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Abstract Continuous reconstructions of past variations of the Earth's magnetic field are based mainly on
paleomagnetic and cosmogenic '°Be records in marine sediments. In both cases, the recording mechanisms can
be affected by environmental processes. Climatic overprints are only partially removed by normalization
procedures, so that stacking is used to further remove site-specific effects. Regionally or globally correlated
artifacts, however, cannot be removed by stacking. Here we present a modified approach where geomagnetic
records are complemented by environmental proxies representing processes that might affect the field recording
mechanism. Geomagnetic and environmental records are jointly processed with principal component analysis to
obtain a set of components supposed to represent true variations of the geomagnetic field and climatic
overprints, respectively. After discussing the theoretical background of this new approach and its underlying
assumptions, a practical example is presented, using a worst-case scenario based on a single '°Be record from
the North Atlantic with strong climatic overprints, covering the last 600 ka. The first two principal components,
which represent the modulation of '°Be by global climatic variations and by the geomagnetic field, respectively,
explain 66.3% of the signal variance. Comparison of the geomagnetic principal component with global relative
paleointensity stacks shows that the original climatic overprint can be reduced by a factor of 2, outperforming a
19Be/°Be stack obtained from two sites with little glacial-interglacial variability. The proposed method for
removing climatic overprints can be applied to multiple sites more efficiently than conventional stacking.

Plain Language Summary Continuous records of the Earth's magnetic field rely on measurements
of magnetic minerals or cosmogenic isotopes in sediments. Both types of records are also sensitive to
environmental conditions and are thus affected by past climatic variations. These unwanted climatic overprints
are difficult to remove: one strategy consists in stacking records from different sites; however, regionally or
globally correlated artifacts cannot be completely removed by this technique. Here we present a new method for
separating the geomagnetic signal from unwanted climatic overprint, which is based on the principal component
analysis (PCA). The efficiency of this new method is tested with a worst-case example based on a single site
located in the North Atlantic, which is characterized by strong glacial-interglacial variability. The first two
principal components obtained from PCA represent the modulation of '°Be by global climatic variations and by
the geomagnetic field, respectively. Comparisons of the geomagnetic field component with reference data show
that the original climatic overprint has been reduced by a factor of 2, outperforming a '°Be/’Be stack obtained
from two sites with little glacial-interglacial variability. The proposed method for removing climatic overprints
can be applied to multiple sites more efficiently than conventional stacking.

1. Introduction

Sedimentary paleomagnetic records depend on the partial alignment of magnetic minerals with the Earth's
magnetic field during and after sediment deposition. This alignment produces a natural remanent magnetization
(NRM) which is proportional to the local field intensity and to the concentration of magnetic carriers in the
sediment. Changes in magnetic mineral concentrations are compensated by normalizing the NRM with a
laboratory-induced remanent magnetization, typically the anhysteretic remanent magnetization (ARM) or the
isothermal remanent magnetization (IRM). Ideally, the RPI record resulting from this normalization procedure is
proportional to the local field vector intensity. In reality, ARM and IRM display different sensitivities to the size,
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shape, and composition of the remanence carriers, none of which is exactly proportional to the original magnetic
moments, so that normalization artifacts can occur in case of downcore variations of the magnetic properties
(Roberts et al., 2013). The magnetic alignment mechanism during NRM acquisition also depends on the interplay
between sediment lithology and the size and shape of remanence carriers (e.g., Franke et al., 2004). Consequently,
RPI reconstructions tend to be affected by environmental factors such as change of deep oceanic currents cir-
culation (Channell et al., 1998; Kissel et al., 2009; Xuan & Channell, 2008) or enhanced fluvial contributions on
the continental margins (Moreno et al., 2002). Such environmental contaminations are particularly evident at the
level of glacial-interglacial cycles.

The cosmogenic isotope '°Be is produced in the stratosphere and the upper troposphere by cosmic rays through
spallation reactions involving collisions of high-energy cosmic particles with nitrogen and oxygen atoms (Lal &
Peters, 1967). The '°Be production rate is primarily controlled by the Earth's magnetic field through its shielding
action against incoming charged particles, and, to a lesser extent, by variations of the incoming flux of primary
galactic cosmic rays and by the solar activity (Beer et al., 2012; Blinov, 1988; Kocharov et al., 1989). Accord-
ingly, '°Be production is maximized during periods of low geomagnetic dipole intensity, such as during
geomagnetic excursions and reversals. Atmospheric '“Be is eventually removed by aerosols (Heikkili
et al., 2008) before being deposited on the continents and into the oceans, where it is scavenged by suspended
matter, entering finally into the sedimentary record (von Blanckenburg & Bouchez, 2014). The lithological
dependence of the '°Be scavenging efficiency is eliminated by normalizing the concentration of '°Be in sediment
with the authigenic fraction of the terrestrial isotope “Be (Bourles et al., 1989) released by rock weathering
(Measures & Edmond, 1983; von Blanckenburg et al., 2012). Both isotopes are adsorbed to the same type of
sediment particles with the same efficiency (Sharma et al., 1987), so that '°Be/’Be is free of artifacts caused by
variations of the scavenging efficiency. However, normalization by °Be can introduce additional environmental
overprints to the geomagnetic response of '°Be, owing to the different source location, transport path and
sedimentation cycling of the two isotopes (McHargue & Donahue, 2005; Simon, Thouveny, Bourles, Nuttin,
et al.,, 2016; von Blanckenburg & Bouchez, 2014; von Blanckenburg & Igel, 1999; von Blanckenburg
et al., 2012).

In summary, because of their distinct recording mechanisms and sensitivity to global and local geomagnetic field
features, RPI and '°Be records represent independent proxies for the local and global field intensity, respectively,
providing different constraints to global paleomagnetic field reconstructions (e.g., Korte et al., 2011; Nilsson
et al., 2014; Ziegler et al., 2011). First comparisons of cosmogenic '’Be with relative paleointensity stacks
revealed strong similarities, as expected from their common geomagnetic modulation, but also significant tem-
poral offsets during geomagnetic dipole lows when considering individual cores (Carcaillet et al., 2004; Thou-
veny et al., 2008). Contamination of these records by environmental factors thus represents a persistent problem,
which is only partially eliminated by stacking different sites. While site-specific environmental overprints can be
averaged out by stacking distributed records from different basins, global climatic artifacts, such as those induced
by glacial-interglacial cycles, cannot be removed in this way. Significant improvements to the fidelity of
geomagnetic records can be brought by a method that is capable of separating the geomagnetic signal from
environmental overprints using the limited number of available RPI stacks and '’Be records.

Here we present a new method for removing paleoclimatic overprints from RPI and '°Be records using infor-
mation derived from climatic proxies. For this purpose, we test the worst-case scenario of a single high-latitude
'%Be record from the North Atlantic site MD95-2016 covering the last 600 ka, in which glacial-interglacial cycles
represent the main environmental forcing. Principal component analysis (PCA) is used to isolate '’Be variations
due to the geomagnetic field and to global and regional climate changes, respectively, based on authigenic Be
isotope measurements integrated with X-ray fluorescence (XRF) elemental ratios, planktic 5'%0, and magnetic
susceptibility. Residual artifacts in the isolated geomagnetic component of the '°Be record are shown to be
smaller than those of a global '°Be/’Be stack (by Simon, Thouveny, Bourlgs, Valet, et al. (2016)), demonstrating
the power of the proposed approach.

2. Sampling Site, Lithology, and Environmental Setting

The sedimentary core MD95-2016 (57°42.46'N; 29°25.44"W) was retrieved in the North Atlantic Ocean at the
Reykijanes Ridges (2,318 m water depth) during the IMAGES MD101 cruise of R/V Marion Dufresne (Figure 1).
The site is located in the Gardar Drift area (L. D. Labeyrie, 1996), which is a flat contourite sheeted drift deposited
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by a broad current (Faugeres et al., 1999). The intermediate and deep waters
flowing at the site, which stands on the pathways of the North Atlantic
Current (NAC) (Petit et al., 2018), include the Labrador Sea Water, formed by
open ocean convection in the Labrador Sea, the warm North East Atlantic
water, the Lower Deep Water (Miiller-Michaelis & Uenzelmann-
Neben, 2014), and the Iceland Scotland Overflow Water (ISOW), respec-
tively. The sediment of core MD95-2016 is mainly composed of clayey/sandy
nanno ooze and silt. The sedimentation rate is exceptionally high over the last
100ka, reaching up to 22 cm/ka (Figure Sle in Supporting Information S1).
Data from two neighboring cores ODP 982 (57°52'N; 15°87'W) and 983
(60°40'N; 23°64'W), retrieved during the Ocean Drilling Program campaigns
at 1,135 and 1,194 m water depth, respectively, were included in the present
study for comparison purposes.

3. Measurements

3.1. Beryllium Isotopes

Figure 1. Bathymetric map showing the location of studied site MD95-2016, Beryllium measurements of marine sediments are performed on the so-called
along with the nearby ODP sites 982 and ODP 983 (Jansen et al., 1996). The authigenic fraction, which contains Be and '“Be atoms scavenged from the
red and blue thick lines depict the pathways of North Atlantic Deep Water water column by adsorption onto suspended matter (Bourles et al., 1989).

and the Iceland Scotland Overflow Water, respectively.

About 50% of authigenic '°Be and 30% of authigenic *Be are carried by iron
and manganese oxyhydroxides, ~20% and ~10% by the exchangeable and
carbonate fractions, respectively, and the remaining part by organic matter (Bourles et al., 1989). Core MD95-
2016 was sampled every 10 cm for beryllium measurements. A total of 247 samples covering the topmost
25.2 m (0-615 ka, see Section 3.3 for the age model), were processed for Be isotope analyses. For each sample,
~1 g of dry sediment was chemically treated for authigenic Be extraction at the CEREGE National Cosmogenic
Nuclides Laboratory (France), following the protocol summarized in Simon, Thouveny, Bourles, Valet,
et al. (2016). Authigenic °Be was measured using a graphite-furnace atomic absorption spectrophotometer with
double-beam correction. Authigenic '°Be was measured after chemical preparation at the French accelerator mass
spectrometer (AMS) national facility ASTER. Chemistry blank ratios range from 10~'% to 10~!>, which is at least
3 orders of magnitude lower than '°Be/’Be ratios in the sediment. Concentration values of '°Be were corrected for
radioactive decay using a half-life of 1.387 +0.012 Ma (Chmeleff et al., 2010; Korschinek et al., 2010).

3.2. XRF Scanning

Elemental composition records provide essential information about sediment sources, transport, primary pro-
ductivity, and atmospheric/oceanic circulation (Calvert & Pedersen, 2007). Elemental ratios have been obtained
from high-resolution micro-core XRF spectrometry using the XRF core scanner AVAATECH (EPOC, Université
de Bordeaux). The XRF spectrum is derived from the fluorescence emitted by electrons excited by a primary X-
ray source, in form of photon counts per photon energy interval (Oyedotun, 2018; Richter et al., 2006). Each
element is characterized by a series of peaks and the integrated intensity is proportional to element concentration.
The procedure for converting raw XRF outputs into absolute elemental concentrations requires non-trivial
calibration procedures affected by large uncertainties (Weltje & Tjallingii, 2008). For this reason, results are
usually expressed as elemental ratios. Elemental ratios are widely used to track multiple provenance sources
(Richter et al., 2006). XRF measurements of 15 elements were conducted at 1 cm intervals on U-Channels using a
10 keV source with 0.5 mA current. A total of 2004 measurements covering the topmost 25.2 m have been
obtained (Figure 2). Correlation coefficients between elemental ratios and 5'%0, 1°Be, and '°Be/’Be are listed in
Table S1 of Supporting Information S1.

3.3. Oxygen Isotope and Age Model

Stable oxygen isotope measurements of core MD95-2016 were performed at ~10 cm intervals on picks of the
planktonic foraminifera Globigerina bulloides in the 250-315 pm size fraction, using VG-Optima and Elementar
Isoprime dual-inlet mass spectrometers at the Laboratoire des Sciences du Climat et de I’Environnement (LSCE,
Gif-Sur-Yvette, France). All results are expressed as 680 with respect to the V-PDB standard. The external
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Figure 2. Downcore variations of Be records, 5'*0, X-ray fluorescence elemental ratios, and magnetic susceptibility. Shaded
bands highlight interval of elevated *Be concentrations. Notice that some scales are reversed to maintain a positive
correlation between curves.

analytical reproducibility of +0.05%o (10) was determined from replicate measurements of a laboratory carbonate
standard. The standard approach for depth-age model construction relies on fitting the §'%0 record to a reference,
commonly a stack curve, and following astronomical tuning if more precise orbitally paced signals are available.
The global benthic §'30 stack LR04 (Lisiecki & Raymo, 2005) is the most widely used target curve because it
integrates 57 globally distributed benthic records spanning the past 5.3 Ma. The HMM stack used here is a recent
update of LR04 based on a hidden Markov model that includes a larger number of records (Ahn et al., 2017).
Tuning a single-location 80 record to the global 'O stack might bias the age-depth model due to the
incomplete global synchronization of §'%0 variability (L. Labeyrie et al., 2005; Waelbroeck et al., 2011). Age lags
were addressed by constructing regional benthic §'0 stacks covering the past 150 ka (Lisiecki & Stern, 2016).
Regional stacks enable a better synchronization of geographically close records.

The age model was constructed in three steps. First, we defined age tie points by matching the peaks of Ice Rafted
Debris (IRD) events in core MD95-2016 with those of U1308 (Hodell et al., 2008), using Si/Sr and Zr/Sr as IRD
proxies (Figure S1 in Supporting Information S1). The choice of U1308 as a target core is determined by its
accurate age model being constrained by radiocarbon dates and oxygen isotopes stratigraphy with Greenland ice
cores (Svensson et al., 2006) for the last 42 ka, and with the benthic stack LR04 prior to 60 ka. Planktonic 6'30
records can be affected by significant age offsets caused by foraminifera dissolution (e.g., Barker et al., 2007), and
size segregation (Savranskaia et al., 2022) effects. Indeed, offsets by up to 10 ka affects the 580 based age model
of MD95-2016 during the last ~100 ka, as seen for instance in the '°Be record of the Laschamps excursion (Figure
S1 and Table S3 in Supporting Information S1). In order to correct these offsets, additional tie points were ob-
tained by matching the *Be record of MD95-2016 with the Deep North Atlantic (DNA) 5'30 stack (Lisiecki &
Stern, 2016) (Figure S10 in Supporting Information S1). Authigenic *Be is a valid substitute for §'%0 at this high-
latitude site, owing to its strong association with glacial-interglacial cycles and the relatively short residence time
in the Atlantic Ocean (von Blanckenburg & O'nions, 1999).

In the second and third steps, we aligned the upper part of the MD95-2016 5'30 record with the DNA §'80 age
model. Due to the limited DNA age coverage prior to 0—135 ka, the older part of sedimentary record was matched
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with the HMM stack using the software package BIGMACS, which is based on the Bayesian Inference Gaussian
Process regression (Lee et al., 2022). The accuracy of the automated correlation by BIGMACS has been further
evaluated by comparing the MD95-2016 record with the planktic 580 variations from the neighbor core ODP982
(57°30.8’N, 152°55.5'W) on its independent age scale (Venz et al., 1999). There is an overall good agreement
between the planktic §'0 records of MD95-2016 and ODP982, respectively, with two notable exceptions around
210-250 and 380430 ka (Figure S1 in Supporting Information S1). Climatic and geomagnetic components
extracted from the beryllium records (Section 5) appear to be well synchronized with global paleointensity and

5'30 stacks over the entire time interval, supporting the validity of the chosen age model.

3.4. Magnetic Measurements and Lightness

NRM, low-field magnetic susceptibility (y) and anhysteretic remanent magnetization (ARM) of core MD95-2016
were measured on U-channels and single samples using an Agico KLY-3 susceptibility meter and a 2G Enter-
prises cryogenic magnetometer, inside the shielded room of the paleomagnetic laboratory at the Institut de
Physique du Globe de Paris (Supporting Information S1). The Sediment lightness (L*) variations were quantified
with a Minolta CV-2002 hand-held spectrophotometer during the Marion Dufresne cruise. Measurements were
performed at 5 cm intervals along the whole core.

The ratio ARM/y is a proxy for the grain size of low-coercivity minerals such as magnetite and Ti-magnetite,
owing to the sensitivity of y and ARM to the total magnetic mineral content and its finest fraction, respectively
(King et al., 1982). The downcore variability of y and ARM/y has frequently been used to trace sediment
provenance (Kissel, 2005), deep oceanic circulation strength (Ballini et al., 2006), the dominant transport path of
magnetic particles (Kissel et al., 1999), and changes in the balance between detrital and authigenic minerals
(Watkins & Maher, 2003) in different parts of the North Atlantic Ocean. Large ARM/y variations in MD95-2016
are driven by glacial-interglacial cycles (Figure S3 in Supporting Information S1), as seen by the presence of large
peaks corresponding to §'0 minima, making this core unsuited for RPI determinations. Indeed, the RPI record
reconstructed from (NRM/ARM)s, g mr is dominated by large-amplitude oscillations unrelated to the
geomagnetic field (Figure S2 in Supporting Information S1). The RPI stacks SINT-2000 (Valet et al., 2005) and
PADM2M (Ziegler et al., 2011) have been used instead for comparison with cosmogenic Be records, since they
are less affected by local field variability, which is not recorded by cosmogenic isotopes, and by climatic
overprints.

4. Methods and Models
4.1. Model for Cosmogenic Records of the Earth's Magnetic Field

The global '°Be production rate P is related to the global field intensity and to the galactic cosmic ray flux by the

P o™\ 2
Py Q<mo>q><¢o> ()

derived from cosmogenic isotope production calculations based on a dipole model of the geomagnetic field (e.g.,

empirical expression

Poluianov et al., 2016). In this expression, Py ~ 1.48 X 10° atoms/s is the modern value of P, m is the
geomagnetic dipole moment with modern value m, = 78 ZAm?, and ¢ the modulation potential of the cosmic
rays, with a mean value of ¢p; = 650 MV. Q and ® are empirical functions expressing the dependence of P on the
geomagnetic field intensity and the cosmic ray flux, respectively. Data from Lal (1992) and Masarik and
Beer (2009) are well approximated by Q(x) = ((£ + 1)/(£ + x))? with best-fit parameters £ = 0.31 and
g = 0.50 (Figure 3). P is inversely related to the geomagnetic dipole moment, with maximum values corre-
sponding to periods of low field intensity during excursions or reversals. The non-linearity of Q makes '°Be
records particularly sensitive to low-field conditions and relatively insensitive to secular variations under normal
field intensity conditions (Figures 3b and 3c).

Cosmogenic sedimentary records of the Earth's magnetic field can be written in their most general form as

R() =A+B-50), ()
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Figure 3. Relation between the dipole moment of the Earth magnetic field and the cosmogenic '’Be production rate. (a) Dipole moment 7 normalized by its present-day
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Thouveny, Bourles, Valet, et al., 2016). (b) Simulated geomagnetic event (dipole moment drop during an excursion or a reversal), superimposed to a sinusoidal signal
representing short-term field variations with constant amplitude. (c) "’Be production rate obtained using to the dipole variation in (b) as input of Q. Notice the enhanced
sensitivity to small field variations during low-field conditions. (d) Same long-term variation of the '°Be production rate as in (c), combined with a sinusoidal climatic
modulation after Equation 1. (¢) Dipole moment variations reconstructed from the '°Be record in (d), using Q~'. Notice the amplification of the climatic modulation during
periods of regular field strength.

where R is the recorded parameter in sediment (e.g., '°Be/’Be), S a function that describes the primary source of
the recorded signal (e.g., the global production rate P in case of '°Be), B a proportionality factor, and A an offset
accounting for field-independent sources of the recorded signal. In the case of Be records, B describes the ef-
ficiency with which '°Be is transported to the site and scavenged by the depositing sediment, while A >0 rep-
resents unsynchronized Be inputs originating from '°Be reservoirs with long residence time, which might affect
sites with >3,000 m water depth. This term is negligible for MD95-2016 (Savranskaia et al., 2021).

Ideal cosmogenic records are characterized by A = 0 and a site-specific, time-independent proportionality co-
efficient B, so that R in Equation 2 can be converted to a global production rate, and, assuming a constant flux of
cosmic rays, to the geomagnetic dipole moment. In the case of cosmogenic Be records, this conversion is based on
m/myx Q' (R/Ry), with Ry = R(t,) for a reference epoch #, where the dipole field intensity was close to the
modern value my. In reality, B is affected by environmental factors and is therefore time-dependent. The time
dependency of B introduces a climatic modulation of the geomagnetic signal. In the case of marine sediments,
B = T-K, where K is the sediment scavenging efficiency, and T a transport term expressing the time-integrated
concentration of dissolved Be encountered along the settling path of suspended sediment—'°Be adsorbed on land
practically does not contribute to the final authigenic concentration (Wittmann et al., 2017). The use of isotopic
ratios (e.g., '’Be/’Be) sets K = 1, thus eliminating the effect of scavenging efficiency variations, provided that
both isotopes are characterized by the same 7'. This simplification, however, is not necessarily correct given the
different geographic distribution of '°Be and *Be sources, which typically generate distinct source-site connecting
paths.

Equation 2 with time-dependent coefficients A and B has been used to model '°Be/’Be records of the Matyuama-
Brunhes reversals in five marine cores, including MD95-2016 (Savranskaia et al., 2021). Differences between
records from the Indian and Pacific oceans relative to MD95-2016 were explained by a combination of (a) site-
specific, almost time-invariant coefficients A and (b) site-specific time-dependent coefficients B(#) whose vari-

ations turned out to be well correlated with the 50 record. These observations led to the conclusion that climatic
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contaminations of '°Be/’Be records arise from a multiplicative modulation mechanism represented by the product
of a field-dependent and an environment-dependent term in Equation 2. During periods of normal field intensity,
small climatic contaminations of the '°Be record introduce large errors in geomagnetic moment reconstructions
obtained from Q™' (P/P,), owing to the non-linearity of Q (Figures 3d and 3e). These errors can easily exceed the
typical amplitude of secular variation.

4.2. Theory of Geomagnetic and Climatic Signal Separation

Principal Component Analysis (PCA) is a dimensionality reduction technique commonly used to decrease signal
complexity and extract relevant information (Jolliffe, 2002). For this purpose, a given set of signals is represented
as linear combination of orthogonal functions called principal components (PC). The PCs correspond to di-
rections of maximum variance of the data in the original measurement space after successive subtraction of each
PC from all signals. PCs are mathematical constructs which might or might not coincide with physically
meaningful signals. In the context of Earth sciences, PCA can be used as a stacking analog to isolate a global
signal from a set of geographically distributed records (e.g., Spratt & Lisiecki, 2016). In this case, the extracted
global signal is an optimally weighted average of the individual records. PCA can therefore be used to reconstruct
past variations of the global field intensity. In the case of RPI records, this approach sacrifices detailed field
geometry information to remove noise, overprints, and other unwanted signal variations from the data. This is not
expected to occur with cosmogenic records, which are intrinsically a global proxy of the dipole field intensity.
PCA has been applied to '°Be records from the Atlantic Ocean after normalization with ***Th (Christl
et al., 2010). The different affinities of Be and Th to specific minerals in the sediment make Th-normalized 10g¢
records particularly sensitive to lithological changes, and therefore susceptible to containing significant envi-
ronmental overprints. In this case, however, PCA did not lead to the identification of climate-related components
(Christl et al., 2010).

Equation 2 also describes RPI records: in this case, S(¢) is the ratio between the NRM of sediment and a laboratory
magnetization supposed to represent variations of the magnetic mineralogy, while A = 0 by definition. B rep-
resents the product of (a) the alignment efficiency of magnetic minerals during NRM acquisition and (b) the ratio
between the magnetic moments of remanence carriers in their NRM state and in the magnetic state induced by the
laboratory magnetization, respectively (Hofmann & Fabian, 2009). Conventional stacking is commonly used to
reduce RPI overprints at a regional or global scale. A single study adopted a different approach to eliminate
climatic overprints, using PCA on a set of records which included RPI and a set of environmental parameters
retrieved from the same core (Valet et al., 2011). This approach exploits additional information contained in
environmental proxies, which cannot be incorporated by conventional stacking techniques. As shown here, the
joint PCA analysis of geomagnetic records and climatic proxies can be applied even to cases where only a single
geomagnetic record is available.

The successful use of PCA for the purpose of isolating physical signals rely on the fulfillment of the following
conditions (Jolliffe, 2002):

1. Linearity. The analyzed records are linear combinations of a common set of signals (e.g., geomagnetic and
climatic variations), superimposed to record-specific variations which, in the context of PCA, are formally
equivalent to noise.

2. Orthogonality. The signal of interest must be orthogonal to the other signals (i.e., pairwise correlations be-
tween this signal and all other signals are zero).

3. Variability. Time samples from the common set of signals build Gaussian-like distributions with distinct
variances.

None of these conditions are fully met in real applications. Condition 1 is obviously not met in the context of
climatically modulated records of the geomagnetic field, because of the multiplicative term in Equation 2.
Condition 2 holds in the case of sufficiently long geomagnetic records, if climatic variations are statistically
uncorrelated to the Earth's magnetic field. Connections between climate and magnetic field variations, for
example, through Milankovic orbital cycles, have been proposed, but evidence is tenuous and highly debated
(Courtillot et al., 2007). A recent claim (Zhou et al., 2023) was based on the separation of paleomagnetic and
climatic signals in 198¢ records from the Chinese Loess Plateau (Zhou et al., 2007). A critical aspect of all
correlation analyses based on sedimentary records is represented by the cross-contamination of supposedly

SAVRANSKAIA ET AL.

7 of 26

85U8217 suoWWoD aAIea.) ajgeat|dde ayy Aq peusenoh afe sappiie YO ‘8sn Jo sajnu Joj Akeiq 1T 8uljuQ AS|IAA UO (SUOIPUOD-PUE-SWLIBIALI0D" A3 | 1M Afeid 1 pUUO//:SdNY) SUORIPUOD pue SWd | 8U) 89S [20z/2T/LT] uo AriqiTauliuQ A1 ‘oueld auelyoo) Ad 19/ TT009%202/620T 0T/10p/wod A 1m Arelqpuljuosgndnbe//sdny woiy papeoumoq ‘2T ‘v202 ‘/20252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011761

independent proxies, notably, climate and RPI, as we show in this study. Condition 2 is also violated by coincident
events, regardless of causality. For instance, a number of paleomagnetic excursions during the Brunhes chron (0—
780 ka) was noted to occur during minima in precession and warmer interglacial episodes (Carcaillet et al., 2004).
Finally, condition 3 is met to a good degree of approximation in the case of records with unimodal statistics.

Additional considerations are thus required to establish whether, and under which conditions, B(¢) and S(¢) in
Equation 2 can be separated by PCA. We begin by expressing the climatic modulation as B(t) = by + b,5B(z)
with site-specific coefficients by and b, and a site-independent function §B(¢) with zero mean (i.e., (6B(7)) = 0)
representing global changes of the field recording efficiency. In this case, Equation 2 becomes

R(1) = boS(1) + b1S(0) 6B(2) + p(2), 3)

where p(7) is a noise term that includes A(¢) and other record-specific inputs. In Equation 3, S(¢) is separable from
the other terms only if (S(¢) p(¥)) = 0 and (S(¢) 6B(¢)) = 0 (condition 2). The latter criterion is satisfied for
sufficiently long time series, provided that geomagnetic and climatic variations are driven by completely inde-
pendent processes. If both criteria are met, the geomagnetic component S(¢) is captured by a corresponding
principal component PC,,, while a second principal component reproduces the mixed global signal S(¢)6B(7)
corresponding to the second term of Equation 3. Additional PCs represent record-specific inputs contained in p().

The finite duration of the analyzed records introduces random violations of the orthogonality condition, adding
uncertainty to the PCA results. In mathematical terms, residual contaminations of PC,, are caused by a rotation
of the orthogonal set of PCs away from their correct orientation in the measurement space. Accordingly, the
inclusion of climatic/environmental proxies play an important role in fixing the direction of PCs that supposedly
represents the time variations of B(¢). Climatic proxies can be expected to be linearly related to B(z), but not to
S()6B(1). The peculiar properties of geomagnetic field variations, however, allow to overcome this problem. This
can be shown by reformulating Equation 3 in a form that provides the desired linearity. For this purpose, we use
the long-term average S, = (S(r)) of the geomagnetic signal to write S(t) = S, + AS(¢) and obtain

R(l) = bOSO + boAS(I) + b1S05B(l) + bl AS([)&B(I‘) + p([) (4)

Now, b;S, can be replaced by a new constant coefficient, while the offset byS,, which corresponds to (R(¢)) by
definition, is irrelevant to the PCA. Accordingly, the only mixed term remaining in Equation 4 is b; AS(¢) 5B(t).
This term is the product of two quantities that represent deviations from the long-term means of S(¢) and B(¢). In
the case of good-quality paleomagnetic records, climatic contaminations can be assumed to be relatively small, so
that b,6B(f) < by. In order for the mixed term to be negligible, the condition AS(r) < Sy must hold as well. This
condition is fulfilled during periods of stable field conditions—when S, and AS(¢) correspond to the mean
geomagnetic signal and its changes due to secular variation, respectively—but not during field excursions and
reversals, when the cosmogenic production rate, and thus AS(z), almost doubles (Figure 3). Nevertheless, the
limited duration of significant geomagnetic events ensures that AS(r) < S, for most of the samples taken from
sufficiently long records. The remaining samples have a limited effect on covariance matrices and thus on PCA
results. Accordingly, geomagnetic (R) and climatic (X) records take the desired linear form

R(t) = (R) + byAS(t) + b 5B(1) + p(),

®)
X(0) = (X) +x16B(1) + x(1),
where p(7) is a residual signal containing also the linearization errors associated with invalid assumption
AS(f) < Sy during excursions and reversals.

4.3. PCA Implementation

In order to test the efficiency of the proposed PCA approach in removing climatic contamination from
geomagnetic records, we provide an example based on the worst-case scenario of a single geomagnetic record—
namely '°Be or '°Be/’Be from core MD95-2016. Additional records used to constrain climatic effects are ob-

tained from environmental proxies measured on the same core. These proxies include “Be, 6'%0, elemental ratios,
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and the magnetic susceptibility y. Significant reduction of the climatic overprint of '°Be in this example repre-
sents an important proof of principle for future applications based on multiple sites.

In order to deal with highly contrasting variations of signals characterized by different units, PCA has been
performed on the standardized records

R—(R) X — (X;)
4o sd(R) and - x(1) sd(X;) ©
PCA analysis of n signals yields n principal components PCy, ... ,PC, in order of decreasing contributions to the

signal variance. One of these PCs, designated as PC, = PC,,, is expected to represent common geomagnetic
variations in the corresponding records (in our example, a single record). At least one of the remaining com-
ponents carries a common climate signature, whereby the exact number of PCs needed to represent relevant
climatic variations depends on the number of independent signals contained in the climate proxies. Accordingly,
the global part of the standardized geomagnetic measurements is given by

l<n
K1) = ¢,PCy() + Y. ¢PCi(0), @)

i=l
i*g

where the first and second terms on the right-hand side represents the field-driven component of geomagnetic
record and its climatic modulation, respectively. Combination of Equations 6 and 7 yields the geomagnetic
component

S(1) = (R) — A + ¢, sd(R) PC,(1) ®)

of the record R, where A is the (unknown) offset defined in Equation 2. Determination of A and a proper
normalization is required to transform S, into the desired field intensity reconstruction. In the case where R is a

cosmogenic Be record, this last step is performed by solving

PO _ Ry — 4 + ¢, sd(R) PC,(1)] = Q<@> ©)
Py mq

with respect to the offset A and the scaling parameter b,. The two main assumptions underlying this solution are
that (a) PCA properly identifies the geomagnetic component with a single PC, and that (b) cosmic ray flux
variations are negligible during the time interval covered by the records. Assumption (b) might not be valid: for
instance, variations by up to a factor 1.5 over the last 35 ka have been detected from in-situ produced '*C in an ice
core from Greenland (Lal et al., 2005). Equation 9 contains two unknown coefficients, A and b, which need to be
determined before solving with respect to m/mg. The determination of A and b, requires a minimum of two
calibration points corresponding to epochs with different geomagnetic dipole strengths obtained from a reference
paleomagnetic model. Two-point calibrations are prone to errors originating from the uncertainty of the reference
model and from possible age offsets.

A more robust approach to the determination of the unknown coefficients consists in using the solution of
Equation 9 with respect to PC, as model function for a least squares regression of an existing geomagnetic model.
Best-fit A and b, values tend to be strongly correlated, and therefore poorly determined, if the curvature of Q over
the range of dipole moments expected during the time interval under consideration is small compared to the scatter
of PC,. This is clearly seen in the limit case where Q, and therefore also PC,, are nearly linear, in which case
Equation 9 yields infinite combinations of A and b, values with same fitting performance. If A = 0 can be assumed,
as in the specific case of MD95-2016, a stable solution can always be obtained for b, in analogy with the usual
normalization procedure for cosmogenic Be records (e.g., Simon, Thouveny, Bourles, Valet, et al., 2016).
Otherwise, solutions for A and b, can be stabilized by adding a regularization term to the mean squared residuals to
be minimized, such that solutions with unrealistically large values of A are penalized. Taking the residuals » of a
regression with A = 0 as a measure of the typical error of the reconstructed record, and, at the same time, as a
threshold above which A becomes significant, the function to minimize for obtaining A and by is given by
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(boA)
chvar(R)Z ( ) — (R) — ¢,sd(R)PC, (z) B (10)

As shown later, Equation 10 yields very small values of A when applied to the Be record of MD95-2016 and the
corresponding PCA results.

4.4. Uncertainty Estimation

Violations of the three conditions required to retrieve the geomagnetic signal from a set of geomagnetic and
environmental records (Section 4.2) add uncertainties to the PCA results. These uncertainties can be regarded as
the result of the stochastic nature of input data (Gortler et al., 2020), where the particular set of records used for
PCA represents a single realization of a multivariate probability distribution. In our case, two main stochastic
sources contribute to the uncertainty of PCA results: (a) orthogonality errors (e.g., (S(1)B(t)) # 0) caused by the
finite duration of the records, and (b) site- or proxy-specific contributions to the records (p(f) and y(¢) in
Equation 5). The first error source cannot be accounted for, as S(z) and B(¢) are unknown. The second error source
can be estimated with a bootstrap approach if site- or proxy-specific contributions can be assumed to be iden-
tically distributed (Babamoradi et al., 2013). Bootstrap methods require a large number of input records and
cannot be used in our application. Therefore, we opted for a Monte Carlo approach where an a-posteriori error
estimate is assigned to each record.

The a-posteriori error estimate £(f) of a record X(r) is identified with the difference between X(r) and its
reconstruction based on the PCs assigned to S(r) and B(z). In the context of the above mentioned stochastic
approach, £(7) is a random realization of a stochastic vector E(f) whose autocovariance function is approximated
by Exx(r) = (X()X(¢t + 7)). The autocovariance function can be used to generate random copies of the original
error estimate. These copies are noise signals with power spectrum E¥, () defined by the Fourier transform of
Exx. Accordingly, the inverse Fourier transform of

E5(v) = \/Efy(v) 70, €8))

is a random realization of E(z), with e(v) being an independent random number comprised between 0 and 1 for
each discrete frequency v (Timmer & Konig, 1995). The Monte Carlo simulation of PCA errors consists in
generating copies of the original records through the addition of random realizations of the a-posteriori error
estimates. Each set of copies is used as a new PCA input, obtaining PCs that can be identified with realizations of
the (unknown) stochastic functions that build the input data. It is thereby implicitly assumed that errors from
different records are uncorrelated. This assumption cannot be verified and might not be completely valid.
However, avoidance of redundant records based on proxies that are obviously correlated (e.g., '’Be and '°Be/’Be)
is expected to minimize the impact of correlated errors.

5. Results and Discussion
5.1. Authigenic '’Be and *Be Records in the North Atlantic

Authigenic '°Be concentrations in MD95-2016 are comprised between 2.55 x 10% and 12.45 x 10® at-g™'
(Figure 4a). The average (6.11 x 10% at-g~") is ~3 times larger than that of sediments from the Central Baffin
Bay during the last 140 ka (Simon, Thouveny, Bourles, Valet, et al., 2016), ~1.6 times larger than that of a record
from the Central Arctic Ocean (Frank et al., 2008), and compatible with the range observed for the Arctic and
Norwegian Seas (Eisenhauer et al., 1994). A comparison with the neighbor site ODP 983 is possible only over a
short time interval during the Icelandic Basin geomagnetic excursion (~190 ka): in this case, the authigenic '°Be
concentration in MD95-2016 is ~3.6 times larger than in ODP 983 (Knudsen et al., 2008).

Authigenic °Be concentrations in MD95-2016 range from 1.02 x 10' to 3.43 x 10'¢ at-g~" (Figure 4b). These
values are twice as large as for a Central Arctic record (Frank et al., 2008), slightly higher than the mean of the
central Baffin Bay and ~10 times larger than at the neighbor ODP site 983. The “Be concentration is largest
during glacial marine isotopic stages, exceeding the average concentration by a factor ~1.5. The effect of glacial-
interglacial cycles on °Be is clearly demonstrated by the positive correlation with Ti/Ca (r = 40.65, Figure 2),
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Figure 4. Authigenic Be records. (a, b) Measured '°Be and °Be concentrations (“Bepe,”), long term linear trends of the
measured data (“trend”), and detrended measurements (“Bey”). (¢) Authigenic 19Be/°Be (gray, left scale) and the global RPI
stack SINT-2000 of Valet et al. (2005) converted to a synthetic '°Be production rate P/ P, using the function Q defined in
Section 4.1 (orange, right scale). Vertical gray bands highlight periodic maxima in the *Be record.

which reflects the low affinity of Be toward calcium carbonate (Chase et al., 2002). The correlation between Ca
and '"Be is weaker than with °Be, as expected from the fact that '°Be variations are mainly driven by the
geomagnetically controlled production rate, but in some intervals (e.g., 105-150, 242-300, 324-393 ka) '°Be
appears to be negatively correlated with the Ca content, contrary to *Be. This might be explained by a dilution
effect caused by high fluxes of IRD, since the terrigenous material transported by IRD is poor in '°Be and rich
in *Be.

Authigenic '°Be/’Be is comprised between 1.32 x 10~% and 4.46 x 1078, with a mean of 2.92 x 1078
(Figure 4c). This mean is lower than the (4-6) X 107% range reported for DNA waters (von Blanckenburg
etal., 1996), and (5-8) x 1078 for deep Arctic waters (Frank et al., 2009). The overall smaller 19Be/°Be values in
the North Atlantic, relative to the Pacific, are caused by larger terrigenous inputs, as indicated by the correlation
with °Be (2 = —0.42), Zr/Sr (* = —0.53) and Ti/Ca (2 = —0.47). Despite evident climatic contaminations of
the '°Be/’Be record, several peaks (e.g., 100 ka, 190 ka, 380, and 550 ka) agree with '°Be maxima during major
geomagnetic events recorded by RPI (Figure 4c). As discussed in Section 4.1, the climatic modulation of
cosmogenic records is smallest during such events, while it easily masks secular variations during periods of
normal field intensity (Figures 3d and 3e). This explains the overall poor agreement between '°Be/’Be and RPI

A long-term concentration trend is observed for both Be isotopes. This trend implies an almost linear increase of
authigenic Be concentrations over the last 600 ka (Figures 4a and 4b). Absence of a similar trend in '°Be/’Be
means that both isotopes are equally affected (Figure 4c), excluding explanations calling for a faulty '°Be, as well
as long-term trends affecting the strength of the geomagnetic field or the cosmic ray flux. Alternate explanations
include (a) the remobilization of weakly adsorbed authigenic Be inside the sedimentary column and subsequent
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expulsion during compaction, (b) a systematic increase of the Be scavenging efficiency over time, (c) an increase
of eolian inputs due to changes in the atmospheric circulation, and (d) a long-term change in deep water circu-
lation controlling delivery of Be to the site. Authigenic Be remobilization has been shown to be an important
source contributing to the global oceanic beryllium budget (Deng et al., 2023; Savranskaia et al., 2021). Expulsion
of Be-rich pore water leads to the formation of a deep-water Be pool that does not represent atmospheric and
continental inputs. Scavenging of this pool by depositing sediment adds a nearly constant contribution to the Be
record, yielding A > 0 in Equation 1 (Savranskaia et al., 2021). This contribution has been detected only at sites
with water depths >2.5 km, where poorly mixed bottom waters are characterized by '°Be residence times >1 ka
(von Blanckenburg & Igel, 1999). Its absence in core MD95-2016 implies that there is no significant accumu-
lation of benthic beryllium released into the water column, without excluding diagenetic losses.

A systematic increase of the sediment scavenging efficiency over time can be excluded, as there is no long-term
change in sediment lithology that is compatible with the observed trend. Long-term trends of the eolian input or a
systematic change of the atmospheric circulation pattern during the last 600 ka have not been reported. In contrast,
an increased supply of terrigenous material to the North Atlantic Ocean during the last 2.5 Ma was inferred from
changes of 2°°Pb/”**Pb and '*Nd/'**Nd in ferromanganese crusts (Frank, 2002; von Blanckenburg &
Nigler, 2001). This trend is compatible with an intensification of the North Atlantic Deep Water current within
the same period of time, due to the onset of Quaternary glaciations (Raymo, 1994). Because Pb and Nd isotopes
cannot be used to distinguish intensified erosion/weathering from changes of deep water circulation (Burton
et al., 1997), measurements of '°Be/’Be in ferromanganese crusts from the northwest Atlantic have been used to
differentiate between the two processes (von Blanckenburg & O'nions, 1999). Ferromanganese 19Be/’Be in the
North Atlantic and Pacific Oceans did not change significantly over the last 7 Ma; however, this result does not
preclude the possibility that similar relative changes in the concentration of the two isotopes occurred over the
same time interval.

Because the presence of artifacts in long-term trends in the input data can bias the results of PCA analysis, the
19B¢ and °Be records have been detrended prior to further analyses. The correction has been performed by
multiplying 19B¢ and °Be concentrations with 1/ (1 — ct), where 1 — ct, with constant coefficient c, is the
empirical linear trend determined by a least squares fit of the data shown in Figure 4. The same value of ¢ was used
for '°Be and for °Be.

5.2. Glacial-Interglacial Cycles

Bulk geochemical analyses (XRF) allow us to interpret past environmental changes and their impact on Be re-
cords in terms of (a) mineralogical, (b) grain size, and (c) sediment provenance variations. The most significant
changes in XRF elemental ratios are correlated with intervals of elevated “Be concentrations occurring during
glacial marine isotopic stages (Figures 2 and 5). Glacial stages are generally characterized by a reduced carbonate
content and an increased terrigenous flux into the Atlantic Ocean (Balsam & McCoy, 1987). The evolution of
carbonate concentration is mirrored by Ca/Ti—a proxy for the ratio between biogenic (Ca) and detrital (Ti)
inputs, and by Ca/Sr—a proxy for the ratio between biogenic (Ca) and detrital (Sr) carbonates.

The evident 100 ka periodicity of *Be and '°Be/’Be records correlates with variations of Zr/Sr (Figure 5a), which
is an indirect proxy of ice-rafted debris (e.g., Hodell et al., 2010; Margari et al., 2020). IRD material was mainly
deposited within the primary IRD belt given by the North Atlantic surface water circulation (Ruddiman
et al., 1970). The evident correspondence between Zr/Sr (Figure 5a) and IRD records (Figure 5b) from two
neighbor ODP sites 982 (Venz et al., 1999) and 983 (Barker et al., 2015) confirms that the MD95-2016 site is
located within the IRD accumulation zone (Venz et al., 1999). Zr/Sr and IRD peaks during glacial periods indicate
that detrital material is delivered to the site via massive glacier calving as the ice front reached its maximum
seaward position, rather than during glacier melting (Bond et al., 1992; McManus et al., 1999). IRD layers are
poor in detrital carbonate and rich in silicates (Hodell et al., 2008), as seen by Si/Sr (Figure 5c). Authigenic *Be
concentration maxima during periods of high silicate content and IRD inputs (Figures Sb—5d) point to a common
detrital source, with authigenic °Be released during ice melting being transported by oceanic currents (Mea-
sures & Edmond, 1983; von Blanckenburg et al., 2012). Large oceanic currents are thus expected to be the main
factor controlling the *Be concentration in sediment.

Some studies suggest that the North Atlantic thermohaline circulation did not change significantly across glacial-
interglacial cycles (Foster et al., 2007; von Blanckenburg & Nigler, 2001), while recent findings revealed a
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Figure 5. Comparison between beryllium records and environmental proxies. (a) Zr/Sr as proxy for bulk sediment grain size
(left scale, dotted gray line), and global stack HMM of benthic 5'80 (solid blue line, right scale). (b) Ice Rafted Debris (IRD)
(predominantly by quartz and volcanic material) in ODP cores 982 and 983. (c) Detrended 19Be (dotted black line, left scale),
and Si/Sr as proxy of IRD (solid gray line, right scale). (d) Detrended *Be (dotted black line, left scale) and Ti/Ca, as proxy of
the ratio between detrital (Ti) and biogenic (Ca) inputs (solid gray line, right scale). Vertical gray bands highlight periodic
maxima in the *Be record.

persistent 100 ka periodicity of "**Nd/'**Nd, which reflects an increased inflow of water masses from the
Southern Ocean into the DNA during glacial periods and weaker overturning circulation (Kim et al., 2021).
Another source of glacial-interglacial cyclicity of *Be is related to the scavenging efficiency of sediment, which is
sensitive to mineral size and composition (Boschi & Willenbring, 2021; Bourles et al., 1989). Clay content, which
is representative of fine sediment fraction, is reflected by Rb/Sr. While there is strong enrichment of Rb in mica
and detrital clay minerals (Croudace & Rothwell, 2015; Kylander et al., 2011), Sr is often associated with the
presence of aragonite, which forms in shallow waters (Frijia & Parente, 2008). The strong positive correlation
between °Be and Ti/Ca and Rb/Sr (Figure 2, Table S1 in Supporting Information S1) suggests a modulation of the
scavenging efficiency by sediment grain size. This is also confirmed by the decreasing Ti (Ti/Fe) content during
glacial periods (Figure 2), which indicates sediment fining, and thus a more efficient Be adsorption (Simon,
Thouveny, Bourles, Nuttin, et al., 2016).

Environmental factors specifically affecting '°Be, and thus also '°Be/’Be, are more difficult to assess. The source
distribution of '°Be is different from that of “Be, yielding distinct responses to changes of the oceanic circulation
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pattern. Site-specific processes affecting the '°Be concentration in MD95-2016 might include inputs of '°Be
accumulated on ice sheets during glacial times and subsequently released by melting (Frank et al., 2008; Simon,
Thouveny, Bourles, Nuttin, et al., 2016). The lack of '°Be peaks corresponding to IRD events (Figure 5c) suggests
that melting of ice masses does not deliver '°Be isotopes to the MD95-2016 sediment to the same extent as
terrestrial °Be.

5.3. PCA

In order to disentangle the geomagnetic and environmental components of the Be record of core MD95-2016, we
performed a PCA analysis according to the method discussed in Section 4, using the following 10 records: 530,
detrended *Be and '°Be (Section 5.1), y, and the logarithms of Si/Sr, Ca/Sr, Sr/Rb, Ti/Ca, Ti/K, and Zr/Sr ratios
of elemental XRF intensities, which are linearly related to concentration ratios. All records were standardized
using Equation 6. The first two principal components, PC; and PC,, explain 49.6% and 16.7% of the total signal
variance, respectively (Figure S4 in Supporting Information S1). PC; evidently reflects detrital input variations,
as seen by the good (2 > 0.9, Table S2 in Supporting Information S1) correlations with Ti/Ca (detrital input), Zr/
Sr (bulk sediment grain size) and Rb/Sr (weathering). These variations mainly reflect glacial-interglacial cycles
(Figure 6a, r* = 0.65), and correlate well with *Be (1> = 0.77). Due to the multiplicity of climatic proxies used
as inputs for PCA, PC, (Figure 6a) explains the largest variance of the data set.

PC, is related mainly to '°Be (r2 = —0.78) , explaining 75% of its variance: it is therefore identified with PCy,.
The global 10B¢ productivity obtained from PCeo by Equations 9 and 10, referred to as loBegeO in the following, is
overall coherent with the composite global record of relative paleointensity SINT-2000 (+* = —0.51, Figure 6b),
and, to a much lesser extent, with PISO-1500 (> = —0.29, Figure 6c¢), despite the contrary might be expected
from the fact that PISO-1500 is based on sites from the same oceanic basin as MD95-2016. Because SINT-2000
was not used as input for PCA analysis, this result can only be explained by assuming that PISO-1500 contains
significant climatic overprints. PCy, contributes also significantly to the variances of y and Ti/K (48% and 43%,
respectively): this is unexpected, since geomagnetic components should not contribute to climatic proxies if
variations of the Earth's magnetic field (AS in Equation 5) and of climatic parameters (6B in Equation 5) are not
correlated. Possible reasons are discussed in Section 5.5.

PC; and higher components explain the remaining 33.7% of the total signal variance, with individual contribu-
tions not exceeding 10%. The main climatic and geomagnetic signals are therefore identified with PC; and PC,,
respectively. The remaining principal components have been treated as noise and used to estimate the uncertainty
of 10Begeo using the Monte Carlo approach described in Section 4.4. The confidence intervals of ]OBegeO have
been defined by the 25% and 75% quantiles of the ensemble of PCA solutions obtained from 100 Monte Carlo
simulations of the input records. The contribution of PC; to the '°Be record (Figure S5a in Supporting Infor-
mation S1) is mainly reflected by the sea surface water temperature (SST), as indicated by the good match with a
SST record from the neighbor core ODP 982 (Herbert et al., 2016). The SST record of ODP 982 is driven by
global and regional processes over short (e.g., direct forcing by insolation cycles, changes in the surface wind
fields, growth and decay of sea ice) and long (e.g., growth of continental ice sheets) time scales (Lawrence
et al., 2009). The total contribution of PC, and PCs to the '°Be record does not show obvious relations with
climatic proxies (Table S2 in Supporting Information S1), nor with the geomagnetic field, except for the 390-470
ka interval (Figure S5b in Supporting Information S1), where variations of PC, , s match the '°Be production rate
expected from SINT-2000. This means that either SINT-2000 contains a climatic contamination that is captured
by PC, and PCs, or that part of the geomagnetic modulation of '°Be leaked into PC, and PCs.

The majority of geomagnetic excursions seen on SINT and PISO stacks are characterized by a significant
decrease of the field intensity. Accordingly, most of the known geomagnetic events during the last 600 ka are
reflected by corresponding mBegeO peaks (Figure 6). Apparent time offsets with respect to RPI stacks are mostly
limited to 1-4 ka, except the Calabrian Ridge II event with 9 ka (Table S3 in Supporting Information S1). These
offsets lie within the uncertainty of the age model (Figure S3 in Supporting Information S1); nevertheless, RPI
lags 1()Begeo in most cases. This is expected in sediments carrying a post-depositional remanent magnetization,
since this type of magnetization is locked below the typical mixing depth of bioturbated sediment (Egli &
Zhao, 2015). Some excursions are missing in mBegeo, while other peaks (e.g., at ~170 ka) are not reflected by RPI
records. Major discrepancies between 10Begeo and SINT-2000, in excess of the PCA confidence intervals, occur at
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Figure 6. Principal component analysis results. (a) Rescaled climate-driven variations of '°Be obtained from PC, (left), and
HMM benthic 5§80 stack (right, Ahn et al., 2017). Numbers correspond to marine isotopic stages. (b, c) Rescaled
geomagnetically driven variations of '°Be obtained from PC, (left, error bars represent confidence intervals), compared to the
paleointensity stacks SINT-2000 (Valet et al., 2005) and PISO-1500 (Channell et al., 2009) converted to P/ P, (right).

(d) Comparison between '’Be,, and the stacks SINT-2000, PISO-1500, and '°Be/’Be from Simon, Thouveny, Bourlés, Valet,
et al. (2016). Identified geomagnetic events are based on Roberts (2008), Laj and Channell (2015), and Simon, Thouveny,
Bourles, Valet, et al. (2016).

four discrete time intervals: 150-190 ka, 280-320 ka, 350—420 ka, and 520-550 ka. These intervals are not
systematically related to specific climatic conditions, but, as discussed in Section 5.5, differences between loBegeO
and RPI stacks correlate with the magnetic susceptibility record of MD95-2016.

5.4. Assessing the Effectiveness of PCA

The improvement of the global field reconstruction obtained with our PCA analysis, relative to original '°Be and
19Be/*Be records, is evident when analyzing scatter plots of P/ P, versus m/my obtained from a reference model,
chosen to be SINT-2000 (Figure 7). In these plots, the congruence between '°Be- and RPI-based records is
measured by the data scatter around the theoretical relation P/ Py, = Q(m/my) predicted by cosmogenic isotope
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Figure 7. Relation between m/m obtained from the SINT-2000 RPI stack and P/ P, obtained from (a) 10B¢ (this work),
(b) IOBegeo (this work), () '°Be/°Be (this work), and (d) '°Be/?Be (from Simon, Thouveny, Bourles, Valet, et al. (2016)).
Solid black lines represent the geomagnetic modulation function Q of P/ P,.

production models (solid lines in Figure 7). Taking SINT-2000 or PADM2M as error-free references, the scatter
is quantified by the root mean square (RMS) of residuals given by A = P/P, — Q(m/my). The poor perfor-
mance of *Be as normalizer of the cosmogenic '°Be record of core MD95-2016 is seen by comparing the residuals
obtained from '°Be/’Be (RMS: 0.245 for SINT-2000, Figure 7c, and 0.256 for PADM2M) and from '°Be (RMS:
0.199 for SINT-2000, Figure 7a, and 0.207 for PADM2M). Consideration of the unnormalized 19Be record re-
duces the scatter significantly, but potentially introduces new artifacts caused by temporal changes of the
scavenging efficiency. Scavenging artifacts that are reproduced by at least one of the climatic proxies chosen for
the analysis of core MD95-2016 are expected to be eliminated by PCA. Indeed, a further reduction of the residuals
is obtained with 1OBegeo (RMS: 0.163 for SINT-2000, Figure 7d, and 0.172 for PADM2M). Despite being derived
from a single-core record from a site heavily affected by glacial-interglacial cycles, 10Begeo is compatible, in
terms of quality, with a 19Be/*Be stack (RMS: 0.146) chosen for comparison (Simon, Thouveny, Bourles, Valet,
et al., 2016).

Despite the good performance of our PCA analysis, lOBegeo is not completely free of artifacts, as seen by the
temporal patterns of A (Figure 8). We identify three types of artifacts contributing significantly to A, with ex-
amples highlighted in Figure 8b:

o Type 1—Spikes. Spikes tend to be associated with similar short-term variations of L*, a proxy of the CaCOj;
content (Figure 8d), and Ti/K (Figure 8e), a proxy for sediment provenance in the North Atlantic which
discriminates basaltic (Ti-rich, large y) silts transported from local volcanic sources from finer-grained felsic
(K-rich, smaller y) sediments (Mirzaloo et al., 2019).

o Type 2—Trends. A contain short- and long-term trends lacking an obvious relation with geomagnetic ex-
cursions and with all environmental proxies, except for magnetic susceptibility (Figure 8c). Similar
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Figure 8. Analysis of principal component analysis residuals. (a) IOBegeo, PADM2M, and SINT-2000 converted to P/ P,.
(b) Difference A between 10Begeo and SINT-2000 in (a). Examples for three types of artifacts described in the text are
highlighted in (a—b). (c—e) Comparison of A (gray, left scale) with magnetic susceptibility y, lightness L*, and Ti/K (black, right
scale). All records on panels c—d were normalized for comparison.

discrepancies are also observed among SINT-2000, PISO-1500, and the '°Be/’Be stack of Simon, Thouveny,
Bourles, Valet, et al. (2016) over the same time intervals (i.e., 150-190, 280-320, and 350-420 ka), thus
excluding explanations calling for significant changes of the cosmic ray flux. The origin of these artifacts is
discussed later.

SAVRANSKAIA ET AL.

17 of 26

85US0| 7 SUOWIWIOD SISO 3ged! [dde 8y} Ag pausenob ke sajoie YO @8N JO Sa|n. Joj Akeiqi 8UljUO AB]1M UO (SUORIPUCD-PUB-SLLBY /WD A3 | 1M AReiq 1 puljuo//:SdNY) SUORIPUOD PUe Swiid 1 8} 88S *[202/cT/LT] uo A%eiqi auluo 48| ‘souei aueIya0D Aq T9.TTODOYZ0Z/620T OT/I0p/w0d A3 im AriqputjuosandnBe/sdny woiy papeojumoq ‘ZT ‘720z ‘L20¢5eST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011761

o Type 3—Age model artifacts. Age model differences between MD95-2016 and the magnetic field reference
(in this case, SINT-2000 and PADM2M) contribute to A proportionally to the rate of field change.
Accordingly, increased residual amplitudes are expected to coincide with geomagnetic excursions and re-
versals, as particularly evident for the Icelandic Basin excursion (185-193 ka) highlighted in Figures 8a and
8b. Detailed analysis of this excursion and the Laschamps one (42-43 ka), yield an age offset of +2.7 ka and
+3.5 ka for the SINT-2000 records of the Laschamps and the Icelandic Basin excursions, relative to MD95-
2016. Correction of these offsets (Figure S6 in Supporting Information S1) eliminates the corresponding
artifacts in A. The detected age offsets are compatible with the estimated time model uncertainty.

Among the three types of residual artifacts discussed above, Type 3 is the easiest to remove, since it requires a
simple adjustment of the age model according to detected age offsets during excursions and reversals. An
adjustment of the lOBe‘geo record with respect to SINT-2000 reduces the residual RMS from 0.156 to 0.151
(Figures S6 and S7 in Supporting Information S1). Most importantly, it eliminates incorrect interpretations of
differences between paleomagnetic and cosmogenic isotope records of the Earth's magnetic field in terms of field
geometry effects when the dipole component is not dominant.

Type 1 artifacts are evidently associated with glacial melting. As discussed in Section 5.2, glacial melting causes
strong variations in the Be transport pattern. “Be is mostly affected, through the ice-rafted delivery of detrital
material. Delivery of Be to the MD95-2016 site is controlled by the interplay between the NAC coming from the
South, and the Iceland-Scotland Overflow Water ISOW) and Norwegian Sea Deep Water (NSDW) coming from
the North. The lower '°Be concentration in deep Arctic waters feeding the ISOW and NSDW currents—350—750
at-g~"' (Frank et al., 2009), compared to 770-860 at-g~' for mid-latitude deep waters along the NAC (Luo &
Ku, 2003)—makes the '°Be record sensitive to current patterns. Because the source distribution of '°Be is distinct
from that of sediment, mineralogic proxies such as Zr/Sr, Ti/Ca, Si/Sr, and Ti/K, do not fully represent the
climatic modulation of '°Be, which is the reason why artifacts of the '°Be record are not completely removed
by PCA.

Finally, we discuss the observed correlation between A and magnetic susceptibility y (* = 0.63, Figure 8c), and,
to a lesser extent, Ti/K (r> = 0.53, Figure 8e). Field geometry-related differences between 10Begeo and RPI
records are expected to occur mainly during periods of low dipole field intensity, and this is obviously not the case
for A, except for Type 3 residuals caused by age model differences. Differences with paleomagnetic records
might also reflect a modulation of the '°Be production rate by cosmic rays. In both cases, however, a correlation
with environmental parameters is not expected. We are therefore left with the assumption that either 10Begm, or
the RPI stacks chosen as reference, or both, contain a climatic contamination that is best represented by y.
Coincident spikes (e.g., at 250-260 ka) and stepwise offsets (e.g., 380—400 ka) in A and y point to features
originating from 10Begeo, since these sudden changes are absent in SINT-2000 and PADM2M (Figures 8a and 8b).
Differences between SINT-2000 and PADM2M are generally much smaller than between these records and
1OBegeo. mBegeO must therefore contains residual artifacts that have not been properly removed by our PCA
analysis. One of the largest discrepancies between PADM2M and SINT-2000 occurs at 390—420 ka and coincides
with a large Type 2 artifact of the loBegeo record (Figures 8a and 8c).

We speculate that the reason for y being the environmental parameter that most closely reproduces the residual
artifacts of lOBege‘, originates from variations of the scavenging efficiency. The partition coefficient K4 for Be,
which is a measure for the scavenging efficiency, is controlled by the particle size and mineralogy of sediment.
For instance, calcium carbonate has a much lower affinity toward dissolved Be (Kd ~ 2 x 10* ml/ g) than
biogenic silica (Kd ~ 1 x 10° ml/ g) and lithogenic fractions (Kd ~ 2 X 10° ml/ g) (Li, 2005; Luo &
Ku, 2004). Since magnetic susceptibility is mainly controlled by the concentration magnetic iron oxides such as
magnetite, which share similar K, values with other detrital components such as TiO, and silicates (Katsuta
etal., 2017), we expect variations of y to be representative for the lithogenic fraction, which in turn modulates the
scavenging efficiency of the bulk sediment. The fact that A is best represented by y, rather than *Be, might be
explained by the different provenance of sediment and dissolved terrestrial Be.

The persistence of an overprint proportional to y, despite this parameter being one of the environmental proxies
included in the set of input records, represents an evident limitation of PCA. Changing the weight of y in the PCA
input does not modify the results for lOBegeo (Figure S9 in Supporting Information S1). The unremoved overprint
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must therefore be attributed to a violation of the orthogonality condition discussed in Section 4.2, for instance
through the preferred occurrence of geomagnetic dipole lows during interglacial or transitional paleoclimatic
conditions (Thouveny et al., 2008; Zhou et al., 2023), which was shown by independent observations based on
RPI, '°Be, and records that cannot be affected by climatic overprints, such as seafloor magnetization.

5.5. Final Dipole Moment Reconstruction

As discussed in Section 5.4, the PCA-derived geomagnetic component of the '°Be record contains residual
climatic contaminations which correlate well with magnetic susceptibility, as seen by the by the agreement
between A and its best-fit analog A* = —0.42 + 0.02 y obtained from a linear transformation of the sus-
ceptibility signal (Figure 8c). Accordingly, an improved reconstruction of the cosmogenic Be production rate
is given by P*/P, = (P/P,) (10Be A™. Even if the coefficients used to calculate A* are based on the
comparison with a reference geomagnetic field model (in this case, SINT-2000), the new model (Figure 9)

geo) -

does not use more external information than the standard processing of cosmogenic Be records, since linear
rescaling is always required to convert these records into variations of the geomagnetic dipole moment (e.g.,
Simon, Thouveny, Bourles, Valet, et al., 2016).

As expected, discrepancies between the final model and RPI stacks, expressed by the RMS of
P*/Py — Q(m/my), are further reduced in comparison to the PCA result of Figure 8 (0.121 instead of 0.163 for
SINT-2000 and 0.126 instead of 0.172 for PADM2M), becoming smaller than those of the 19Be/9Be stack (RMS:
0.146) chosen for comparison. This improvement is mainly due to a general reduction of scatter and the elimi-
nation of a systematic offset between ~390 and 460 ka (Type 1 and Type 2 artifacts, respectively, see Section 5.4).
Two spikes (asterisks in Figure 9c) introduced by A* are evident artifacts related to y and have been excluded
from further processing. Finally, the model of Figure 9c has been converted to a geomagnetic dipole moment
(Figure 9d) using m = myQ~' (P*/P,), where Q' is the inverse function of Q. Our model and the '°Be/?Be
stack of Simon, Thouveny, Bourles, Valet, et al. (2016) feature significant discrepancies relative to each other and
relative to the RPI stacks. While differences between cosmogenic and paleomagnetic records can be expected
from an unsteady cosmic ray flux over geological times (e.g., Lal et al., 2005), no difference is expected among
cosmogenic records because of their global nature and the fact that the cosmic ray flux can be considered constant
during the <3 ka mixing time of Be in the oceans (von Blanckenburg & Igel, 1999). In fact, differences between
the two cosmogenic records and the RPI stacks are completely unrelated (r2 = 0.016), meaning that they are
dominated by recording artifacts, rather than field geometry or the cosmic ray flux.

Overall, the best agreement between the three geomagnetic dipole moment reconstructions of Figure 9d is
observed over the first ~120 ka and for the four clearly identifiable excursions at 42—43 ka (Laschamps), 62-64 ka
(Norwegian Greenland Sea), 120 ka (Blake), and 185-193 ka (Icelandic Basin). At older ages, the 19B¢/9Be stack
is affected by large oscillations that are not reflected by the other records. An overall good agreement between our
model and RPI stacks is also observed at ~200-260 ka and 540-570 ka, including the Big Lost excursion.
Assuming the remaining differences with RPI stacks to be entirely caused by the cosmogenic record, a further
reduction of residual overprints by a factor ~4 (from §P/P, =~ 0.2, e.g. at 160-180 ka, to 0.05, which is the
amplitude of short-time wiggles in SINT-2000 converted to P/ Py) would be required to resolve true differences
with SINT-2000 or PADM2M. This result might be attained by stacking ~16 cosmogenic Be records carrying
independent climatic overprints of similar amplitude as in MD95-2016. Less records would be needed in case of
conditions more favorable than those of North Atlantic sites.

6. Conclusions and Outlook

Sedimentary records of the Earth's magnetic field are unavoidably affected by environmental overprints. Over-
prints with strong regional or global correlation, such as those driven by the global climate, are difficult or
impossible to remove by conventional stacking. Furthermore, high-resolution cosmogenic records, for example,
of "Be, are limited in number, so that other techniques are required to disentangle geomagnetic and climatic
signals in such records. PCA has been used in the past to separate different common contributions within a set of
environmental or paleomagnetic records; however, the success of this approach depends heavily on the number of
available records (usually >>10), and on how well critical assumptions for the interpretation of principal com-
ponents are fulfilled. For instance, the multiplicative climatic modulation of geomagnetic signals formally vio-
lates the linearity requirements of PCA. Even after overcoming linearity issues, the limited number of
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Figure 9. Final model for the cosmogenic '°Be record of MD95-2016. (a) Normalized geomagnetic dipole moment from
SINT-2000 versus normalized cosmogenic '’Be production rate for l(’Begea — A* (dots). The geomagnetic modulation

function Q is shown for comparison (solid line). (b) Same as (a) for the '°Be/?Be stack of Simon, Thouveny, Bourlés, Valet,
et al. (2016). (c) Comparison between normalized cosmogenic 10 production rates obtained from SINT-2000, PADM2M,
loBegeo, and 10Begeo — A*. Asterisks highlight two spikes produced by A*, which are evidently an artifact related to y.

(d) Comparison between normalized geomagnetic dipole moments obtained from SINT-2000, the '°Be/°Be stack of Simon,
Thouveny, Bourles, Valet, et al. (2016), and 10Begeo — A*. Artifacts marked by asterisks in (c) have been removed.

geomagnetic events during the last millions of years and the scarcity of '°Be records poses statistical limits that
adds uncertainties to the PCA results.

In this work, we introduced a new approach for dealing with these limitations, which is based on the integration of
geomagnetic records with a set of relevant environmental proxies expected to represent the climatic modulation to
be removed. Inexpensive environmental proxies can be obtained for instance from elemental XRF measurements,
colorimetric analyses, and magnetic measurements. As a proof of concept, we applied this new approach to the
worst-case scenario represented by a single authigenic '°Be record from the North Atlantic core MD95-2016

covering the last 600 ka. In this core, '°Be and, to a greater extent, '°Be/°Be, are dominated by glacial-
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interglacial cycles. The benefit of removing lithology-driven variations of the scavenging efficiency through
normalization with *Be is obscured by even stronger variations of *Be delivery, for example, by ice-rafting debris.

Auxiliary measurements of §'80, magnetic susceptibility y, sediment lightness L*, and elemental ratios Si/Sr, Ca/
Sr, Sr/Rb, Ti/Ca, Ti/K, and Zr/Sr from the same core have been therefore used as climatic proxies expected to
represent—individually or as linear combination—the different climatic overprints of '°Be and '°Be/*Be. PCA
analysis of the complete set of records yielded 10 principal components: the first two components, which explain
64.4% of the total signal variance, could be identified with a global climatic signal and a geomagnetic signal,
respectively, by comparison with §'80 and with global RPI stacks. The third principal component reflects
regional environmental overprints as revealed by comparison with SST variations obtained from a neighbor site.
The remaining principal components do not display obvious relations with climatic proxies, nor with the RPI
stack. Accordingly, '°Be variations related to the geomagnetic field have been identified with the contribution
10Begeo of the corresponding principal component to the '°Be record.

The geomagnetic component lOBegeo yields a reconstruction of the normalized cosmogenic '°Be production rate
P, which can be compared with an independent reconstruction of P obtained from paleomagnetic records. The
geomagnetic modulation function Q derived from cosmogenic isotope production models (e.g., Poluianov
et al., 2016) serves as key for transforming P into the geomagnetic dipole moment m and vice-versa, through
proper normalization of the corresponding records with modern-time values Py and m,, respectively. Compari-
sons have been performed with three RPI stacks: two global ones (SINT-2000 and PADM2M), which includes
records from the Atlantic, Indian, and Pacific Oceans, and a regional one, which is based mainly on sediment
cores from the North Atlantic. Contrary to what can be expected from the common geographical provenance of
our site and those underlying PISO-1500, 10Begeo agrees better with SINT-2000 and PADM2M (Figure 9c),
testifying the presence of significant climatic overprints in PISO-1500, and the reduction or elimination of these
overprints in the '°Be record. The effectivity of PCA in removing climatic overprints from the '°Be record is also
demonstrated by the reduction of scatter in plots of m versus P (Figure 7) obtained from '°Be/*Be (0.245), 1°Be
(0.204), and 1OBegeo (0.156).

Residual differences A between lOBegeo and SINT-2000 correlate surprisingly well with y (Figure 8c). Careful
analysis of relevant temporal features of A excludes a climatic contamination of SINT-2000 or PADM2M as
possible source, attributing the origin of this signal to an unremoved '°Be overprint caused by variations of the
beryllium scavenging efficiency. The persistence of this overprint in the geomagnetic PC, despite y being one of
the PCA input records, is attributed to a violation of the orthogonality condition by which the signals to be
separated—in this case the geomagnetic modulation of '°Be and the climatic overprints—must be uncorrelated.
The preferred occurrence of geomagnetic dipole lows during interglacial or transitional paleoclimatic conditions
(Thouveny et al., 2008; Zhou et al., 2023) is most likely at the origin of this problem. After proving the origin of A
and its relation with lithological variations, it was possible to reduce the residual climatic overprint by decom-
posing A into a component proportional to y and a residual signal, and subtracting the former from 10Bege(,. The
final reconstruction of P yield a further reduction of the RMS difference with SINT-2000, from 0.156 to 0.121.
The final result (Figure 9d) contains significantly less artifacts than a '°Be/°Be stack obtained from two sites in
the Pacific Ocean with little glacial-interglacial variability. This demonstrates the effectivity of the proposed
approach, which reduced climatic overprints of a single cosmogenic record by a factor of ~2. This improvement is
similar to what can be expected from the simple stack of four independent records that do not share a common
climatic modulation.

Our analysis of core MD95-2016 provides important insights into the mechanisms that control '°Be records in the
North Atlantic, which can be summarized as follows:

« '°Be and °Be display a long-term, quasi-linear increase in concentration with time. The absence of a similar
trend in '’Be/’Be and the lack of a plausible mechanism that would explain a steady concentration increase of
both isotopes over the last 600 ka points to a diagenetic release of authigenic Be, as postulated in previous
studies.

e The lack of a constant term in the '°Be record of this core (corresponding to the coefficient A in Equation 1)
indicates that, contrary to sites with a much larger water depth, diagenetically released Be does not accumulate
at the ocean floor.
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« °Be is much more strongly modulated by glacial-interglacial cycles than '°Be. This modulation is also re-
flected by '°Be/’Be, which, for this site, is a poorer geomagnetic field recorder than unnormalized '°Be. This
means that isotope-specific differences in the climatic modulation of dissolved Be play a more important role
than variations of the scavenging efficiency driven by the sediment lithology.

« The main climatic modulation of the '°Be record identified by PCA matches the global 5'%0 stack. The second
most important overprint matches regional environmental changes, as shown by comparisons with the sea
surface temperature record derived from a neighbor site.

« The unnormalized '°Be record contains artifacts caused by temporal changes of the scavenging efficiency.
While variations in sediment grain size are controlled mainly by glacial-interglacial cycles and captured by the
first principal component, additional changes of the scavenging efficiency caused by Be-adsorbing minerals
associated with detrital iron oxides are well reflected by magnetic susceptibility.

Our approach to the analysis of the cosmogenic '°Be record of a single site can be generalized and extended to
analyze simultaneously several sites and different types of records, using the following processing steps:

1. For each site, collect, where possible, paleomagnetic and cosmogenic records of the Earth's magnetic field,
along with a set of environmental proxies (e.g., §'0, XRF elemental ratios, rock-magnetic parameters).

2. For each site, use PCA to obtain the geomagnetic component(s) from the original measurements.

3. For each site, compare the obtained geomagnetic components with reference records of the Earth's magnetic
field in order to identify possible residual climatic overprints. In case of a good correlation between residual
overprints and one of the environmental proxies, subtract the contribution of this proxy to obtain final, site-
specific geomagnetic records.

4. Use PCA to identify the common geomagnetic signal among the site-specific records obtained previously.

This approach is expected to be much more efficient than traditional stacking.

Data Availability Statement

The °Be and °Be (Savranskaia et al., 2024a), §'30 (Savranskaia et al., 2024b), and XRF (Savranskaia
et al., 2024c) data supporting this study is openly available in the Zenodo repository.
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