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ABSTRACT

The Laschamp geomagnetic excursion was the first short-lived polarity event recognized
and described in the paleomagnetic record, and to date remains the most studied geomag-
netic event of its kind. In addition to its geophysical significance, the Laschamp is an im-
portant global geochronologic marker. The Laschamp excursion occurred around the time
of the demise of Homo neanderthalensis, in conjunction with high-amplitude, rapid climatic
oscillations leading into the Last Glacial Maximum, and coeval with a major supervolcano
eruption in the Mediterranean. Thus, precise determination of the timing and duration of
the Laschamp excursion would help in elucidating major scientific questions situated at
the intersection of geology, paleoclimatology, and anthropology. Here we present a North
American speleothem geomagnetic record of the Laschamp excursion that is directly dated
using a combination of high-precision 'Th dates and annual layer counting using confocal
microscopy. We have determined a maximum excursion duration that spans the interval
42.25-39.70 ka B.P., and an age of 41.10 + 0.35 ka B.P. for the main phase of the excursion,
during which the virtual geomagnetic pole was situated at the southernmost latitude in the
record. Our chronology provides the first age bracketing of the Laschamp excursion using
radioisotopic dating, and improves on previous age determinations based on “Ar/*Ar dat-

ing of lava flows, and orbitally tuned sedimentary and ice-core records.

INTRODUCTION

One of the frontiers of paleomagnetic re-
search is focused on the understanding of
Earth’s magnetic field behavior during geo-
magnetic excursions. Excursions are short-
lived geomagnetic events during which the
virtual geomagnetic pole (VGP) deviates by
more than 45° from the normal range of secu-
lar variation (Merrill and McFadden, 1994),
typically accompanied by a decrease in the
strength of the geodynamo dipolar field com-
ponent (Laj and Channell, 2007). Information
regarding the anatomy, timing, and duration of
excursions can serve to calibrate magnetohy-
drodynamic modeling of outer core flow dy-
namics on centennial to millennial scales, thus
helping us to understand the intrinsic behavior
of Earth’s dynamo (Gubbins, 1999). In addi-
tion, accurate and precise high-resolution time
series of geomagnetic excursions are critical
for dating geologic phenomena, climatic epi-
sodes, astronomical events, or paleontologic
and anthropologic stratigraphic markers (Le-
onhardt et al., 2009; Richards and Andersen,
2013; Singer, 2014).

The Laschamp excursion is the first geomag-
netic excursion described in the paleomagnetic
record, and remains the most studied geomag-
netic event of its kind to date (Laj and Chan-
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nell, 2007, and references therein). Current es-
timates of the age of the Laschamp, based on
radioisotopic dating of volcanic rocks, place
the excursion at ca. 41 ka B.P. (present is 1950)
(40.70 + 0.95 ka B.P. according to Singer et al.,
2009; 41.30 = 0.60 ka B.P. according to Laj et
al., 2014). In parallel, developments in sediment
geochronology and paleomagnetism have en-
abled the reconstruction of past field behavior
during the Laschamp at very high resolution in
sediment cores, placing constraints on the to-
tal extent of the excursion to <3 ka (e.g., Lund
et al., 2005; Muscheler et al., 2005; Channell,
2006; Laj et al., 2006; Ménabréaz et al., 2011),
and on its main phase to <1 ka (e.g., Chan-
nell, 2006; Laj et al., 2006, 2014; Channell et
al., 2012; Nowaczyk et al., 2012; Bourne et al.,
2013). However, the timing of the Laschamp
cannot be directly determined from the same
sediment records in most cases. This pitfall of-
ten leads to tuning of geochemical proxies in the
sedimentary records to those in ice core records,
which in turn are tuned to astronomically paced
changes in Earth’s orbital parameters—the so-
called astrochronologic framework (Laj and
Channell, 2007; Nowaczyk et al., 2012). This
approach has some major caveats (discussed by
Blaauw, 2012).

Speleothems (chemical sedimentary depos-
its formed in caves) have certain key advan-
tages for documenting geomagnetic excursions
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over traditional paleomagnetic archives (Lascu
and Feinberg, 2011). They are crystalline, and
therefore the issues associated with remanence
acquisition in soft sediments are avoided. The
time lag between the deposition of magnetic
particles on speleothem surfaces and their
encapsulation in the crystalline structure is
short, as demonstrated by actively growing
stalagmites that record the magnetic direction
of the ambient magnetic field (e.g., Latham et
al., 1979; Morinaga et al., 1989). Speleothems
may grow continuously for thousands of years,
and can be dated with very high accuracy and
precision using *Th dating, a technique that
can be reliably used on specimens younger
than 700-600 ka (Edwards et al., 2003; Dorale
et al., 2004; Cheng et al., 2013). Recent spe-
leothem magnetism studies have shown that
magnetic minerals encapsulated in stalagmites
(e.g., Strauss et al., 2013; Font et al., 2014) can
be used successfully in dating geomagnetic ex-
cursions (Osete et al., 2012), as well as for re-
constructing hydrologic and climatic variations
(Xie et al., 2013; Bourne et al., 2015). Here we
present a speleothem geomagnetic record from
Crevice Cave, Missouri, USA (Dorale et al.,
1998) that captures the changes in geomag-
netic field direction and intensity associated
with the Laschamp excursion, dated directly
on speleothem calcite using a combination of
high-precision »°Th dating and incremental
chronometry from annual growth laminae.

METHODS

Crevice Cave (37.75°N, 89.83°W) is Mis-
souri’s longest known cave, >45 km in length,
and is situated close to the mid-continent tall-
grass prairie—deciduous forest ecotone, ~200
km from the southern maximum extent of the
Laurentide ice sheet (Dorale et al., 1998). The
studied speleothem was found in a naturally
broken state in a stream-level passage of the
cave. Two parallel slabs, ~19 cm in length, were
cut along the central axis of the speleothem,
where growth laminae were horizontal. One
of the slabs was sliced into ~0.5 cm specimens
using a wire saw, and used for paleomagnetic
and mineral magnetic analyses at the Institute
for Rock Magnetism (University of Minnesota,
USA). Details of the experimental protocols
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Figure 1. Magnetic properties and chronol-
ogy of the Laschamp excursion in the spele-
othem specimen studied from Crevice Cave,
Missouri (USA). A: Inclination. B: Declination.
C: Relative paleointensity (NRM/ARM, natu-
ral remanent magnetization/anhysteretic
remanent magnetization). D: Magnetic grain
size (x,z,/IRM); IRM—isothermal remanent
magnetization. E: Virtual geomagnetic pole
(VGP) latitude. F: Age-depth model based on
20Th dates. G: Incremental chronology (from
confocal microscopy layer counting) across
the Laschamp, anchored to radioisotopic
dates. H: Speleothem growth rates from the
radioisotopic (black) and incremental (gray)
age models. Upper and lower limits for dec-
lination (dashed lines in B) were calculated
by rotating the specimen from —10° (lower
limit) to 30° (upper limit). VGP latitude un-
certainty (interval delineated by continuous
lines in E) was calculated via rotating the
specimen through a 40° declination range
(see the Data Repository [see footnote 1]).
The Laschamp excursion is defined by the
three specimens with notable departures
in inclination, declination, and relative in-
tensity from background values (shades of
gray; the main phase of the Laschamp is
represented with a darker gray). A close-up
of the three specimens (G) shows their in-
dividual thickness and time period covered.
Previous age determinations of 40.7 + 1.0 ka
B.P. (Singer et al., 2009) and 41.3 = 0.6 ka B.P.
(Laj et al., 2014) are shown for comparison.
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can be found in the GSA Data Repository'.
The other slab was used for constructing the
age model. A Nikon A1R confocal microscope
was used on the top 5 cm of the slab to image
growth bands (Fig. DRI in the Data Reposi-
tory), based on the property of fluorescence
of organic-rich layers when exposed to source
light with wavelengths of 400-500 nm. Sub-
sequently, calcite powders were collected for
2¥U-20Th dating from 10 horizons, each be-
tween 0.6 and 1 mm in thickness, by drilling
with a dental burr parallel to the growth lami-
nae. The locations of the third and fifth dating
horizons from the top were chosen to bracket
the Laschamp excursion as determined from
the paleomagnetic measurements. The fourth
dating horizon was chosen to correspond to
the paleomagnetic specimen encompassing the
maximum VGP latitude deviation. Uranium
and thorium isotope ratios were measured on
a Thermo Neptune multicollector—inductively
coupled plasma—mass spectrometer at the Uni-
versity of Minnesota, following the method-
ology of Cheng et al. (2013). An incremental
chronology was obtained by counting the an-
nual layers from the confocal micrographs be-
tween the base of the fifth and top of the third
dating horizons.

RESULTS

Chronology

The radioisotopic ages are all in stratigraphic
order and are reported with 26 uncertainties
(Fig. 1; Table DR1). The speleothem started
forming during marine isotope stage 4 and
stopped growing just prior to the Last Glacial
Maximum (LGM). Growth rates decreased 7—8
mm/ka during the first part of the record to ~5
mm/ka around the time of the Laschamp, even-
tually reaching very low values (~1 mm/ka) in
the final ~10 ka of the record (Fig. 1H). The age-
depth curve was obtained by interpolating lin-
early between the 2°Th dates (Fig. 1F), except
between 42.17 +0.10 and 39.18 +0.12 ka B.P,
where the incremental chronology (Fig. 1G),
anchored to the base of the fifth dating horizon,
was used. We counted 2975 + 20 laminae; this
is in excellent agreement with the radioisotopic
age difference of 2988 (with 26 errors of ~+100
yr), confirming the annual nature of the calcite
growth bands. The depth-age relationship is
linear between the *°Th dates of 42.17 + 0.10
and 41.03 = 0.13 ka B.P, but deviates slightly

!GSA Data Repository item 2016036, magnetic
methods, Tables DR1-DR3 (radioisotopic dating re-
sults, magnetic time series, incremental chronology),
and Figures DR1 and DR2 (confocal micrograph,
Zijderveld plot of strongly magnetic specimen), is
available online at www.geosociety.org/pubs/ft2016
.htm, or on request from editing @ geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.

from this trend between 41.03 + 0.13 and 39.18
+ 0.12 ka B.P, as growth slowed approaching
the LGM.

Rock Magnetism and Paleomagnetism

The main magnetic carrier in our specimens
is magnetite, as revealed by low-temperature
experiments (Fig. 2B). The ratio of anhysteretic
remanent magnetization (ARM) susceptibility
(Xara) to isothermal remanent magnetization
(IRM), or ¥,../IRM, a grain-size indicator, is
<0.4 mm/A for specimens older than ~55 Kka,
and >0.4 mm/A for younger specimens (Fig.
1D). At ca. 41 ka B.P,, x,.,/IRM is ~1 mm/A,
a value typical for pedogenic single domain
magnetite particles a few tens of nanometers in
size (Geiss et al., 2008). Lower values indicate a
more important admixture of coarser, lithogenic
magnetic grains.

Paleomagnetic directions exhibit a signifi-
cant deviation from normal secular variation
values between ca. 42 and 39 ka B.P, an event
we associate with the Laschamp excursion (Figs.
1A-1C, 1E). Inclination values decrease to ~10°
shortly after 42 ka B.P. (Fig. 1A), and the main
declination swing occurs ca. 41 ka B.P. (Fig.
1B), lagging the first inclination change by ~1
ka. The ratio of natural remanent magnetization
(NRM) to ARM, a relative paleointensity proxy,
is lowest at ca. 41 ka (Fig. 1C), concomitant
with the maximum directional excursion. The
decrease in NRM/ARM is a change of one order
of magnitude compared to average background
values, and is not due to a magnetic grain size
change, as y,,,/IRM remains fairly constant
(Figs. 1D and 2A). The VGP is in the Southern
Hemisphere at this time (~—30°; Fig. 1E).

The alternating field (AF) demagnetization
experiments generally show a (quasi-) linear de-
cay of the NRM toward the origin (Figs. 2C and
2D; Fig. DR2), even for specimens with lower
magnetic concentrations (NRM < 107 Am?
kg). Viscous overprints are removed at 2-5 mT
peak AF demagnetization fields (Figs. 2C-2E).
Based on the demagnetization behavior of most
of the specimens, we attribute clustering demag-
netization patterns (e.g., Fig. 2E) to low inten-
sity levels (NRM < 10 Am?kg), rather than to
erratic demagnetization behavior.

DISCUSSION

Timing and Duration of the Laschamp
Excursion

Radioisotopic dating of volcanic rocks,
mainly using the “°Ar/*?Ar method, is the cur-
rent state of the art approach to determining the
timing of late Quaternary geomagnetic events
(Singer, 2014). Recent Laschamp age determi-
nations were reported by Singer et al. (2009)
and Laj et al. (2014), who placed the excursion
at40.70+0.95kaB.P.and 41.30+0.60 ka B.P,,
respectively. These age estimates, however,
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were determined by pooling data sets from
various flows that yield individual ages with
errors >1 ka in all cases. The 24U/*Th method
applied to speleothems has the potential of
providing individual errors at least an order of
magnitude smaller for calcite precipitated at
ca. 40 ka B.P. (Cheng et al., 2013). The Crevice
Cave specimen, albeit slow growing, has high
concentrations of uranium (Table DR1); this
allows for »°Th dates to be determined with
errors of ~100 yr for calcite horizons <1 mm
in thickness. Our paleomagnetic specimens are
4-5 mm thick, so after factoring in the sam-
pling resolution, we find that the main phase
of the Laschamp excursion in our speleothem
occurred 41.10 = 0.35 ka B.P., as determined
from the specimen that contains the maximum
VGP deviation (Fig. 1). This refines the preci-
sion of the excursion timing compared to the
age estimates proposed by Singer et al. (2009)
and Laj et al. (2014), with improved error es-
timates by a factor of 2-3. The uncertainty of
the timing of the Laschamp excursion could be
further refined using this approach by targeting
speleothems with higher growth rates.
Although lava flows provide excellent spot
records of geomagnetic excursions, the cur-
rent dating precision of the “Ar/*’Ar method
is several thousands of years, precluding any
meaningful attempt to robustly bracket the du-
ration of such short-lived events. The two *°Th
dates bracketing the Laschamp excursion in
the Crevice Cave speleothem serve as anchors
to an incremental age model that allows the

calculation of the time interval covered by the
speleothem specimens that contain the field
directional swing and intensity low that define
the excursion. According to our speleothem
record, the entire excursion spans the time in-
terval from 42.25 to 39.70 ka B.P,, a duration
of ~2550 yr. The main phase of the Laschamp
is defined by one speleothem specimen, which
encompasses ~700 yr for which the field di-
rection was of reverse polarity (average VGP
latitude of ~—30°). These are maximum values,
and are consistent with excursion durations de-
termined from sedimentary records around the
globe. One of the best records of the Laschamp
excursion comes from the Black Sea, where
the entire period of directional variations was
estimated to be just <3 ka, with transitional or
reverse directions (and associated paleointensity
low) lasting ~1.6 ka, out of which fully reverse
directions were maintained for 440 yr (Nowac-
zyk et al., 2012). Similarly, a short full reversal
of 0.4-0.8 ka, superimposed on a background
of low relative paleointensity that lasted 1.5-2
ka, is reported from cores from the Blake Ridge
(Bourne et al., 2013), the Bermuda Rise (Kis-
sel et al., 1999; Channell et al., 2012), Irminger
Basin (Channell, 2006), northwest of Iceland,
and the southern Indian Ocean (Laj et al., 2006).
These paleomagnetic data are consistent with
cosmogenic nuclide production rates from sedi-
ment and ice cores (e.g., Muscheler et al., 2005;
Ménabréaz et al., 2011; Nilsson et al., 2011),
and are supported by Bayesian inversion of geo-
magnetic field evolution during the Laschamp in
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North America (Leonhardt et al., 2009). Bayes-
ian inversion also suggests that the timing and
duration of the Laschamp may vary according to
locality (Leonhardt et al., 2009). Precise dating
of additional speleothem geomagnetic records
of the Laschamp from key locations around the
globe would provide the means for testing this
inferred asynchroneity.

Potential of Speleothems in Dating Brunhes
Age Excursions

Geomagnetic excursions are reflections of
geodynamo dynamics on short time scales. A
rigorous documentation of the anatomy, timing,
duration, and/or frequency of such short-lived
events can be invaluable for theoretical and nu-
merical geodynamo models. Well-constrained
age models are critical for characterizing geo-
magnetic instabilities, and are key in developing
high-resolution geomagnetic time series. One
such effort is the development of the Quaternary
geomagnetic instability time scale. Within this
framework, Singer (2014) synthesized the cur-
rent understanding of excursional occurrence
within the Brunhes chron. Geomagnetic excur-
sions appear to be concentrated within two ~200
ka time periods (722-528 and 211-17 ka B.P.),
each containing 6—7 excursions, that are in the
dating range of the 2*U/**Th method (Edwards
et al., 2003; Dorale et al., 2004; Cheng et al.,
2013). The younger Brunhes excursions would
particularly benefit from precise pinpointing
by taking advantage of this method, which un-
der ideal circumstances yields 26 uncertainties
as low as #0.1 ka at 130 ka B.P.,, and +0.3 ka
at 200 ka B.P. (Cheng et al., 2013). The older
Brunhes excursions, although pushing the limit
of the *Th dating method (26 uncertainties of
+6 ka at 500 ka B.P. and +12 ka at 600 ka B.P.),
could also benefit from this approach, especially
if it is possible to combine radioisotopic and
incremental dating methods. A good example
of dating a speleothem that formed between
640 and 510 ka B.P. was provided by Cheng
et al. (2013), demonstrating the viability of the
23U/Th method.
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