magnetizations were computed each 1-cm for a uniform 20-80 mT
demagnetization interval (Fig. 3) following the standard least-squares method (Kirschvink, 1980)
without anchoring to the origin of orthogonal projections, using UPmag software (Xuan and
Channell, 2009). Maximum angular deviation (MAD) values are generally <10°, indicating
moderately well-defined magnetization components apart from an interval close to the base of
MDO07-3076Q, and the lower half of MD0O7-3077 below ~35 mbsf (Fig. 3). Component
declinations in Figure 3 are arbitrary and have not been adjusted for vertical-axis core rotation.
The declination should, however, be uniform for the entire core because a consistent split-face
for each core section was sampled. Twisting of sediment core is apparent in the declination
record of core MD07-3077 (Fig. 3), particularly in the 25-35 mbsf (175-280 ka) interval.
Although core twisting affects the component declinations, two magnetic excursions are apparent
in the u-channel inclination and declination records at 4.06-4.36 mbsf in core MD07-3076Q, and
at 26.48-27.00 mbsf in core MD07-3077 (Fig. 3). As will be discussed below, the former is a
record of the Laschamp excursion (~41 ka) and the latter is a record of the Iceland Basin
excursion (~188 ka). Below ~32 mbsf, MAD values increase as NRM intensities decrease (Fig.

3). We associate this decrease in magnetization intensity with magnetite dissolution associated
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with pore-water sulfate reduction. For this reastata from below ~32 mbsf (250 ka) are not

discussed further.

4. Laschamp and Iceland Basin excursions

Sedimentary records of the Laschamp excursion ka3 are widely distributed in the
North Atlantic Ocean and Gulf of Mexico (e.qg., letjal., 2000, 2006; Lund et al., 2005;
Channell, 2006; Evans et al., 2007; Channell gR8ll12), with additional records from the Black
Sea (Nowaczyk et al., 2013), southern Indian O¢btzaud et al., 2002), the Agulhas Ridge in
the South Atlantic Ocean (Channell et al., 2008ptia Sea (Collins et al., 2012), and ODP Site
1233 off southern Chile (Lamy et al., 2004; Lunélet 2006a,b; Stoner et al., 2008).

The Iceland Basin excursion (~190 ka) has beerrdedaepeatedly in sediments from the
North Atlantic Ocean (e.g., Channell et al., 198Rannell, 1999, 2006, 2014; Laj et al., 2006;
Evans et al., 2007), the Pacific Ocean (e.g., Yakiaand loka, 1994; Roberts et al., 1997; Laj et
al., 2006), and from Lake Baikal (Oda et al., 20@®)til now, the only record of the Iceland
Basin excursion reported from the southern hemigpiséfrom ODP Site 1089 from the Agulhas
Ridge (Stoner et al., 2003).

NRM component directions from u-channel samplesifoores MD07-3076Q and MDO7-
3077, although distorted by core twisting, indictte presence of two magnetic excursions, at
~4 mbsf in core MD07-3776Q and at ~26.5 mbsf ireddD07-3077 (Fig. 3). The respective
age models place the excursions at ~41 ka and k&, 99hich indicates that they represent the
Laschamp and Iceland Basin excursions, respectilrelyrder to confirm the presence of
magnetic excursions in cores MD07-3076Q and MDO7#3We collected cubic discrete (2 x 2

x 2 cn?) samples back-to-back alongside the u-channejiro8tepwise AF demagnetization of
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discrete samples resulted in magnetization comgenealculated for a uniform 20-80 mT
demagnetization interval, that indicate that thedbeamp and Iceland Basin excursions are
recorded by both discrete and u-channel samplgs 4Fi MAD values are, however, >10° for
some discrete and u-channel measurements fronxtiieséon intervals (Fig. 4), indicating
poorly-defined magnetization components. A unif@®80 mT demagnetization interval for
calculation of component magnetizations, for batitrette and u-channel samples, allows
unambiguous assessment of data quality. Orthogwopdctions of AF demagnetization data for
discrete and u-channel samples that record thasras often display well-defined
magnetization components (Fig. 5), although compbimelinations do not reach high positive
values for either excursion, and the declinatioangje for the Laschamp excursion is muted
(Fig. 4). By comparison with numerous excursiorords from the North Atlantic Ocean (e.qg.,
Laj et al., 2006; Channell et al., 2012), the latlntipodal directions from discrete and u-
channel samples indicates that the NRM fidelitgampromised by magnetite dissolution. The
median destructive field (MDF) of NRM increasesudtly from ~27 mT to ~45 mT in the 32-
38 mbsf interval, implying the authigenic growthhogh coercivity iron sulfides below ~35

mbsf.

5. Relative Paleointensity (RPI)

The intensity of detrital remanent magnetizatioR{) depends on the intensity of the
geomagnetic field, and the concentration and algmtrefficiency of remanence-carrying grains.
The relative strength of the magnetizing field bandetermined by using the intensity of
different types of laboratory-induced magnetizasiancluding anhysteretic remanent

magnetization (ARM) and isothermal remanent magagtn (IRM), to normalize the NRM



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

intensity for changes in concentration of remanerareying grains. The normalizer should,
therefore, activate the same grains that carryNlRBI1. The resulting normalized remanence can
be used as a proxy for RPI variations if magnédithe sole NRM carrier and occurs in a
restricted grain-size range (Banerjee and Mellet@@4; Levi and Banerjee, 1976; King et al.,
1983; Tauxe, 1993).

After demagnetization and analysis of the NRM, ARMsls imposed along the long-axis
of u-channel samples in a peak AF of 100 mT anaias field of 50 uT, and was then
demagnetized at the same peak fields used to detizgythe NRM. Subsequently, stepwise
ARM acquisition was carried out using a uniformdbiieeld (50 uT) and increasing values of
peak AF (ARMAQ) at the same steps as for stepweseadjnetization. IRlystwas acquired
using impulse fields of 0.3 T, and was demagnetadtie same peak fields as applied to the
NRM and ARM, and then an additional IRMacquired in impulse fields of 1T, was
demagnetized once more at the same peak demagioetizalds. This RPI protocol (Channell
et al., 2002) allows us to calculate four RPI pesxas slopes: NRM/ARM, NRM/ARMAQ,
NRM/ IRMg 37, and NRM/ IRMr; all calculated for the 20-60 mT demagnetization o
acquisition interval using the UPmag software obXand Channell (2009). Linear correlation
coefficients (r) associated with each slope indichat the slopes are well defined with r-values
>0.98 (Fig. 6). The RPI proxies are essentiallyniaal for NRM/ARM and NRM/ARMAQ (as
expected), and for NRM/ IRpAr, and NRM/ IRM~, but are different for NRM/ARM versus
NRM/IRM patrticularly for 0-20 ka (Fig. 6). The Rptoxies can be partially matched to
reference RPI records (Fig. 6) such as the Soutnéd¢ paleointensity stack (SAPIS, Stoner et
al., 2002), and to the global PISO paleointeng#gls (Channell et al., 2009). There are,

however, notable differences between the new Rferds and the two reference stacks (Fig. 6),
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207  particularly in the 0-30 ka and 60-80 ka intervalsd in the timing of RPI minima at ~115 ka
208 and ~190 ka which correspond to the Blake and mceBasin excursions. For ages >250 ka
209  (below ~35 mbsf), the amplitude of RPI proxiesubdued relative to the PISO reference record.
210

211 6. Rock magnetism

212 In addition to data acquired for NRM and RPI inigations, low-field volume

213  susceptibility ) was measured at 1-cm intervals using a suschftilback designed for u-

214 channel samples that has a Gaussian-shaped respoasen, with width at half height of ~4
215 cm, similar to the response function of the u-clehmmagnetometer (Thomas et al., 2003).

216  Following King et al. (1983), the ratio of anhysitic susceptibility Karm, ARM intensity

217  divided by the DC bias field used to acquire theMyRo susceptibility k) can be used to

218 estimate the “average” or bulk grain size of mag@ethis ratio for cores MD07-3076Q and
219 MDO07-3077 has a wide range of values (Fig. 7a)tidRaorresponding to bulk grain sizes <1
220  pm are from the top 1.3 m in core MD07-3076Q (paitpbngles in Fig. 7a).

221 Additional magnetic mineralogical information wastaned for magnetic hysteresis

222  parameters measured on a Princeton Measuremergs\vilmating sample magnetometer

223 (VSM). Hysteresis ratios: MMs and B,/B. where Ms is the saturation remanence; ilthe

224  saturation magnetizationBs the coercivity of remanence, angi8the coercive force, can be
225 used to delineate single domain (SD), pseudo-sithgheain (PSD) and multidomain (MD)

226  magnetite and to assign bulk magnetite grain sta@sigh empirical and theoretical calibrations
227  of the so-called Day plot (Day et al., 1977; Caféglitz et al., 2001; Dunlop, 2002; Dunlop
228 and Carter-Stiglitz, 2006). The Day-plot for sangdfiem cores MD07-3076Q and MDO07-3077,

229 by comparison with measurements of unannealed siagphetites (Dunlop, 2002), is consistent
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with the presence of magnetite with bulk grain sirethe 0.1-3 um range (Fig. 7b), which is
broadly consistent with theaxrm vVersus plot (Fig. 7a). Note that these “average” (bulk)
magnetite grain size estimates are function ofngsage mixing over an undetermined grain-size
range.

Magnetic hysteresis properties were also analysewyuirst-order reversal curves (FORCSs)
that provide enhanced mineral and domain stateigis@ation (Pike et al., 1999; Roberts et al.,
2000; Muxworthy and Roberts, 2007). FORCs are nredsoy progressively saturating a small
(few hundred mg) sample in a fields(§ decreasing the field to,Breversing the field and
sweeping it back to &in a series of regular field steps,JBTrhe process is repeated for many
values of B. The magnetization is then represented as a coplouwith axes Band B where
B.=(Bp-Bs)/2 and B=(By,+B,)/2. The contoured FORC distribution can be intetgul in terms of
the coercivity distribution along the.Bxis, and spreading of the distribution alongBh@xis
provides a measure of magnetostatic interactionSEograins or internal demagnetizing fields
for MD grains. The latter dominates in weakly magresl deep-sea sediments, and spreading in
B, combined with low Bcan be interpreted in terms of high MD magnetietent. In general,
closed peaked structures along theafsis are characteristic of SD grains, with consour
becoming progressively more parallel to theaRis with grain-size coarsening. FORC diagrams
were analyzed using the software of Harrison andidéeg (2008) with a smoothing factor (SF)
of 6 for a protocol using an averaging time ofdns a field increment of 2 mT up to a
maximum applied field of 1 T.

FORC diagrams from the uppermost sediments of i»67-3076Q, corresponding to high
Karm/K values (fine magnetite grain sizes), are charasdrby a pronounced ridge along the B

axis and low dispersion along theg &is (Fig. 7c). This pattern implies weak magatttic
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interactions and dispersed fine-grained biogenigmatte (see examples in Egli et al., 2010;
Roberts et al., 2011, 2012; Yamazaki, 2012; Chamtel., 2013). In contrast, FORC diagrams
from below ~1.3 mbsf have lower coercivities)Bnd more divergent FORC distributions along

the B, axis, which is indicative of the increased aburneganf coarser magnetite (Fig. 7d).

7. Transmission Electron Microscopy

For transmission electron microscope (TEM) imagmggnetic extracts were prepared
from MDO07-3076Q at 0.86-0.91 mbsf (~14 ka) and 2286 mbsf (~30 ka). The ~20 &ém
sediment samples were sonicated in a sodium metpphte dispersant. The solutions were
loaded into a reservoir that feeds a circulatirgesy driven by a peristaltic pump that allows the
fluid to pass slowly, without turbulence, past theside of a test-tube containing a rare-earth
magnet. The material that adhered to the outsidleeofest-tube was then removed to a methanol
solution using a methanol squeeze-bottle. Graimeagnetic separate were adhered to a 3-mm
copper TEM grid using another magnet suspended &ri@ above the floating grid (see Chang
etal., 2012).

Magnetic particles were imaged using a JEOL JEM3IEXMigh-resolution (HR) TEM in
conjunction with energy dispersive x-ray spectrggc(EDS) at an accelerating voltage of 200
kV. The microscope is equipped with a GatanMultis€amera Model 794 for imaging and an
Oxford Instruments detector with INCA 4.05 softwéwe microanalysis. Spot analysis and line-
scans were conducted in scanning TEM (STEM) mode avnominal ~1 nm probe size and a
camera length of 12 cm.

In the sample from ~0.86-0.91 mbsf (~14 ka), eutdeghains, generally smaller than 100

nm across, but occasionally reaching 200 nm, wesemved (Fig. 8 a,b). The shape and size of
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these grains is consistent with them being magpoates produced by magnetotactic bacteria
(see Kopp and Kirschvink, 2008; Egli et al., 20R0perts et al., 2011, 2012; Yamazaki, 2012).
Magnetite octahedra (rectangular shapes with Aattecorners) and arrowhead shapes (Fig. 8
a,b) are reminiscent of shapes of bacterial maignetiserved off the SW Iberian Margin
(Channell et al., 2013) and elsewhere (Kopp anddkivink, 2008). In the sample from 2.20-
2.25 mbsf (~30 ka), the magnetite population issagptly different, with rare bacterial
magnetite grains but abundant larger irregular-stiaetrital magnetite grains (Fig. 8 c). EDS
elemental analyses indicate that the irregular-stiggetrital) grains contain Fe, O, and Ti, (Fig.
8 b,c) whereas the finer euhedral (biogenic) maggsetontain Fe and O, but no detectable Ti
(Fig. 8 b). The lack of Ti in magnetosome magneditevides a well-documented means (besides
grain shape and size) of distinguishing detrital imgenic magnetite. The predominance of
ultra-fine biogenic magnetite in the sample from8630.91 mbsf (~14 ka) is consistent with the

existence of ultra-fine magnetite in the Holoceheave MD07-3076Q (Fig. 7a, c).

8. Discussion

The ages of onset and cessation of the Laschamgtidinal excursion at 41.4 ka and 40.4
ka (Fig. 9) are consistent, at centennial scalth thie Laschamp age and duration determined by
correlation of thed'®0 record from North Atlantic Ocean core PS2644-6dMer et al., 1998) to
the GISP2 ice core (Laj et al., 2000), and with®H€CO05 age (41.25 +0.8 ka) of the center of
the'°Be maximum that corresponds to the Laschamp exauisithe GRIP ice core (Yiou et al.,
1997; Svensson et al., 2006, 2008). Our SoutmAdaesult is also consistent with the mid-
point age of 41.3 + 0.6 ka for the Laschamp exoumr¢Laj et al., 2014) based mainly on

“°Ar/*°Ar age determinations from the Chaines des Puym&), assuming an Alder Creek
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299  (AC) rhyolite standard age of 1.193 Ma, which isiigglent to 28.02 Ma for the Fish Canyon
300 (FC) sanidine standard advocated by Renne et@38)1If more recent estimates for the ages of
301 the AC and FC standards are used (1.2061 Ma aB@28la; Renne et al., 2010), then the 41.3
302 ka age for the Laschamp excursion increases tok& @hich is just outside our estimate based
303 on correlation to the EDC ice core (Fig. 9). Tdiscrepancy may imply issues with the newer
304 standard ages, as observed for the M-B boundargn(@Hl et al., 2010).

305 Our Laschamp age estimate is consistent with Udtind of a North American speleothem
306 that records of the Laschamp excursion at 41.15tke3(Lascu et al., 2016), although their

307 estimated duration for the directional excursion @r) is 2.5 times greater than estimated here.
308 The Laschamp record from ODP Site 1233 off Chikddg an excursion age centered at 41.0 ka,
309 and a duration for southern hemisphere VGPs of y8@8toner et al., 2008), lower than our
310 estimate.

311 From correlation of MD07-3076Q SST data to the EACrecord, the onset of the

312 Laschamp excursion coincides with Antarctic Isotddaximum (AIM) 10 warm episode (Fig.
313 9), and hence with Greenland Interstadial (Gl) d€beding to inter-hemispheric correlations
314 (Veres et al., 2013). The end of the Laschamp exmuappears to coincide with AIM 9 and

315 Greenland Stadial (GS) 10. In the Antarctic EDCdoee, a broad irregulafBe flux peak in the
316 39.5 ka to 42.5 ka interval (AICC2012 age) is acpanied by a distinct nitrate flux peak

317 centered at 41.2 ka (Fig. 9e, Traversi et al., 0Brate andBe fluxes depend partially on the
318 intensity of cosmic ray flux into Earth’s upper atsphere, and are therefore modulated by

319 geomagnetic field intensity. The EDC nitrate pesakpparently closely synchronous with the

320 Laschamp directional excursion recorded in core W3076Q. The EDG"Be peak is broader
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321 than the nitrate peak and generally coincides thighRPI minimum from MDO07-3076Q (Figs. 6
322 and 9e).

323 The Iceland Basin excursion coincides with therlptat of the MIS 6e/7a boundary

324  (terminology of Railsback et al., 2015) in the Awta dD record (Fig. 9b,d) which yields a mid-
325  point excursion age of 188.5 ka and duration 05+¥r. Both age and duration estimates

326 depend on the criteria for defining the excursidare we use component magnetization

327 inclination values >-40° to define the directioeatursion. For the Iceland Basin excursion
328 recorded in the North Atlantic Ocean, estimated-potht ages are in the 189-190 ka range
329 (Channell, 2014).

330 The two RPI proxies (slopes of NRM/ARM and NRM/IREbe inconsistent in the 0-20 ka
331 interval, which also corresponds to a notable depafrom the RPI reference templates (SAPIS
332 and PISO) (Fig. 6). This interval, in turn, corresgds to high concentrations of biogenic

333 magnetite. We conclude that the presence of bicgeagnetite results in over-normalization
334 when using NRM/ARM as the RPI proxy and under-ndization when using NRM/IRM (see
335 Ouyang et al., 2014). In addition, the calibraf@® templates (e.g. SAPIS and PISO) are poorly
336 defined in the last ~30 kyr, due to their relianceODP and MD cores which are characterized
337 by poor core-quality in the uppermost few meterse Tit of MD07-3076Q/3077 RPI proxies to
338 PISO/SAPIS is also poor in the 60-80 ka intervatl RPl minima at ~115 ka and ~190 ka are
339 offset (Fig. 6), possibly implying poor definitiaf the RPI templates. The large (25 x 25 cm)
340 square-section piston core (MDO07-3076Q) is likelype less affected by stretching artifacts
341 compared to ODP and MD cores.

342 Below the interval of high biogenic magnetite camtcation (0-20 ka), a plausible fit of RPI

343  proxies to the reference templates can be made tdepths corresponding to ~250 ka (Fig.
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6). Prior to 250 ka, below ~32 mbsf, RPI proxies muuted relative to the templates, NRM
intensities are decreased (Fig. 3), and the MDRRI# increases. These changes are attributed
to progressive magnetite dissolution as a resuttiofobial sulfate reduction, formation of pore-
water sulfide, and reduction of magnetite to foramisulfides, a process that is ubiquitous in
pelagic sediments other than highly oxidized fasigsh as Pacific red clays. The enhanced
reactivity of fine grains results in magnetite graize coarsening down-core as dissolution
proceeds. The presence of ultra-fine (biogenic)mettg, from TEM observations (Fig. 8) and
rock magnetic data (Fig. 7), imply high concentmas of biogenic magnetite in the uppermost

sediments.

9. Conclusions

The Laschamp and Iceland Basin excursions are demte in cores MD07-3076Q and
MDOQ7-3077, respectively, by discrete samples astiarnel samples (Fig. 9). Recording of the
Laschamp and Iceland Basin excursions is facitithte sedimentation rates of ~20 cm/kyr and
~10 cm/kyr in the two excursion intervals, respedii (Fig. 2a). The millennial-scale duration
of the Laschamp and Iceland Basin directional estons (~1 kyr and ~3.5 kyr, respectively)
results in rare recordings of excursions in sediamgrsequences with normal pelagic
sedimentation rates (<10 cm/kyr). Sedimentary @xof magnetic excursions are often
compromised by bioturbation and non-instantanecagn®tic remanence acquisition, the
inherent brevity of magnetic excursions, and by al@ere magnetite dissolution that
preferentially affects fine-grained biogenic magpeet

The documentation and timing of the Laschamp aathiha Basin excursions in the South

Atlantic Ocean augments the few other recordingb@de excursions in the southern
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hemisphere (cited above). The age models for ddiz37-3076Q and MDQ07-3077 were built
through radiocarbon and sea-surface temperaturggsroed to Antarctic ice core records, and
are supported by the resulting coincidence of tagme Laschamp excursion record with
cosmogenic®Be and nitrate fluxes in the EDC Antarctic ice cff&y. 9). Excursion mid-point
ages and durations determined from the age mooke#0e9 ka and ~1 kyr for the Laschamp
excursion, and 188 ka and ~3.5 kyr for the IcelBadin excursion, respectively, using
inclination values >-40° to define the stratigrapimtervals over which the excursions are
recorded (Fig. 9). We observe no discrepancielsdarages of the Laschamp or Iceland Basin
excursions between the North and South Atlantica@seas has been mooted for both the M-B

reversal and the Laschamp excursion (LeonhardFabén, 2007; Leonhardt et al., 2009).
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616 Figure captions

617 Fig. 1. Map with locations of cores MD07-3076Q anD07-3077, and ODP Site 1089

618 (from GeoMapApp™).

619 Fig. 2. Age models for the studied sediment cdisinferred sedimentation rates for core
620 MDO07-3076Q (red) and MD07-3077 (blue) with ageg@nts (blue/red points) listed in Tables
621 1 and 2. (bpD from the EPICA Dome C (EDC) ice core (Jouzellgtz007) placed on the

622 AICC2012 chronology (Bazin et al., 2013; Vereslgt2013). (c) Percentage Gt bulloides for
623 cores MD07-3076Q (red) and MDQ7-3077 (blue). (dcBetageN. pachyderma (sin.) for cores
624 MDO07-3076Q (red) and MDQ07-3077 (blue). (e) Bludeaetance for cores MD07-3076Q (red)
625 and MDO07-3077 (blue). At base: expanded versior()f(c) and (d) for core MD07-3076Q in
626 the 24-68 ka interval (left), and for core MDO7-307 the 145-194 ka interval (right). For

627 percentages db. bulloides andN. pachyderma, the data points, smoothed lines, and standard

628 deviations are shown.

629 Fig. 3. Component magnetization directions witlatsgraphic position of the Laschamp and
630 Iceland basin excursions in cores MD07-3076Q (eeat) MD0O7-3077 (blue). Component

631 declination, inclination and maximum angular dewiat{MAD) values computed for the 20-80
632 mT demagnetization interval from u-channel sampletied versus depth (meters below

633  seafloor, mbsf). Natural remanent magnetizationfNitensities after 20 mT peak AF

634 demagnetization decrease below ~32 mbsf, attribiotelthgenetic magnetite dissolution.

635 Fig. 4. U-channel and discrete sample paleomagdatafor the Laschamp excursion (left:

636 core MD07-3076Q) and Iceland Basin excursion (righte MD07-3077) versus depth (meters
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below seafloor, mbsf). Component inclinations (sgchbols with line for u-channel data, orange
triangles for discrete samples), component deatinat(blue circles for u-channel data, light
blue triangles for discrete samples) and maximugukan deviation (MAD) values for u-
channels (green dots) and discrete samples (hiacigles). Shaded intervals indicate intervals

yielding clearly excursional magnetization direngBpdefined here by inclination values >-40°.

Fig. 5. Orthogonal projections of alternating fielemagnetization data for (a) discrete
samples in the vicinity of the Laschamp excursmré MD07-3076Q), (b) discrete samples in
the vicinity of the Iceland Basin excursion (cor®®7-3077), (c) u-channel samples that record
the Laschamp excursion in core MD07-3076Q andadbkahd Basin excursion in core MDO7-
3077. Red lines/symbols represent projections th@wertical plane. Blue lines/symbols
represent projections onto horizontal plane. Deptlise cores and ages associated with each
orthogonal projection are indicated. Natural renmameagnetization (NRM) measurements prior
to demagnetization were followed by demagnetizatiopeak fields of 10-50 mT in 2.5 mT
steps, and between 50 and 90 mT in 5 mT stepgréjéctions have West and Up towards top

of page. Magnetization intensities xA.8/m.

Fig. 6. PISO relative paleointensity (RPI) stacla¢k) (Channell et al., 2009) with SAPIS
RPI stack (green) (Stoner et al., 2002). Core MB076Q and MDO07-3077 RPI proxies:

NRM/ARM (light blue/blue) and NRM/IRM;t (orange/red) placed on the adopted age model.

Fig. 7. (a) Plot of anhysteretic susceptibilikg#v) versus susceptibility{] for core MDO7-
3076Q (blue dots, purple triangles are from theddehe interval) and MD0O7-3077 (red dots)
with calibration of magnetite grain size from Kiagal. (1983). (b) Hysteresis ratio plot after

Day et al. (1977) for samples from core MD0O7-30{b@ack squares) and core MD07-3077 (red
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circles), which lie along a magnetite grain-sizeimg line (blue triangles) in the pseudo-single
domain (PSD) field, between the single domain (8B multidomain (MD) fields. Green
squares: hysteresis ratios from crushed, sizechfweeed) natural titanomagnetite (Dunlop,
2002). (c) First-order reversal curve (FORC) diagfar Holocene sediments at 0.5 mbsf in core
MDO07-3076Q (10.07 ka). (d) FORC diagram from thet ffacial maximum at 1.31 m in core

MDO07-3076Q (18.84 ka). FORC diagrams were processed) a smoothing factor of 6.

Fig. 8. Transmission electron microscope (TEM) iesagf magnetic mineral extracts. (a)
Typical biogenic magnetite grains from a depth .8600.90 mbsf in core MD07-3076Q. (b)
Typical biogenic magnetite grains with a detritalgnetite grain at the top right from the same
magnetic extract (0.86-0.90 mbsf) with positiord(li@e) of an energy dispersive x-ray
spectroscopy (EDS) line scan, with counts fromlitheescan (right). Presence or absence of Ti
indicates detrital or biogenic magnetite, respetyiv(c) Detrital magnetite grain from a depth of
2.20-2.30 mbsf in core MD0-3076Q with the posit{oed dot) of EDS analysis (right). White

bars provide scales for each micrograph.

Fig. 9. Laschamp (left) and Iceland Basin excurgraght) in cores MD07-3076Q and
MDOQ7-3077, respectively, versus age (ka). (a an@dsrentage dfl. pachyderma (sin.) (blue)
andG. bulloides (red) compared withD (black) from the EPICA (EDC) ice core (Jouzehkt
2007) placed on the AICC2012 chronology (Bazinlet2813; Veres et al., 2013). Antarctic
Isotopic Maxima (AIM 8-11, EPICA Community membe?§06) and Greenland Stadials (GS)
and Interstadials (GI) correlated after Veres ef24113). (c and d) Component inclinations (red
dots with line for u-channel data, orange triandtesliscrete samples), component declinations

(blue circles for u-channel data, light blue tribasgfor discrete samples) plotted versus age.
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Component declinations/inclinations computed fandgorm 20-80 mT peak AF
demagnetization interval for both u-channel andréi® sample data. Shaded intervals
demarcate clear excursional directions, defineé bgrinclination values >-40°. (e) EPICA
cosmogenic fluxes for 38.5-44.0 ka (Traversi et2016) for'°Be (orange) with a 10 point
running mean (red), and nitrate (light green) vaithO point running mean (dark green),
compared with RPI proxies from core MD0O7-3076Q1tirbig. 6 with NRM/ARM slope in dark

blue and NRM/IRM slope in light blue).



Table 1. Age model for Core MD07-3076Q

Depth (cm) | Age (ka) Ref./Basis Depth (cm) | Age (ka) Ref./Basis
1.5000 1.2030 1/radiocarb. | 113.50 17.113 1/radiocarb.
5.5000 1.6250 1/radiocarb. | 117.50 17.578 1/radiocarb.
9.5000 2.2400 1/radiocarb. | 119.50 17.802 1/radiocarb.
15.500 3.2970 1/radiocarb. | 121.50 18.006 1/radiocarb.
21.500 4.7340 1/radiocarb. | 125.50 18.381 1/radiocarb.
25.500 5.6580 1/radiocarb. | 133.50 19.042 1/radiocarb.
31.500 6.5430 1/radiocarb. | 137.50 19.403 1/radiocarb.
35.500 7.0180 1/radiocarb. | 145.50 20.512 1/radiocarb.
41.500 8.4550 1/radiocarb. | 161.50 22.881 1/radiocarb.
45.500 9.3530 1/radiocarb. | 173.50 24.743 1/radiocarb.
49.500 10.003 1/radiocarb. | 187.50 26.234 1/radiocarb.
53.500 10.569 1/radiocarb. | 197.50 27.380 1/radiocarb.
55.500 10.847 1/radiocarb. | 237.00 30.062 % G. bulloides
59.500 11.277 1/radiocarb. | 290.60 33.655 % G. bulloides
61.500 11.538 1/radiocarb. | 325.60 35.848 % G. bulloides
63.500 11.842 1/radiocarb. | 368.40 38.264 % G. bulloides
67.500 12.536 1/radiocarb. | 427.30 41.264 % G. bulloides
73.500 13.043 1/radiocarb. | 459.80 43.092 % G. bulloides
77.500 13.405 1/radiocarb. | 491.60 45.928 % G. bulloides
85.500 14.362 1/radiocarb. | 595.90 53.903 % G. bulloides
89.500 14.670 1/radiocarb. | 687.30 59.576 % G. bulloides
91.500 14.792 1/radiocarb. | 760.40 66.111 % G. bulloides
95.500 14.938 1/radiocarb. | 906.70 84.941 Refl./3077
99.500 15.205 1/radiocarb. | 991.70 95.571 Refl./3077
109.50 16.590 1/radiocarb. | 1089.8 107.08 Refl./3077

Ref 1: Skinner et al. (2010)




Table 2. Age model for Core MD07-3077

Depth (cm) Corrected depth Age (ka) Basis

(cm) AICC2012
0.0000 0.0000 1.0450 Refl. from MD07-3076Q
197.10 197.10 18.682 Refl. from MD07-3076Q
292.00 292.00 27.323 Refl. from MD07-3076Q
647.20 647.20 36.492 Refl. from MD07-3076Q
768.00 768.00 39.975 Refl. from MD07-3076Q
901.20 901.20 43.850 Refl. from MD07-3076Q
1023.2 1023.2 48.428 Refl. from MD07-3076Q
1397.0 1397.0 64.806 Refl. from MD07-3076Q
1578.1 1578.1 77.122 Planktic 8180
1700.1 1700.1 88.143 Planktic 5180
1932.0 1932.0 108.39 % N. pachyderma (sin.)
2030.6 1989.6 119.57 % N. pachyderma (sin.)
2068.5 2027.5 126.03 % N. pachyderma (sin.)
2136.3 2095.3 131.80 % N. pachyderma (sin.)
2164.9 2123.9 136.15 % N. pachyderma (sin.)
2305.8 2264.8 150.58 % N. pachyderma (sin.)
2345.2 2304.2 154.51 % G. bulloides
2379.6 2338.6 156.78 % G. bulloides
2399.8 2358.8 160.26 % G. bulloides
2441.8 2400.8 163.67 % G. bulloides
2490.3 2449.3 170.25 % G. bulloides
2541.3 2500.3 174.63 % G. bulloides
2561.5 2520.5 178.19 % G. bulloides
2590.3 2549.3 180.87 % G. bulloides
2682.3 2641.3 190.12 % G. bulloides
2730.0 2689.0 195.26 % N. pachyderma (sin.)
2777.0 2736.0 201.88 % N. pachyderma (sin.)
2805.3 2764.3 205.10 % N. pachyderma (sin.)
2887.8 2846.8 217.11 % N. pachyderma (sin.)
2915.7 2874.7 224.62 % N. pachyderma (sin.)
2939.9 2898.9 227.66 % N. pachyderma (sin.)
2948.2 2907.2 229.89 % N. pachyderma (sin.)
3000.1 2959.1 237.27 % N. pachyderma (sin.)
3039.5 2998.5 243.07 % N. pachyderma (sin.)
3101.5 3060.5 247.81 % N. pachyderma (sin.)
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Highlights

(1) Rare recording of Laschamp and Iceland Basin excursionsin the South Atlantic.
(2) Age model links excursions to Antarctic ice core and cosmogenic nuclide flux.
(3) South Atlantic ages consistent with North Atlantic ages for the excursions.

(4) No evidence of global diachroneity of magnetic excursions.

(5) Estimated mid-point ages (durations) are 40.9 ka (1 kyr) and 188 kyr (3.5 kyr).





