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Abstract

Published cosmogenic '°Be exposure ages from the terminal moraine of the Laurentide
Ice Sheet (LIS) in northeastern North America have been interpreted to date the start of
the retreat of the LIS at the Last Glacial Maximum (LGM) about 25 thousand years ago
(ka). In contrast, published *C accelerator mass spectrometry (AMS) dates for terrestrial
plant macrofossils in LIS basal deglacial clay deposits range back to only ~16 calibrated
(cal) ka, more consistent with the timing of glacio-eustatic rise and associated meltwater
discharge to the North Atlantic and Gulf of Mexico associated with LGM deglaciation. We
apply statistical models of geomagnetic secular variation, including dipole moment, to the
latitudinal scaling of cosmic ray flux to see how well the age discrepancy can be addressed.
A preferred new scaling, which is essentially time-invariant over the relevant LGM age
range, shifts the exposure ages only a few thousand years younger. The age discrepancy
may thus stem more from potential local biases toward higher '°Be concentrations (older
apparent ages) at the terminal moraine sites, such as much higher °Be production rates
at the LIS front, and especially from inheritance. Such biases can be tested by obtaining
primary '°Be calibration sites in the LGM time frame, and by more comprehensive sampling
strategies for glaciated terrain to discern inheritance.

Keywords: LIS retreat; cosmogenic nuclide production; geomagnetic modulation of cosmic
ray flux; cosmogenic nuclide inheritance

1. Introduction

The Last Glacial Maximum (LGM) nominally peaked at ~21 ka (kilo-annum or thou-
sands of years ago; equivalent in our usage to cal ka for calendar or calibrated thousands
of years before the present for cited radiocarbon dates), according to the well-dated marine
oxygen isotope record of glacial cycles [1]. However, there is wide disparity in estimated
ages for the recession of the southeastern margin of the Laurentide Ice Sheet (LIS), the
largest-variable and lowest-latitude continental ice volume for the last glaciation, which is
equivalent to about 80 m of the 120 m sea-level drop that characterizes it [2,3] (Figure 1).
Because of the size and southerly extent of the LIS, as marked by terminal moraines as
far south as ~40.5° N in New York and New Jersey (Figure 2), the beginning of its retreat
should be reflected as a distinct contemporaneous rise in the global sea-level curve. The
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global sea-level record would suggest that the retreat of the LIS occurred no earlier than
21 ka and not rapidly until about 16 ka [4], with possible stops and starts in a complex
process [5] (Figure 1). This general timing is supported by independent evidence that
meltwater to the North Atlantic was minimal prior to 18.5 ka [6] and detectable in the Gulf
of Mexico only by 16.1 ka [7]. Interestingly, the initiation of the European deglaciation
meltwater pulse into the Black and Caspian seas is dated as nearly contemporaneous, at
16.3-15.4 ka [8].
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Figure 1. Contrasting age estimates for retreat of the southeastern margin of the Laurentide Ice Sheet
(LIS), based on *C AMS dating of terrestrial plant macrofossils in basal deglacial sediments [9] and
on °Be exposure dating of glacial pavement and boulders on a terminal moraine in the Allamuchy
area of New Jersey [10]. Estimated ice-volume equivalent sea-level change (thick blue curve) since
35 ka is from [4], and summer insolation at 65° N (thinner maroon curve) is calculated with software
from [11]. Labeled for context from [4] are the Last Glacial Maximum (LGM), Heinrich events H1,
H2, and H3, Bolling-Allerod warm period (B-A), Younger Dryas cold period (YD), and the Holocene.
See [9] for additional climate proxies and discussion.

In the continental realm, calibrated *C accelerator mass spectrometry (AMS) dates on
terrestrial plant macrofossils in the earliest deglacial lake sediments at eleven sites from
New Jersey eastward to Connecticut extend back to only ~16 cal ka [9] (Figure 2), consistent
with the general timing of the LIS’s retreat inferred from the marine records. In contrast,
10Be exposure dating of glacial boulders associated with terminal moraines in New England
has placed the LIS’s recession considerably older, at around 25 ka and even preceding
the peak LGM at 21 ka, often quoting “C bulk sediment dates on deglacial deposits for
support [10,12-15]. For example, Corbett et al. [10] reported a mean 1°Be exposure age of
25.2 £ 2.1 ka on glacial boulders and bedrock associated with the LIS terminal moraine
near Allamuchy Pond in northern New Jersey. The study [10] cites support from vintage
14C bulk sediment dates: for example, 27.2 cal ka at Budd Lake (unpublished thesis [16]),
22.2 and 22.4 cal ka from nearby Francis Lake (unpublished thesis [17]), 24.3 cal ka from the
glacially dammed Lake Passaic (meeting abstract [18]), as well as the youngest (26.0 cal ka)
of some thirty *C dates ranging to more than 40 cal ka on a variety of materials from a
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contorted exposure of glacial sediments and organic beds in northern Long Island, New
York [19]. However, the same litho- and biostratigraphy is recorded at Allamuchy Pond
as at Francis Lake only 6 km to the west, where tundra Dryas and willow leaves screened
from clays in the basal herb zone transition are 14C AMS dated at 14.4 + 0.8 cal ka [9,20].

Note: NADI-1
isochrones do not
include Greenland or
Iceland. They are
truncated ~200 km
east of Nares Strait.

Harriman Fen Green Pond
15.7+0.1 cal ka 14.4 + 0.4 cal ka
22.5+0.5 cal ka 10Be exposure dates Linsley Pond
Cotter et al. (1986) 25.2+2.1ka 15.9+0.1 cal ka

Corbett et al. (2017) Allamuchy Pond
14.4 + 0.8 cal ka

Francis Lake

Alpine Swamp
14.5+1.2 cal ka

Tannersville Bog Uttertown Bog
14.4 £ 0.4 cal ka 14.8 + 0.6 cal ka

Budd Lake
27.2+1.4 cal ka
Harmon et al. (1968)

Port Washington
25.8+1.6 cal ka
Great Swamp Sirken and Stuckenrath (1980)

243 +1.2 cal ka High Rock
Stone et al. (1989) 14.6 + 0.3 cal ka

Figure 2. (A) Laurentide ice sheet at ~21.5 ka [21]. (B) Distribution of *C AMS dates on plant
macrofossils in earliest deglacial sediments (red triangles, from [9]), 14C bulk sediment (open circles
with references in labels), and '°Be exposure dates (in box around Allamuchy Pond of the study
region shown in Figure 2 of [10]) associated with the retreat of the southeastern margin of the LIS in
northern New Jersey and southern New York. Base map adapted from [10], and whose area is shown
as a red square in the top panel.
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The requisite usage of terrestrial macrofossils for 1*C AMS dating in basal clays/silts
for accurate timing of deglaciation versus *C dates on bulk sediments, which are apt to
be contaminated by older carbon in the landscape, is widely acknowledged (e.g., [22-27]).
A study of three lakes in Greenland [28], for example, found offsets of between 9000 and
20,000 #C years between macrofossil and invariably older bulk sediment dates, with
greater offsets in the lowermost organic-poor clays and silts. Moreover, a preference for
terrestrial rather than aquatic plant macrofossils, which tend to give variably older *C
dates [29], is also essential for radiocarbon dating accuracy in these environments [30,31].
For example (Table 1 in [9]), at Alpine Swamp, New York, bulk 14C sediment is dated at
15.5 cal ka at 8.3 m depth, whereas AMS !#C-dated terrestrial plant macrofossils over a
meter below were dated at 14.5 cal ka. Similarly, at Tannersville Bog, Pennsylvania, bulk *C
sediment is dated to 16.2 cal ka at 12.4 m depth, whereas AMS !*C-dated terrestrial plant
macrofossils are 14.4 cal ka over 1.4 m deeper. It is thus highly problematic that the reported
~25 ka 9Be exposure ages for the terminal moraine in New Jersey and elsewhere in the
Northeastern United States rely on 4C bulk sediment dates in low-organic basal sediments
for support [10,32,33]. Although the North American varve chronology is reported to be
calibrated by 1*C AMS dating of terrestrial macrofossils [34], the data entries from the oldest
series of interest (in southern Connecticut) are listed as unpublished, with apparently the
oldest at 17.6 cal ka; thus, the floating varve chronology is difficult to evaluate. Moreover,
the oldest varves might even have formed well before ice-free conditions, as evident in the
high Arctic and in Lake Vostok sediments of Antarctica today [9,35,36].

The difference between the reported 1°Be exposure dates and '*C AMS terrestrial plant
macrofossil dates could imply that it took about 9000 years (from ~25 ka until ~16 cal ka)
before vegetation appeared on the deglaciated landscape. However, such an extended
delay is not considered plausible, especially in mid-latitudes, given that primary succession
by plants typically follows deglaciation in a matter of decades in arctic, subarctic, boreal,
temperate, and alpine environments throughout the world [37—40], and that trees today
grow in close proximity to and even on debris-covered glaciers in southern Alaska [41].
The adjacent unglaciated New Jersey-Pennsylvania landscape during the LGM was replete
with plants that would have enabled rapid primary succession recorded in the lakes on the
LIS terminal moraine, including areas with permafrost. Balter-Kennedy et al. [15] listed
several possible explanations for the absence of AMS radiocarbon-dated plant macrofossils
in deglacial sediments to fill the age gap prior to 16 cal ka, including poor preservation,
landscape instability, delay in deposition until beaver colonies were established, and
sampling difficulties, but potential problems with the 1°Be exposure dating were not
excluded. With the overall consistency of the *C AMS maximum dates of terrestrial
macrofossils in basal clays with the timing of LIS retreat inferred from the well-calibrated
marine isotope and sea-level records (and having little confidence in the accuracy of the
cited, mostly unpublished, vintage 1*C bulk sediment dates in basal clays), we attempt to
evaluate the general scaling of cosmic ray flux with altitude-, latitude-, and time-dependent
geomagnetic secular variation in 1°Be exposure dating.

2. Scaling 1°Be Production with Dipole Moment, Latitude, and Altitude

Cosmogenic exposure dating is based on the accumulated concentration of a cosmo-
genic nuclide, commonly '°Be produced in quartz, just beneath newly exposed surfaces
of freshly eroded bedrock or glacial boulders [42-44]. A radionuclide like °Be will also
undergo spontaneous radioactive decay, but because of the comparatively long half-life
for 1°Be (1.387 4 0.012 Myr [45]), only ~1% will have decayed for exposures of up to
~25 ka. Surface production of 1°Be by muon interactions is calculated to be a small fraction
(~2%) of total production compared to spallation [46], and in practical terms the muon
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gain will be largely offset by the nominal loss of 1°Be due to decay. More pertinent is that
the highly energetic charged particles (~90% protons, ~10% helium nuclei) constituting
primary cosmic rays, which have a constant flux at a galactic scale [47], are modulated
by the geomagnetic field when entering Earth’s atmosphere, with the resulting secondary
flux attenuated by interactions passing through the atmosphere. Hence, the necessity for
scaling of cosmogenic nuclide production at ground level (by spallation) according to
(geomagnetic) latitude and altitude.

Empirical observations of cosmogenic nuclide production in the atmosphere with
cosmic ray detectors (e.g., [48,49]), combined with theoretical calculations (for example, that
cosmogenic dependency on dipole moment becomes negligible polewards of about |60° |
in geomagnetic latitude [50]), have been incorporated in a variety of scaling schemes to relate
cosmogenic nuclide production at a given location to calibration sites with independently
established age control. Five scaling schemes (St, Lm, De, Du, and Li) were incorporated
in a widely cited online exposure age calculator [51], whose subsequent versions and
subversions (e.g., v2.2, v2.3, v3) are described in blogs and referred to on the home webpage
(https:/ /hess.ess.washington.edu/; accessed on 18 January 2023) as ‘the online exposure
age calculator formerly known as the CRONUS-Earth online exposure age calculator’.
Two additional schemes (LSDn and LSD) were included in a CRONUS-Earth community
effort that summarized modeling results for commonly measured cosmogenic nuclides
and, importantly, identified four primary calibration sites for '°Be exposure dating [52] (see
also [53] for further explanation of scaling schemes).

St is the original and most widely used production rate scaling scheme [43,54]. The
scaling scheme St was based on cosmic ray emulsion and neutron monitor data document-
ing variations in spallogenic production rates with altitude (atmospheric pressure) and
geomagnetic latitude. The scheme Lm is essentially St with a time-varying geomagnetic
field intensity model, whose earlier access to online documentation for v3 of the expo-
sure age calculator indicated included a full-vector spherical harmonic analysis for the
past 14 ka (SHA.DIF.14k [55]). The other scaling schemes (De, Du, Li, LSDn, and LSD)
are also time-dependent and have incorporated various geomagnetic field histories (e.g.,
SHA.DIF.14k for LSDn in v3). De, Du, and Li are neutron-monitor-based models, whereas
the LSD framework (with LSDn) is based on analytical fits to physics-based modeling.
Although De, Du, and Li are described as having much poorer fits to the primary calibration
data than the other four scaling schemes (St, Lm, LSDn, and LSD), even the best-fitting
scheme (LSDn) failed a goodness-of-fit test after what were described as ‘extremely large’
adjustments to the primary site ages, with significant site-to-site deviations of ~10% from
the model [56]. With these caveats in mind, we attempted to evaluate '°Be production rate
scaling for the schemes St/Lm and De, which were relatively straightforward to calculate,
using different models of geomagnetic secular variation in terms of directional dispersion
after first addressing temporal changes in dipole moment. We did not attempt to directly
evaluate the scheme LSDn (or LSD), whose geographic scaling is implemented on the
online exposure age calculator v3.

2.1. Variations with Dipole Moment

The geomagnetic field provides fundamental shielding against cosmic ray flux on the
basis of its relative strength, which can be expressed in terms of the ratio of the average
dipole moment from a given time (M) to its nominal present-day value (My~80 ZA m?)
to calculate the effective vertical cutoff rigidity, Rc, as a function of site latitude (using
Equation (3) of [57], Equation (3.3) of [44], or Equation (2) of [58], which we use here).
The shielding effect is greatest at low geomagnetic latitudes and becomes negligible at
higher latitudes above Elsasser’s ‘knee” at ~160° | (Figure 3). A composite record of the
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virtual axial dipole moment (VADM) using the full-vector geomagnetic secular variation
model SHA.DIF.14k [55] for 0-14 ka, combined with a relative paleointensity (RPI) stack
of sedimentary records from 14 to 45 ka [59], shows that the dominant feature since
~45 ka is a distinct low VADM associated with the Laschamp geomagnetic excursion
centered at around 41 ka, when the VADM decreased to less than 20% of the modern dipole
moment [60] (Figure 4A). A 1°Be-based VADM inferred from Greenland ice cores [61] tends
to parallel the VADM curve from SHA.DIF.14k and the RPI stack [59,60], suggesting that
geomagnetic rather than heliomagnetic field variations are the primary control on cosmic
ray flux in Earth’s space environment (see also [62,63]). A possible exception is a mismatch
in the curves between ~24 and 19 ka, when an apparent increase in '°Be production,
modeled as a dip in VADM, corresponds to a rise in VADM in the RPI stack; this could
simply be a record artifact or imply a millennial-scale episode of reduced heliomagnetic
field diversion of cosmic ray flux, as sometimes observed over shorter durations with
modern sunspot activity [64,65]. In any case, the cumulative effect of long-term changes
in VADM relevant for 1°Be production and exposure scaling is relatively small, generally
within about 5 percent of the modern dipole moment since about 38 ka (Figure 4B), and
since about 25 ka even with an alternative VADM curve [66] (Figure S1). The scaling
schemes St and Lm would thus be essentially equivalent since at least 25 ka, the time frame
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Figure 3. Effective vertical cutoff rigidity (R.) relative to its maximum value as a function of geomag-
netic latitude for a bracketing range of dipole moments (M) relative to the modern value (M), using
Equation (2) of [58].
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Figure 4. (A) Variations in virtual axial dipole moment (VADM) for 045 ka, based on SHA.DIF.14k
for 0-14 ka [55] and relative paleointensity (RPI) stack for 14—45 ka [59], compared to 10Be-based
VADM from ice cores [61] as assembled in [60]. (B) Cumulative 19Be-based VADM curve (from (A)) in
nominal 0.5 kyr increments going back in time from the present (red curve), compared for reference
to cumulative VADMs modeled for a constant dipole moment, M, relative to the present value, M
(dotted and dashed lines).

2.2. Variations with Altitude and Geomagnetic Latitude

Of related importance for 1°Be production are dependencies on altitude and latitude,
which are illustrated for representative scaling schemes in Figure 5. The altitude scal-
ing factor for the legacy Lal/Stone St scheme at high latitude (HL) was calculated from
Equation (2) and associated coefficients in Table 1 of [54]. It is compared in Figure 5A to
the HL altitude scaling factor (f(x)) for spallation using Equation (7) of [67] (see also [68])
for the De scheme (R-code [69] in the Supplementary Materials), a convenient formula-
tion for more recent neutron monitor data given in terms of effective geomagnetic cutoff
rigidity (R;) and atmospheric depth (x) relative to sea level (1033 g/cm?, equal to standard
atmospheric pressure of 1013.15 hPa). There is good mutual agreement between the St
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and De schemes from sea level to about 750 hPa (~2500 m altitude), where the schemes
progressively diverge with increasing altitude (decreasing atmospheric pressure/depth) so
that, at 6000 m, the De altitude scaling is almost 30% greater (lower shielding) compared
to the St altitude scaling. A similar pattern is apparent in Figure 5A of [58], where it was
attributed to a better agreement of the LSD scaling framework (described as similar in this
case to De) with a variety of proxy measurements of secondary cosmic ray intensities in
the atmosphere.

(A)

50
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30 4
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Altitude scaling at HL

0 -

T T T T T
Pressure (hPa) 500 600 700 800 900 1000

[ T T T T T 1
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Figure 5. Selected altitude and latitude scaling factors for '°Be exposure dating: (A) Altitude scaling
factor at high latitude (HL) versus air pressure and equivalent altitude for the Lal/Stone St scaling
scheme [54] and for the De scaling scheme [67]. (B) Latitude scaling factor at sea level (SL) as a
function of geomagnetic (=geographic for GAD field) latitude for the Lal/Stone St scheme (static
presumed GAD field) [54] and for the De scheme [67], according to various geomagnetic field models
(Table 1): GAD, geocentric axial dipole with no dispersion; SHA.DIF.14k, spherical harmonic model
for 0-14 ka [55]; K27, dispersion of virtual geomagnetic poles with a Fisher’s precision parameter
of K = 27 averaging to a GAD field (Table 1); TK03, statistical geomagnetic field model to spherical
harmonic degree and order 8 that averages to a GAD field [70].
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Table 1. Latitude scaling factor at sea level for the Lal/Stone St scheme and for the Desilets De scheme.

. o . De Scalin
Latitude 1°  StScaling GAD  SHADEIk K27 TK03
0 0.5873 0.5383 0.5402 0.5510 0.5503
5 0.5398 0.5428 0.5540 0.5524
10 0.5992 0.5454 0.5507 0.5630 0.5592
15 0.5581 0.5666 0.5800 0.5745
20 0.6773 0.5819 0.5942 0.6050 0.5998
25 0.6214 0.6371 0.6410 0.6373
30 0.8300 0.6802 0.6972 0.6890 0.6921
35 0.7589 0.7719 0.7480 0.7502
40 0.9368 0.8499 0.8512 0.8150 0.8091
45 0.9328 0.9202 0.8830 0.8662
50 1.0156 0.9826 0.9670 0.9410 0.9057
55 0.9981 0.9905 0.9800 0.9346
60 1.0022 0.9999 0.9984 0.9960 0.9529
65 1.0000 0.9999 1.0000 0.9662
70 1.0000 1.0000 1.0000 1.0000 0.9745
75 1.0000 1.0000 1.0000 0.9815
80 1.0000 1.0000 1.0000 1.0000 0.9861
85 1.0000 1.0000 1.0000 0.9876
90 1.0000 1.0000 1.0000 1.0000 0.9899

Latitude scaling factor at sea level for the Lal/Stone St scheme [54] as a function of geomagnetic latitude, assuming
a geocentric axial dipole (GAD) field with no dispersion, and for the De scheme [67], based on effective vertical
cutoff rigidity (Rc) using Equation (2) of [58] to derive a latitude scaling factor f(Rc) at sea level as a function
of geographic (=geomagnetic) latitude according to various geomagnetic field models: GAD field with no
dispersion, SHA.DIF.14k spherical harmonic model for 0-14 ka [55], K27 for VGP distribution with Fisher’s
precision parameter K = 27, and TKO03 statistical geomagnetic field model of secular variation [70].

Latitude scaling factors normalized to sea level (SL) and a constant dipole moment
are plotted for schemes St and De in Figure 5B. For clarification, the St scaling factor used
to model empirical cosmic ray flux data was expressed in terms of geomagnetic latitude
of the present-day field at monitoring sites [43]. However, the scaling coefficients, when
recast in terms of atmospheric pressure, are described simply in terms of latitude in Table 1
of [54], and then the same data as geographic latitude in the description of the widely used
exposure age online calculator [51]. However, the dipole axis by which geomagnetic latitude
is gauged is presently tilted ~10° with respect to Earth’s spin axis, according to which
the geographic latitude of a site is defined. The north geomagnetic pole from spherical
harmonic analysis is presently in the Canadian Arctic at around 80° N 73° W (https:
/ /www.ngdc.noaa.gov/geomag/ calculators/magcalc.shtml?useFullSite=true; accessed
21 May 2025) and is why geomagnetic latitudes currently tend to be steeper than geographic
latitudes at sites in North America. For example, actual cosmogenic production was
measured in water for several months in 1959 CE at Mt. Evans in Colorado [71], which is
located at around 39.6° N (nominal 4350 m altitude) but described as having a geomagnetic
latitude of 51°, which is relevant to gauge the modern cosmic ray flux (although not for the
time-averaged geomagnetic field). However, geomagnetic and geographic latitudes are
sometimes exchanged in long-term exposure studies, as apparently occurred for the case
of the classic Sierra Nevada study [42,43]: the sampling area was at about 38° N, but the
latitude scaling was calculated [72] for a geomagnetic latitude of about 44°, which is for
today’s instantaneous geomagnetic field at the sampling locality.

Geomagnetic latitudes for a sufficiently time-averaged geomagnetic field will closely
coincide with geographic latitudes according to the GAD hypothesis, a central testable tenet
of paleomagnetism. The GAD model is supported, for example, by paleomagnetic data
from Pleistocene deep-sea sediments in cores taken from the World Ocean [73,74] and is
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closely approximated by averaging even over just ~2000 years according to the SHA.DIF.14k
model [55]. A latitude scaling factor for a GAD field geometry based on Rc values for the
De scheme has a sigmoidal shape and varies as follows: 0.54 at the Equator, 0.68 at 130° I,
and plateauing at 1.0 at around the ‘knee’ at 160° | (geomagnetic = geographic) latitudes
(Figure 5B). For reasons unclear to us, the St latitudinal scaling tends to be systematically
higher (implying less shielding) than the De scheme; for example, St gives 0.59 at the
Equator, 0.82 at 130° |, and even seems to reach maximum relative scaling (within 2% of
unity) by only 150° | in latitude. A possible explanation is that the empirical St scaling
refers to present-day geomagnetic latitude and is offset by the ~10° current difference
between geomagnetic and geographic latitudes in North America, where many of the
analyzed cosmic ray measurements [43] may have been taken.

2.3. Latitudinal Variations with Secular Variation in Directions

A characteristic feature of the geomagnetic field is the secular variation in directions,
which occurs on historic-to-millennial time scales [75,76]. Averaging of secular variation
on millennial and longer time scales produces a close approximation to a GAD field
geometry. However, the actual dispersion in site-mean directions will modify the latitudinal
dependence of any scaling, which will tend to be biased to somewhat higher values
(reduced shielding) at low latitudes, where the static GAD reference scaling curve is
gently concave up but shows appreciably lower values (increased shielding) at middle-
to-high latitudes, where the static GAD scaling curve is more acutely concave down
(Figure 5B). These biases in latitude scaling will depend on the geomagnetic field model,
being more pronounced with larger directional dispersion. For example, the SHA DIF.14k
full-vector geomagnetic secular variation model [55] is based on a rather inhomogeneous
spatiotemporal distribution of available archaeomagnetic and lava paleomagnetic data,
as noted in [77]: 97% of the total data used in the analysis come from the Northern
Hemisphere, 83% of the total from only 3 ka to present, and only 3% from older than
8 ka (probably contributing to the noisy character of the older part of its VADM curve
in Figure 4A). Nonetheless, the directional scatter is quite small. Virtual geomagnetic
poles (VGPs) calculated from estimates of the dipole coefficients (g1, g!1, and h'y) that
are provided at 50-year intervals since 14 ka [55] give an overall mean geomagnetic pole
position located at 89.3° N 337.0°E (n = 279, angular standard deviation (ASD) = 7.6°,
Fisher’s precision parameter (K) = 118, and radius of circle of 95% confidence (A95) = 0.8°)
(see a standard text for calculation of pole positions and Fisher statistics, e.g., [78] available
at https:/ /www.geo.arizona.edu/Paleomag/; URL accessed 23 August 2025). Even with
the tight grouping, the mean geomagnetic pole position is less than 1° and not significantly
different from the geographic axis (190° | latitude). This close correspondence confirms
the applicability of the GAD hypothesis as a satisfactory fit to the geomagnetic field when
averaged even within just a few thousand years [55].

Because of its low VGP dispersion, SHA.DIF.14k provides a De latitude scaling that
closely follows the static De-GAD curve (Figure 5B; Table 1). However, paleomagnetic
directions observed in widely sampled lava flows as instantaneous recorders of the geo-
magnetic field show that the dispersion of the calculated site VGPs ranges from an ASD of
only around 12° near the Equator (K~46) to around 24° (K~11) poleward of 160° | [79,80].
A f(Rc) latitude scaling for De using a nominal average VGP dispersion of K = 27 is some-
what higher than for the static De-GAD and De-SHA.DIF.14k models at low latitudes
(<~130°1) but has progressively lower values (implying greater shielding) at mid-latitudes
because of the sharper curvature in scaling approaching the ‘knee” (Figure 5B). The lati-
tude scaling curves eventually converge at relative unity (minimal shielding) poleward
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of 160°1 latitude, but more gradually for De-K27 than the static De-GAD and subdued
De-SHA .DIE.14k curves.

A more comprehensive statistical model for geomagnetic secular variation (TKO03 [70])
can also be considered. TKO3 treats the geomagnetic field as a giant Gaussian process [81]
following Model G of [82], which attributes the observed latitudinal dependence in direc-
tional dispersion to independent contributions from spherical harmonic families of odd
and even symmetry for geodynamo sources (Supplementary Material; Table 1). Because
of the wider directional dispersion about the GAD field, the resulting De-TKO03 latitude
scaling systematically departs more from the static De-GAD or De-SHA.DIF.14k scaling
curves than the De-K27 scaling model (Figure 5B; Table 1). For example, De-TK03 does
not plateau (to within 2% of unity) until around |175° | latitude, compared to closer to the
classic 160° | ‘knee” for De-K27, De-SHA .DIF.14k, and static De-GAD. The TK03 model
extends to spherical harmonic terms of degree and order eight, and thus includes non-
dipole contributions, but because the dipole defined by the degree-one terms typically
represents more than 90% of the overall relative strength of the geomagnetic field, much
of the departure of De-TKO03 from the static De-GAD latitude scaling model can also be
attributed to a dipole wobble component. Parenthetically, we note that the magnitude of
the axial dipole (g%1) term does not affect the VGP scatter produced by the TKO03 statistical
model [80]. Moreover, the statistical model is implicitly held to be valid over a broad age
range, longer than the few millennia necessary for averaging to a GAD field, and within
the past few million years of paleosecular variation data; thus, it can be considered to be
effectively time-invariant for exposure age calculations.

3. CRONUS-Earth Primary '"Be Calibration Sites

To get a sense of how the different scaling models discussed above might influence
reference °Be production rates (and, ultimately, exposure age estimates), we used summary
data for the four primary 10Be calibration sites (MR, PPT, SCOT, and HUO08) identified in
the CRONUS-Earth community effort [52,56]. Individual sample data can be found on the
ICE-D production rate online database [83] (https://version2.ice-d.org/production%20
rate%20calibration%20data/cal_data_set/4; accessed 19 June 2022); where more than one
analysis of a sample is listed, we simply took the first entry for this exercise to facilitate ease
of reproducibility. We also did not delve into the secondary calibration sites for °Be listed
by [56]. The basic numerical results for the four CRONUS-Earth primary calibration sites
are summarized in Table 2. Some of the cited °Be concentration values may still include
a muon contribution, which in any case should be less than 2% of the total [46] and even
partially compensated by radioactive decay of the accumulated °Be and the typically small
local shielding corrections if also unaccounted for.

The '°Be exposure dating parameters for the four CRONUS-Earth primary calibration
sites [56] used to derive °Be production rates normalized to sea-level high-latitude (SLHL)
according to various scaling schemes: MR (Macaulay Ridge, New Zealand), PPT (Promon-
tory Point Terrace, Utah, USA), SCOT (Scotland, UK), and HU08 (Huancane, Peru). Selected
scaling schemes are St, the original empirical scaling scheme [43] as modified by [54], and
applications of scheme De [67] based on the effective vertical cutoff rigidity (Rc) calculated
using Equation (2) of [58] and the geomagnetic (f(Rc)), altitude (f(x)), and total scaling
factor (F) calculated using Equations (5)—(7), respectively, from [67]: De-GAD, geocentric
axial dipole where geographic and geomagnetic latitudes are equivalent in a static field,
and De-TKO03, a statistical model of secular variation in directions about a geocentric axial
dipole field [70] (Supplementary Materials). Geomagnetic dipole moment averages close
to present-day value (~80 ZAm?) over cumulative exposure times back to at least 25 ka
(Figures 4B and S1). All four primary calibration sites were used to calculate mean 10Be
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production rates and standard deviations (o) for different scaling schemes; means and
standard deviation using only MR, SCOT, and PPT are also shown. These means were
applied to published parameters for Allamuchy terminal moraine sites in New Jersey used
to estimate the 1"Be exposure age for retreat of the LIS [10]; ages for each scaling scheme
are based on dividing the scaled 10Be concentration (Csp ) by the mean 10Be production

rate (PspHL)-

Table 2. 19Be primary calibration sites and Allamuchy 10Be exposure age site on LIS terminal moraine.

Primary '°Be Calibration Sites LIS Terminal Moraine

MR PPT SCOT  HUO08 AL
Site Parameters
Latitude, °N —43.6 41.3 57.4 -13.9 41.0
Longitude, °E 1706  —1125 56 —70.9 —74.6
Altitude, m 1028 1603 136 4857 328
Air pressure (ap), hPa 89570 83493  997.02  550.60 974.46
Atmospheric depth (x), g cm ™2 913.35 851.38  1016.66 561.45 993.66
Number sampling sites 7 6 8 10 13
C ("°Be conc.), atoms g~ 87,100 275000 57,275 559,650 122,000
Age, calendar years ago 9630 18,360 11,700 12,300 TBD
P (1%Be prod. rate), atoms g~! y~! 9.04 14.98 4.90 45.50 TBD
Scaling Parameters Mean + 10 Beka + 1¢
St
F = S.lambda 2.35 3.52 1.16 12.41 1.28
Csrur: C/F atoms g~ 37,064 78125 49,430 45,097 95,313
Pspyr: C/F/age, atoms g1 y~! 3.85 426 422 367  4.00+0.29 238+ 17
Mean Pgy 1. w/0 HUO8, atoms g~ y—! 411+ 0.23 232+ 1.3
De-GAD
Re 4.48 5.30 1.36 14.07 5.41
f(Re) 0.91 0.87 1.00 0.56 0.87
£(x) 246 3.88 1.13 26.46 1.34
F = f(Re) x £(x) 224 3.39 1.13 14.67 1.16
Csur: C/F, atoms g~ 38,884 81,119 50,538 38,141 104,865
Psp: C/F/age, atoms g1y~ 4.04 442 432 310  3.97 +0.60 264 + 4.0
Mean Pgp 1 w/0 HUOS, atoms g~ y~! 4.26 + 0.20 246+ 1.1
De-TKO03
Rc 5.83 6.44 2.84 13.49 6.62
f(Re) 0.85 0.82 0.95 0.57 0.81
£(x) 243 3.84 1.13 26.77 1.34
F = f(Re) X £(x) 2.06 3.17 1.07 15.27 1.10
Csur: C/F, atoms g~ 42286 86,855 53,558 36,641 111,101
Pspp: C/F/age, atoms g1 y~1 4.39 473 458 298 4174081 26.6 +5.2
Mean Pgy 1 w/0 HUO8, atoms g~ y~! 457 £0.17 243409

The MR site at Macaulay Ridge, New Zealand (43.6° S, 1028 m) has well-constrained
data for a rockslide not linked to a known climate event [84]. The “Be concentra-
tions average 87,100 atoms g~ ! in seven boulder samples; *C AMS determinations of
9690 =+ 50 cal yr on wood fragments immediately beneath the rockslide containing the
boulders provide tight age constraints for the duration of exposure. Our implementa-
tion of the St scaling scheme delivers a sea-level high-latitude (SLHL) '°Be production
rate (Pgp pp,) of 3.85 atoms g’1 y’l, which is in close agreement with the quoted Pgp 11, of
3.84 4 0.08 atoms g~ ! y~!, indicating that our simplified calculations and choice of rep-
resentative sample data are reasonable. When scaled according to the De-GAD scheme,
the resulting Psppy;. of 4.04 atoms g~! y~! is within the range (3.74-4.15 atoms g~ y )
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quoted [84] for the four other scaling methods besides St used at the time. The results for
the De-TKO03 scaling scheme give a Ps 1. about 9% higher (4.39 atoms g~! y~!) (Table 2).

Comparable results to MR are obtained from the PPT site at Promontory Point, Utah
USA, which is at a similar absolute latitude but a somewhat higher altitude (41.3° N,
1603 m). A mean age of 18,360 cal yr for concordant *C dates on a variety of materials,
including wood and charcoal, to date an extensive wave-cut bench [85] makes PPT the
oldest of the four 1Be CRONUS-Earth primary calibration sites and which, like MR, is not
linked to a specific climate event. PPT data provide bracketing Psp q1. of 4.26 atoms g~ ! y ™!
for St and 4.73 atoms g ! y~! for De-TKO03 (Table 2).

SCOT (Scotland, UK: 57.4° N, 136 m) is constrained by calibrated *C dates on peats
resting on either till or outwash, averaging 11,700 cal yr, slightly older than MR but linked
to a glacial episode. SCOT data provide bracketing Psy . of 4.22 atoms g~! y~! for St
and 4.58 atoms g~ y~! for De-TKO03 (Table 2). These three primary calibration sites (from
41.3° N, 43.6°S, and 57.4° N in latitude, 136 m to 1603 m in altitude, and ranging in age from
9630 to 18,360 cal yr) provide a mean '°Be reference Psy 1. of 4.11 4 0.23 atoms g~ y~! for
St and about 9% higher (4.57 4 0.17 atoms g~ ! y~1) for De-TK03.

HUO08, the fourth primary calibration site, from Huancane, Peru (13.9° S, 4859 m),
is constrained by *C dates with a nominal mean age of 12,300 cal yr for peats plowed
up by the advancing Quelccaya Ice Cap front and incorporated into the tills. The expo-
sure age for HUO8 is within the range of the other primary sites but comes from a very
different (low-latitude and high-altitude) venue [86]. The HUO8 data indicate a Pgp
of 3.67 atoms g~! y~! for St, which is ~9% lower compared to the mean Py for St
(4.11 £ 0.22 atoms g~ ! y~!) estimated from the three other primary calibration datasets.
However, the Py . for HUO8 is only 2.98 atoms g~ ! y~! for De-TK03, about 65% of the
mutually consistent Pgy 11, of 4.57 & 0.17 atoms g’1 y’1 for De-TKO03 determined for MR,
PPT, and SCOT. This gross disparity may point to problems with neutron monitor data
and scaling factors at high altitudes, as already suggested [58], combined with possibly
reduced “Be concentrations due to rapid weathering of the boulders by granular disin-
tegration [86]. We note that the customary inclusion of the existing HUO8 data with the
other three primary datasets would provide a seemingly consistent mean Pg 131, of around
4 atoms g ! y~! (4.00 & 0.29 atoms g~ ! y~! for St and 4.17 + 0.81 atoms g~ y~! for
De-TKO03; Table 2), which happens to be not grossly incompatible with the mean Pgy 111, of
3.92 4+ 0.17 atoms g*1 y*l for all seven scaling schemes (LSDn or Sa, LSD or Sf, St, Lm, Li,
Du, and De) of the CRONUS-Earth primary dataset reported for 10Be [52].

It is nonetheless clear that adjustments of the 10Be reference Pgj g1, beyond ~10% of
currently accepted values will be difficult to justify with available data and uncertainties
in scaling factors. Case in point are the published °Be exposure age data for sixteen
samples (6 glacial erratic boulders and 10 glaciated pavement outcrops) on the LIS ter-
minal moraine at Allamuchy, New Jersey (41.0° N, 328 m) [10]. These data yielded a
reported °Be exposure age of 25.2 4 2.1 ka with the Lal/Stone St scheme (citing ver-
sion 2.2 of the CRONUS-Earth online calculator and a ‘regionally calibrated northeastern
North American sea-level production rate of 3.93 4 0.19 atoms g~ ! y~! for “Be’ [10]).
For a Pspyp (4.11 £ 0.29 atoms g~ ! y~!) for ST averaged for the MR, PTT, and SCOT
primary calibration sites, we would obtain a somewhat younger “Be exposure age of
23.2 = 1.3 ka (Table 2). Interestingly, the mean Pgyy for calibration sites MR, SCOT,
and PPT of 4.57 + 0.23 atoms g~! y~! for De-TK03 would give a !°Be exposure age of
24.3 + 0.9 ka, which is slightly older than the age range that we obtained with St, reflecting
detailed differences in altitude and latitude scaling functions. The HUO8 primary cali-
bration dataset alone, with a calculated Pgj g1, of 2.98 atoms g_1 y_1 for De-TK03, would
produce an implausibly old exposure age of 37.3 ka for Allamuchy.
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4. Discussion

Alternative latitude scaling schemes that we experimented with using the CRONUS-
Earth primary '°Be calibration sites allow only marginal changes in exposure age from
the 25.2 ka reported for the LIS terminal moraine. Even a general statistical geomagnetic
secular variation model (TK03) with a broad representation of changes in directions on
centennial-to-millennial time scales, which are a characteristic feature of the Earth’s dynamo
process, increases Pgp ., by barely ~10% from static latitudinal scaling schemes, and by
even less in the calculated !°Be exposure ages of Allamuchy sites on the LIS terminal
moraine (Table 2). Long-term drift in °Be production rates from the modulation of cosmic
ray flux by changes in geomagnetic dipole moment or in solar activity also seems limited,
given the good general agreement between the VADM determined from paleomagnetic
records and a '°Be-based record of dipole moments determined from ice cores.

Further constraints on possible long-term changes in “Be production rates would
benefit from well-dated calibration sites older than presently available at ~18 ka. On a more
local scale, there are potential issues associated with assessing Be production at sites in
close proximity to an ice front, such as the former southeastern margin of the LIS, where
cosmic ray flux may have been higher due to lowered atmospheric pressure from katabatic
winds and colder conditions (such as described around Antarctica today [54]) and, in the
case of the LIS, lower sea level and corresponding atmospheric pressure during transition
from the LGM [87].

Our experiments with different latitudinal scaling schemes reduce the '°Be exposure
dates of ~25 ka on the LIS terminal moraine [10] by only a few thousand years (Table 2).
This would still leave a perplexingly long (~7-thousand -year) delay, with the earliest 14C
AMS dates on terrestrial plant macrofossils in basal deglacial lake sediments that range
back to only ~16 cal ka [9], and an acknowledged disconnect [10] with well-dated climate
histories from the marine realm, with peak LGM at ~21 ka (e.g., [1,4,88]). The possibility of
10Be deglaciation dates of glacial moraines at 25 ka and AMS '*C deglaciation dates from
bogs/lakes on the moraine at 1416 cal ka would mean that ice was preserved for about
10,000 years in a warming climate. This seems unlikely for three reasons: First, various
ice blocks would have different timings of melting in the moraine, which would give a
variety of ages from 25 and 14 ka, yet all of the lake/bog cores retrieved along the southern
LIS margin date between 14 and 16 cal ka with '*C AMS on terrestrial macrofossils in
basal clays [9]. Second, stratigraphic evidence for trash layers in glacial lakes has been
reported in Minnesota [89] as woody debris occurring at the base of the sediment core
and overlain by clays and gyttja, but none of the LIS terminal moraine cores show this
stratigraphy involving a trash layer below clay and/or gyttja. This stratigraphic difference
can be attributed to the maritime nature of the Laurentide moraine here and in Western
Europe (e.g., the Netherlands [90]), in contrast to the mid-continental lakes in Minnesota
and Poland where these trash layers appear. Third, basal dates from lakes and bogs are
widely used for the timing of deglaciation—for example, in Scandinavia, Europe, Russia,
Japan, China, South America, and New Zealand, recognizing that the ice had to melt down
for the lake to accumulate organic matter. We used the same reasoning for lakes at the
southern LIS margin, as they would have accumulated plant matter shortly after the ice’s
retreat at a maritime temperate latitude adjacent to vegetated landscapes.

A recent assessment of new and previously published '°Be exposure dating of the
LIS’s retreat acknowledged the apparent wide age gap and did not exclude potential
problems with 1°Be exposure dating [15]. Chief amongst them is cosmogenic nuclide
inheritance. An early example was the wide 'Be age distribution for 12 glacial boulders
in the moraine at Martha’s Vineyard [12], which shows a mode at around 23 ka, but
excluded were three boulders with widely deviant older ages (~29.4, 49.7 and 56.4 ka)
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and regarded as recycled; two boulders with younger ages of ~15.7 and 19.8 ka were also
excluded as likely suffering late exposure due to long-term melting of buried ice. The
mode at 23 ka had been linked to Heinrich H2 of similar age; however, a reappraisal of
19Be production rates motivated by older radiocarbon dates on post-glacial sediments
overlying recessional moraines in the region shifted the mode of the 1°Be age distribution to
nearly 27 ka (Figure 16 and discussion in [91]). In the study of the LIS terminal moraine at
Allamuchy, Corbett et al. [10] acknowledged that between-sample °Be concentrations for
the erratic boulders and glaciated bedrock surfaces vary several times more than expected
from analytical uncertainties alone, and they discussed the possibility of inheritance bias.
Recent modeling of existing data from Allamuchy indeed suggests that '°Be inherited from
earlier exposure(s) may add up to 6000 years to exposure ages near the terminal moraine
due to short ice occupation times [33]. Balter-Kennedy et al. [15] also noted that exposure
ages for bedrock surfaces tended to be older than those of co-located boulders in Central
Park, New York City (23.2 and 25.0 ka versus 20.0 ka in a nearby boulder), and especially in
the lower Hudson Valley up to ~80 km north (upstream) of the terminal moraine, such as a
bedrock sample from Palisades, New York dated at 29 ka, three bedrock samples at Black
Rock Forest in the Hudson Highlands at 25.0 ka, and two at ~100 ka compared to nearby
boulders at 22.1 and 23.7 ka. The older exposure dates for bedrock show that subglacial
erosion can be inadequate to remove previously acquired cosmogenic nuclide inventories,
consistent with theory [92].

Post-depositional disturbance and/or cosmogenic nuclide inheritance are suspected
when the scatter of exposure ages for glacial boulders in a moraine exceeds analytical
uncertainties, as found to be the case for the LIS terminal moraine at Allamuchy [10].
Various strategies have been developed to understand the source of the uncertainties and
determine the true age of a moraine [91]. For example, if the degree of excess scatter in an
exposure-age dataset increases with presumed moraine age, post-depositional disturbance
due to weathering and erosion of moraine boulders is the likely cause, in which case the
youngest samples in the dataset are excluded and the oldest samples in the dataset may
best approximate the true age of the moraine. On the other hand, boulders emplaced
with significant inherited nuclide concentrations will produce excess scatter that might
be expected to decrease with increasing moraine age, allowing the magnitude of nuclide
inheritance to be estimated in principle from comparison of the dataset to a statistical model
(e.g., [33] for the LIS terminal moraine). The apparent agreement of 1°Be exposure dates
for the LIS terminal moraine with radiocarbon dates from overlying sediments tends to be
cited as supportive evidence for mutual dating reliability [10,15,32]. However, the coun-
terargument is that reliance on the largely unpublished vintage *C bulk sediment dates,
which have a documented tendency to be contaminated by old carbon, casts doubt on the
accuracy of the '"Be exposure dates, especially with the availability of invariably younger
unbiased *C AMS dates from basal deglacial sediments that motivated this assessment.

Given the potential importance of cosmogenic nuclide inheritance to exposure dating
accuracy, sampling strategies tailored to specifically constrain bias from inheritance on a
boulder-by-boulder basis might be worth further consideration. Single samples are typically
taken from individual boulders with the optimal shielding factor, the least obstructed
exposure to cosmic ray flux compared to a horizontal surface, and a clear horizon [51].
Now, suppose that another sample was taken from each boulder in a less favorable location,
for example, from a near-vertical surface on the side of the boulder, with such a low resulting
shielding factor that any measurable concentration of a cosmogenic nuclide like °Be would
be strongly influenced by inheritance (and/or prolonged exposure to deeper-penetrating
muons). The measured estimates of inheritance from the boulder side-samples could then
be compared to statistical models based on the least obstructed topmost samples, as a cross-
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check to derive improved estimates for inheritance contributions. If subglacial erosion

is often demonstrably inadequate to scrape off previously acquired cosmogenic nuclide

inventories in glaciated bedrock pavements, consistent with theory [92], glacial erratics

may not fare better being reset. So, rather than relying on inheritance being signaled by rare

and easily recognizable age outliers in a boulder population, it might be worth estimating

inheritance more directly in the boulders with a comprehensive sampling scheme.

5. Conclusions

1.

Reported '“Be exposure ages of ~25 ka for the retreat of the southeastern LIS margin
in North America are anomalously old for the tempo of deglaciation compared to
sea-level and deep-sea sediment oxygen isotope records, as well as *C AMS dates
on terrestrial plant macrofossils in LIS basal deglacial clay deposits in the same areas,
which range back to only ~16 cal ka. This age discrepancy prompted our reevaluation
of geomagnetic field modulation of cosmic ray flux as a potential contributing factor.
CRONUS-Earth identified four primary calibration sites for cosmogenic 1°Be produc-
tion in quartz in rock surfaces (at ~9.7, 11.7, 12.3, and 18.2 ka in age), and whose results
from a variety of geographic locations require scaling to the LIS terminal moraine
locale in terms of altitude and of geomagnetic latitude, including secular variation in
dipole moment.

Over the time frame of a few ka to about 25 ka or longer, empirical and statistical mod-
els of geomagnetic secular variation suggest that a geocentric axial dipole provides a
good approximation to the time-averaged field; for latitude scaling of cosmic ray flux,
geomagnetic latitude can thus be assumed to be equivalent to geographic latitude, but
the effect of dispersion in the geomagnetic directions (e.g., as in the statistical model
TKO03) needs to be taken into account.

Over the same time frame of a few ka to about 25 ka or longer, the best available
records show there are some large secular changes in axial dipole moment, but the
cumulative effects relevant to '"Be exposure dating are within about +5% of the
present dipole moment.

Points #3 & #4 above indicate that the geomagnetic latitude and dipole moment at a
given site can be considered to be time-invariant over a time frame of a few ka to at
least 25 ka, but the effects of latitudinal scaling will still depend on which of the seven
CRONUS-Earth schemes is employed (i.e., based on empirical neutron monitor data
or analytical approximations).

Application of two representative scaling schemes (St and De) with the updated
geomagnetic secular variation models for the four CRONUS-Earth primary calibration
sites reduces the published '“Be exposure age estimate for the LIS terminal moraine
by only up to ~10% and, thus, does not resolve the age discrepancy.

The 'Be inheritance from previous exposure that was not erased by subglacial erosion
becomes a leading potential source of age bias that could be gauged by additional
sampling of shielded surfaces in individual boulders and, as suggested by several re-
viewers, measurements of additional cosmogenic nuclides such as in situ cosmogenic
14C. The objective would be to make °Be exposure dating less reliant on old bulk #C
dates and more on internal controls for assessing accuracy as a geochronological tool.
More generally, constraints on long-term changes in 1°Be production rates extend-
ing into the LGM (including possible solar modulation) and that consider glacio-
eustatically lowered sea level (and corresponding reduced air pressure compared to
present-day site altitude) would benefit from well-dated primary calibration sites
older than the oldest presently available at ~18 ka.
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9.  In the meantime, we maintain that 1*C AMS dates that are invariably no older than
16 cal ka for terrestrial plant macrofossils in the earliest deglacial sediments provide
a more coherent age estimate for the LIS’s retreat than the currently proposed '’Be
exposure dates of ~25 ka.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/quat8030047/s1: File S1: Routines used for heuristic purposes
relevant to 1°Be production rate scaling and geomagnetic field models in the R programming lan-
guage [69]. Table S1: Effective vertical cutoff rigidity (Rc) and corresponding magnetic scaling factor
(f(Rc)) as a function of latitude for various geomagnetic field models. Table S52: Relative paleointensity
(RPI) 14 to 45 ka [59,60]. Table S3: 19Be-based VADM since 45 ka (from [59]). Figure S1: Variations in
geomagnetic axial dipole moment since 50 ka from Model GGF100k [66].
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File S1.

HEHEHHHEHEH B Cosmogenic Nuclide Funcs v4.3 ####HEHHHEHHEHHHEHEHEHEH
#

# https://www.r-project.org/

#

# author: Luca Lanci,

# University of Urbino, Italy

# Pls report bugs to luca.lanci@uniurb.it

#

# The following files must be found in the working directory:

#

# "coeff_SHA.DIF.14k.dat" which can be downloaded from https://earthref.org/ERDA/1897/

#

# "ADM_GGF100k.txt" which can be downloaded from https://earthref.org/ERDA/2384/

#

# "steinhilber2012_TSI.txt” which can be downloaded from

# ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variability/steinhilber2012.txt
#

# "ChannellVADM.txt" which can be recovered from Table S2 of [59]:

# Channell, J., Hodell, D.A., Crowhurst, S.J., Skinner, L.C., Muscheler, R., 2018.

# Relative paleointensity (RPI) in the latest Pleistocene (10-45 ka) and implications

# for deglacial atmospheric radiocarbon. Quaternary Science Reviews 191, 57-72.

HH#

# Computes 10Be production rates according to [43]: Lal (1991)
# Earth and Planetary Science Letters, 104 (1991) 424-439

#

# L: geomagnetic latitude (deg)

#y: altitude (m)

#

lal.eql <- function(L, y){

L <- abs(L)

# altitude in km as in original formulation
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y <- y/1000

## Table 1 for 10Be

A <-¢(3.511, 3.360, 4.0607, 4.994, 5.594, 6.064, 5.594, 5.594)

B <-c(2.547, 2.522, 2.734, 3.904, 4.946, 5.715, 6.018, 6.018)

C<-¢(0.95125, 1.0668, 1.2673, 0.9739, 1.3817, 1.6473, 1.7045, 1.7045)

D <- ¢(0.18608, 0.18830, 0.22529, 0.42671, 0.53176, 0.68684, 0.71184, 0.71184)

lam.bins <- ¢(0, 10, 20, 30, 40, 50, 60, 90)

# linearly interpolate coefficients to the Latitude (L)
a <- approx(lam.bins, A, xout=L)Sy
b <- approx(lam.bins, B, xout=L)Sy
c <- approx(lam.bins, C, xout=L)Sy

d <- approx(lam.bins, D, xout=L)Sy

## equation 1
g <-a+b*y+c*y"2 + d*y"3

return(q)

HH

# Computes eq.2, eq. 3 and eq.4 from [54]: Stone (2000)

# JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. BIO, PAGES 23,753-23,759, OCTOBER 10, 2000
#

# Computes the altitude scaling factors (S.lambda)

# the rate of isotope production by muon capture (M.lambda)
# and the combined scaling factor (F.lambda) for 10Be

#

# ap: atmospheric pressure (hPa)

#lambda: latitude (deg)

#

stone.eq?2 <- function(ap, lambda){

lambda <- abs(lambda)

# Stone (2000) Table 1

A <-¢c(31.8518, 34.3699, 40.3153, 42.0983, 56.7733, 69.0720, 71.8733, 71.8733)
B <- ¢(250.3193, 258.4759, 308.9894, 512.6857, 649.1343, 832.4566, 863.1927, 863.1927)
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C <- ¢(-0.083393, -0.089807, -0.106248, -0.120551, -0.160859, -0.199252, -0.207069, -0.207069)

D <- ¢(7.4260E-05, 7.9457E-05, 9.4508E-05, 1.1752E-04, 1.5463E-04, 1.9391E-04, 2.0127E-04, 2.0127E-04)

E <- ¢(-2.2397E-08, -2.3697E-08, -2.8234E-08, -3.8809E-08, -5.0330E-08, -6.3653E-08, -6.6043E-08, -6.6043E-08)
M.1013 <- ¢(0.587, 0.600, 0.678, 0.833, 0.933, 1.000, 1.000, 1.000)

lam.bins <- ¢(0, 10, 20, 30, 40, 50, 60, 90)

# linearly interpolate coefficients to the latitude (lambda)
a <- approx(lam.bins, A, xout=lambda)Sy
b <- approx(lam.bins, B, xout=lambda)Sy
c <- approx(lam.bins, C, xout=lambda)Sy
d <- approx(lam.bins, D, xout=lambda)Sy
e <- approx(lam.bins, E, xout=lambda)Sy

M <- approx(lam.bins, M.1013, lambda)Sy

## Altitude (atm. pressure) factor (eq.2)

S.lambda <- a+b*exp(-ap/150)+c*ap+d*ap”2+e*ap”3

## Factor for isotope production by muon capture (eq.3)

M.lambda <- M * exp((1013.25 - ap)/242)

# Fraction of spallogenic production at sea level for 10Be

f.sp<-0.974

## Combined factor (eq.4)
F.lambda <- f.sp * S.lambda + (1-f.sp) * M.lambda

return(list(S.lambda = S.lambda, M.lambda = M.lambda, total.factor = F.lambda))

HH#

# Computes vertical rigidity using eq.2 from [58]: Lifton et al. (2014)

# http://dx.doi.org/10.1016/j.epsl.2013.10.052

#

# lambda: magnetic latitude (deg)

# Mt: the dipole moment at given time,

# Mo: the reference dipole moment (2010 DGRF: 7.746e22 A m”2)
#
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lifton.eq2 <- function(lambda, Mt=7.746, Mo = 7.746){

lambda <- abs(lambda)

| <- lambda/180*pi #in radiants

c1<-6.89901
€2<-103.241
c3<-522.061
c4 <-1152.15
c5<-1189.18
c6 <- 448.004

Rcl<- (cl*cos(l) - c2*cos(I)*2 + c3*cos(l)”3 - c4*cos(1)*4 + c5*cos(l)”5 - c6*cos(1)*6)

# rectify the "bouncing" at high latitudes
zz <- which(lambda > 74.9)
Rcl[zz] <- 0

Rc <- (Mt/Mo) * Rcl

return(Rc)

}

HH#

# Computes eq.6 and eq.7 from [67]: Desilets et al. (2006)
# doi:10.1016/j.epsl.2006.03.051

#

# Computes the altitude scaling factors and magnetic
# scaling factor for the given magnetic rigidity.

# Total scaling factor is the product of the 2 factors

#

# ap: atmospheric pressure (hPa)

# Rc: rigidity (GV)

#

desilets.eq7 <- function(ap = 1013.25, Rc = 0){

# convert hPa to gr/cm”2

X <-ap *1.0197



Quaternary 2025, 8, 47

6 of 25

# Desilets et al 2006 eq.6 (i.e., Dorman function)
alpha <- 10.275

kappa <- 0.9615

f.Rc <- 1 - exp(-alpha * Rc*(-kappa))

# coefficients from Table 2
n <-1.0177E-02
a <-1.0207E-01
k  <--3.9527E-01
a0 <-8.5236E-06
al <--6.3670E-07
a2 <--7.0814E-09
a3 <--9.9182E-09
a4  <-9.9250E-10
a5 <-2.4925E-11
a6 <-3.8615E-12
a7 <--4.8194E-13
a8 <--1.5371E-14

## polynomial coefficients of eq.5 and eq.7

# note that c3 and c4 are negligible for any reasonable value of Rc
cl<-n/(1 + exp(-a * RcA(-k)))

c2 <- (a0 + al*Rc + a2*Rc"2)/2

c3 <- (a3 + a4*Rc + a5*Rc"2)/3

c4 <- (a6 + a7*Rc + a8*Rc2)/4

# polynomial values for 1033 g/cm2 and for site pressure
p.1033 <- ¢1*1033 + c2*¥103372 + ¢3*103373 + c4*1033/4

p.X <- C1*X + c2*x"2 + c3*x"3 + c4*x"4

# Desilets et al 2006 eq.5
lambda.1033 <- (1033 - x) / (p.1033 - p.x)

## Desilets et al. (2006) eq.7 (also eq. 2 of [68]: Desilets and Zreda, 2003)
# note that this equation has typos in Desilets et al. (2006)

fx <-exp((1033 - x)/lambda.1033)

return(list(mag.factor=f.Rc, alt.factor=f.x, total.factor=f.Rc * f.x))
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HH

# Computes the averaged 10Be production factor from [64]: Steinhilber et al. 2012
# doi:10.1073/pnas.1118965109

#

# Need file "steinhilber2012_TSI.txt" in the working folder

# ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variability/steinhilber2012.txt
#

# age:age (yr BP)

#

# Returns the inverse of Steinhilber's production rate averaged between

# today and the given age.

#

# For instance:

# steinhilber.pf(1000) returns a production factor pf = 0.7863477,

# meaning that present day production is 0.7863477 times the averaged

# production of the last 1000 years, hence averaged production in the

# last 1000 yr was about 20% larger than present day production.

#

steinhilber.pf <- function(age){

if(age > 9389) {
warning("steinhilber.pf: age too old, production factor = 1/1.231\n")
pr<-1.231
}else {
dat <- read.table("steinhilber2012_TSI.txt",
header = TRUE,
skip = 156)

idx <- which(datSYear < age)
pr <- mean(datS$X1.PC[idx])

}
return(sf=1/pr)

HH
# Computes total cosmogenic production factor with constant geocentric axial dipole
# (GAD) field, air pressure and age (age is used only to include the variability of

# production rate from [64]: Steinhilber et al. 2012).
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#

# Combines lifton.eq2, desilets.eq7, and Steinhilber (2012) data (if age is given).
# By default the "steinhilber factor" is disregarded (i.e. set to 1).

# If age > 9400 the steinhilber factor is set to 1/1.231 (with a warning message)
#

# lambda: magnetic latitude (deg)

#ap: air pressure (hPa)

# method: can be either "desilets" or "stone"

# age: age (yrBP) - default NA i.e., no steinhilber correction

# ...: additional arguments passed to lifton.eq2 (e.g. virtual dipole moment Mt)

#

cosmogenic.factor.GAD <- function(ap=1013.25, lambda, method = "desilets", age = NA, ...{

if (method == "desilets"){
Rc <- lifton.eq2(lambda, ...)
df <- desilets.eq7(ap, Rc=Rc)
}
else if(method == "stone"){

df <- stone.eq2(ap, lambda)

# steinhilber correction
if (is.na(age)){

sf<-1
}else {

sf <- steinhilber.pf(age)

return(list(minute = df,
solar.factor = sf,

total.factor=dfStotal.factor * sf))

HH

# Computes total cosmogenic factor with the GAD hypothesis

# and the variable Axial Dipole Moment (ADM) of Panovska et al. (2019)
#

# Combines lifton.eq2, desilets.eq7 using ADM from [66]:
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# Panovska S., Korte M., & Constable C. G. (2019).

# https://doi.org/10.1029/ 2019RG000656

#

# It needs the following file in the working directory:

# (downloaded from https://earthref.org/ERDA/2384/)

# "ADM_GGF100k.txt"

#

# lambda: magnetic latitude (deg)

#ap: air pressure (hPa) - default 1013.25

# age: age (yrBP)

# Mo: present day geomagnetic dipole moment (1e22 A m”2) - default 7.746
#

cosmogenic.factor. ADM <- function(ap = 1013.25, lambda, age, Mo = 7.746){

age <- age/1000 # age in kyr
if(age > 100){stop("Age must be smaller than 100 kyrBP")}

adm <- read.table("ADM_GGF100k.txt", header = FALSE, skip = 1)

idx <- which(admSV1 <= age)

## Compute Rc and df for all ages
Rcs <- lifton.eq2(lambda, Mt = adm$V2[idx], Mo = Mo)

df <- desilets.eq7(ap, Rc=Rcs)

## return the average values (i.e., integrate through time)
mag.factor <- mean(dfSmag.factor)
alt.factor <- mean(dfSalt.factor)

Rc <- mean(Rcs)

return(list(mean.Rc=Rc, mag.factor=mag.factor, alt.factor=alt.factor, total.factor=mag.factor * alt.factor))

# Computes total cosmogenic factor with the GAD hypothesis

# and the variable Axial Dipole Moment (ADM) of [59]: Channell et al. 2018
#

# Combines lifton.eq2, desilets.eq7 using VADM from table S2 of [59]:
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# Channell, J., Hodell, D.A., Crowhurst, S.J., Skinner, L.C., Muscheler, R., 2018.
# Relative paleointensity (RPI) in the latest Pleistocene (10-45 ka) and implications
# for deglacial atmospheric radiocarbon. Quaternary Science Reviews 191, 57-72.
#

# It needs the following file in the working directory:

# "ChannellVADM.txt"

#

# lambda: magnetic latitude (deg)

#ap: air pressure (hPa) - default 1013.25

# age: age (yrBP)

# Mo: present day geomagnetic dipole moment (1e22 A m”2) - default 7.746

#

cosmogenic.factor.JET <- function(ap = 1013.25, lambda, age, Mo = 7.746){

age <- age/1000 # age in kyr
if(age > 45){stop("Age must be smaller than 45 kyrBP")}

adm <- read.table("ChannellVADM.txt", header = FALSE, skip = 1)
idx <- which(admSV1 <= age)

## Compute Rc and df for all ages
Rcs <- lifton.eq2(lambda, Mt = adm$V3[idx], Mo = Mo)

df <- desilets.eq7(ap, Rc=Rcs)

## return the average values (i.e., integrate through time)
mag.factor <- mean(dfSmag.factor)
alt.factor <- mean(dfSalt.factor)

Rc <- mean(Rcs)

return(list(mean.Rc=Rc, mag.factor=mag.factor, alt.factor=alt.factor, total.factor=mag.factor * alt.factor))

HH

# Computes total cosmogenic factor using geomagnetic latitude and field intensity

# from the SHA.DIF.14k geomagnetic model, air pressure and age (age < 14000 yr BP).
# The Steinhilber production factor can be included for age < 9400 yr BP

#
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# Needs the following files in the working directory:
# "coeff_SHA.DIF.14k.dat"
# "steinhilber2012_TSI.txt" (if steinhilber = TRUE)

#

#ap: air pressure (hPa) - default 1013.25

# lat: geographic latitude (deg)

# long: geographic longitude (deg) - default 0

# age: age (yrBP) - must be < 14000

# method: can be either "desilets" or "stone". Stone's method does not use geomagnetic field intensity

# steinhilber: if TRUE includes the variability of production rate - default FALSE
# dir.only: if TRUE ignore geomagnetic field intensity (relevant on for desilets method) - default FALSE
#
cosmogenic.factor.SHAdIf <- function(ap = 1013.25,
lat,
long =0,
method = "desilets",
age,
steinhilber = FALSE,
dir.only = FALSE)

if (age > 14000){

warning("cosmogenic.factor.SHAdIf: calculation is inaccurate for age > 14000\n")

# SHA.DIF.14k uses ages in yrAD
ageAD <- 1950 - age

## This is the complete dataset of Gauss coefficient from file "sha-dif-14k.rar"
# (downloaded it from https://earthref.org/ERDA/1897/)

#

## read SHA table of sha_dif_14k

sha <- read.table("coeff _SHA.DIF.14k.dat", header = TRUE)

## select only dipole coefficients
tmp1 <- subset(sha, subset = order == 1 & rank == 0, select = c(Age, g0=g))
tmp2 <- subset(sha, subset = order == 1 & rank == 1, select = c(g, h))

sha.dipole<-data.frame(Age = tmp1$Age, g01 = tmp1Sg, g1l = tmp2Sg, h11 = tmp2S$h)

## compute dipole axis from Gauss dipolar coefficients
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dipole <- gauss2dipole(sha.dipoleSg01, sha.dipole$gl1, sha.dipoleSh11)
dipole$Age <- sha.dipoleSAge

site <- c(long, lat)

# select relevant ages (AD)

idx <- which(ageAD <= dipoleSAge)

# Magnetic colatitude of site is the angle (great circle distance) between magnetic pole and site

Mlat <- 90 - angle(cbind(dipoleSphi[idx], 90-dipoleStheta[idx]), site, all=TRUE)

idx2 <- which(Mlat >90)
Mlat[idx2] <- 180-Mlat[idx2]

if (method == "desilets"){
if (dir.only){
# disregards the variability of dipole intensity
Rcs <- lifton.eq2(lambda = Mlat)
}else {
# direction and intensity (Mo = 30.1 uT from IGRF2000)
Rcs <- lifton.eq2(lambda = Mlat, Mt = dipoleSBo[idx], Mo = 30.1)

df <- desilets.eq7(ap, Rc=Rcs)
}

else if(method == "stone"){

df <- stone.eq2(ap, Mlat)

tf <- mean(dfStotal.factor) # mean total factor

if (steinhilber){
sf <- steinhilber.pf(age)
}else {

sf<-1

return(list(solar.factor=sf, total.factor=tf * sf))
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H#

# Computes total cosmogenic factor using the geomagnetic latitudes
# from TKO3 geomagnetic model [70] and air pressure

#

# ** It needs pmag.py installed to compute the TKO3 dataset **

# https://pmagpy.github.io/PmagPy-docs/intro.html

#

#

#ap: air pressure (hPa) - default 1013.25

# lat: site latitude (deg)

# method: can be either "desilets" or "stone"

#.. additional arguments passed to lifton.eq2 (e.g. virtual dipole moment Mt)
#

cosmogenic.factor.TKO3 <- function(ap = 1013.25, lat, method = "desilets", ...){

## compose the command string to run tk03.py

# this makes 5000 surrogates and store in temporary file named tk03.tmp
# command string will be: tk03.py -n 5000 -lat xx > tk03.tmp

cmd.str <- paste("tk03.py -n 5000 -lat ", lat)

cmd.str <- paste(cmd.str, "> tk03.tmp")

## loop the multiple command strings (i.e., lat)
# for each cmd.str compute the Rc
r <- length(cmd.str)
tf <- mat.or.vec(nr=r, nc=1)
mRc <- mat.or.vec(nr=r, nc=1)
for (l'in 1:r){
system(cmd.str(l])

TKO3 <- read.table("tk03.tmp", skip = 7) # skip = 7 remove some warning lines in my computer

pole <- vgp(TKO3[, 1:2], lat[l], 0)
Mlat <- 90 - angle(cbind(pole[,2], pole[,1]), c(0, lat[l]), all=TRUE) # pls note that latitudes can be negative

# compute scaling factors
if (method == "desilets"){
Rc <- lifton.eq2(Mlat, ...)
df <- desilets.eq7(ap, Rc=Rc)
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}

else if(method == "stone"){

df <- stone.eq2(ap, Mlat)

tf[l] <- mean(dfStotal.factor) # mean total factor

tf[l]

# make a table with results
results <- listf(Command.string = cmd.str,
latitude = lat,

total.factor = tf)

# remove the temporary file

system("rm tk03.tmp")

return(results)

HH#
# conversion from height or altitude (meters, m), to air pressure (hPa) at temperature = 15 C
h2p <- function(h) {

ap <- 101325 * (1 - 2.25577e-5 * h)A5.25588

return(ap/100)

HH#
# Compute the dipole axis direction and Bo given the Gauss coefficient of order 1
#
gauss2dipole <- function(g01, g11, h11){
Bo <- sqrt(g0172 + g1172 + h11A2)
cl <-sqrt(gl172 + h1172)

theta <- acos(-g01/Bo) *180/pi
phi <- acos(-g11/c1) *180/pi
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idx <- which(h11 > 0)
philidx] <- -phi[idx] + 360

return(list(theta = theta, phi = phi, Bo = Bo))

#it
# angle between directions dirl and dir2, in deg

angle <- function(dirl, dir2, all = FALSE){

P1 <- ai_lmn(dirl)
P2 <-ai_lmn(dir2)
A <- acos(P1 %*% t(P2))*180/pi

if(all) {A <- diag(A)}

return(A)

H#
# from azimuth and inclination to directors cosine
ai_Imn <- function(di){

di <- as.matrix(di)

if(ncol(di) == 1) {di <- t(di)}

di<- di*pi/180  #inrad

| <-cos(di[,2]) * cos(di[,1])
m <-cos(di[,2]) * sin(di[,1])
n <-sin(di[,2])

Imn <- cbind(l, m, n)

colnames(lmn) <- c("I", "m", "n")

return(lmn)

HH
# Calculate the (Virtual) Geomagnetic Pole given the site coordinates

# and the (paleo)magnetic direction.
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# Angles are in deg.

# dir: column matrix with declination and inclination
#

vgp <- function(dir, site.lat, site.long)

{
dec <- dir[,1]
inc <- dir[,2]
r <- pi/180

P <- atan2(2, tan(inc*r)) # magnetic colatitude in radiants

# Butler [78] eq: 7.2 (radians)

vgp.lat <- asin(sin(site.lat*r)*cos(P) + cos(site.lat*r)*sin(P)*cos(dec*r))
# Butler [78] eq: 7.3

a <-round((sin(P)*sin(dec*r))/cos(vgp.lat), 10)

beta <- asin(a)*180/pi

vgp.long <- site.long + 180 - beta

idx <- which(cos(P) >= (sin(site.lat*r)*sin(vgp.lat)))

vgp.long[idx] <-site.long+beta[idx] # overwrite condition above

vgp.lat <- vgp.lat *180/pi  # VGPlat in deg

return(cbind(lat = vgp.lat, long = vgp.long))
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Table S1. Effective vertical cutoff rigidity (Rc) and corresponding magnetic scaling factor (f(R.)) as a
function of latitude for various geomagnetic field models.

Rc (GV) fiRc)
Lat GAD SHA K27 TKO3 GAD SHA K27 TKO3
I°l
0 14.745 14.665 14.197 14.347 0.538 0.540 0.551 0.548
1 14.743 0.538
2 14.735 0.539
3 14.723 0.539
4 14.705 0.539
5 14.681 14.556 14.081 14.247 0.540 0.543 0.554 0.550
6 14.650 0.541
7 14.612 0.541
8 14.565 0.543
9 14.509 0.544
10 14.444 14.234 13.716 13.946 0.545 0.550 0.563 0.558
11 14.366 0.547
12 14.277 0.549
13 14.174 0.552
14 14.057 0.555
15 13.924 13.619  13.083 13.365 0.558 0.566 0.580 0.572
16 13.775 0.562
17 13.610 0.566
18 13.426 0.571
19 13.225 0.576
20 13.005 12.632 12.172 12.581 0.582 0.592 0.605 0.594
21 12.766 0.588
22 12.509 0.596
23 12.233 0.603
24 11.939 0.612
25 11.627 11.252  10.997 11.391 0.621 0.633 0.641  0.629
26 11.299 0.632
27 10.955 0.642
28 10.597 0.654
29 10.226 0.667
30 9.843 9.542 9.608 9.915 0.680 0.691 0.689 0.678
31 9.450 0.694
32 9.049 0.709
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33 8.643 0.725
34 8.232 0.742
35 7.819 7.653 8.090 8.319 0.759 0.766 0.748 0.738
36 7.406 0.777
37 6.995 0.795
38 6.589 0.813
39 6.189 0.832
40 5.797 5.783 6.551 6.781 0.850 0.851 0.815 0.804
41 5.414 0.868
42 5.044 0.886
43 4.686 0.902
44 4.343 0.918
45 4.016 4.122 5.097 5.464 0.933 0.928 0.883 0.866
46 3.704 0.946
47 3.410 0.958
48 3.133 0.968
49 2.874 0.976
50 2.633 2.792 3.813 4.172 0.983 0.978 0.941 0.926
51 2.409 0.988
52 2.202 0.992
53 2.011 0.995
54 1.836 0.997
55 1.676 1.817 2.747 3.298 0.998 0.997 0.980 0.962
56 1.528 0.999
57 1.393 0.999
58 1.269 1.000
59 1.155 1.000
60 1.049 1.137 1.910 2.591 1.000 1.000 0.996 0.984
61 0.951 1.000
62 0.858 1.000
63 0.771 1.000
64 0.688 1.000
65 0.608 0.659 1.280 1.884 1.000 1.000 1.000 0.996
66 0.532 1.000
67 0.458 1.000
68 0.386 1.000
69 0.318 1.000
70 0.252 0.328 0.828 1.506 1.000 1.000 1.000 0.999
71 0.191 1.000
72 0.133 1.000

73 0.081 1.000
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74 0.036 1.000

75 -0.003 0.122 0.518 1.088 1.000 1.000 1.000 1.000
76 -0.032 1.000

77 -0.053 1.000

78 -0.064 1.000

79 -0.064 1.000

80 -0.054 0.026 0.322 0.906 1.000 1.000 1.000 1.000
81 -0.034 1.000

82 -0.006 1.000

83 0.029 1.000

84 0.066 1.000

85 0.102 0.002 0.215 0.770 1.000 1.000 1.000 1.000
86 0.131 1.000

87 0.145 1.000

88 0.136 1.000

89 0.092 1.000

90 0.000 0.000 0.180 0.773 1.000 1.000 1.000 1.000

GAD is mean effective vertical cutoff rigidity (R., in GV) for geocentric axial dipole field as a function of absolute geographic (=geomagnetic) latitude (Lat)
at sea level calculated using Equation 2 of [58]; SHA is mean R. for VGP distribution calculated from dipole coefficients for 14 cal. ka to present
(SHA.DIF.14k) from [55]; K27 is mean R. for VGP distribution with Fisher’s precision parameter K=27; and TK03 is mean R. for the statistical gecomagnetic

field model of [70]. The corresponding magnetic scaling factors (f(Rc)) were calculated with mean Rc using Equation 6 of [67].
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Table S2. Relative paleointensity (RPI) 14-45 ka [59,60].

Age RPI +Error
ka ZAm? ZAm?
14.00 7.73 0.64
14.50 7.83 0.76
15.00 9.61 10.65
15.50 10.94 10.83
16.00 11.68 10.80
16.50 11.31 10.65
17.00 12.10 10.67
17.50 12.59 10.57
18.00 13.27 10.57
18.50 12.36 10.63
19.00 10.85 10.61
19.50 11.31 10.39
20.00 11.87 10.46
20.50 11.76 10.40
21.00 11.54 10.38
21.50 10.53 10.36
22.00 9.92 10.44
22.50 9.46 10.56
23.00 9.82 10.48
23.50 9.75 10.50
24.00 8.74 0.39
24.50 9.03 0.46
25.00 9.14 0.48
25.50 8.83 0.54
26.00 8.80 0.45
26.50 7.60 0.65
27.00 8.11 0.54
27.50 7.26 0.52
28.00 8.28 0.46
28.50 7.63 0.39
29.00 7.38 0.43
29.50 6.93 0.40
30.00 7.58 0.36
30.50 8.12 0.42

31.00 8.60 0.53
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31.50
32.00
32.50
33.00
33.50
34.00
34.50
35.00
35.50
36.00
36.50
37.00
37.50
38.00
38.50
39.00
39.50
40.00
40.50
41.00
41.50
42.00
42.50
43.00
43.50
44.00
44.50
45.00

9.39
9.69
8.75
8.53
8.53
6.12
6.02
6.35
7.98
7.48
6.50
5.62
5.76
5.85
5.72
4.87
4.33
3.01
1.64
1.35
2.24
3.04
4.61
5.47
6.96
6.94
6.97
7.27

0.45
10.59
0.62
0.64
0.47
0.57
0.45
0.33
0.48
0.43
0.33
0.33
0.41
0.50
0.42
0.45
0.45
0.33
0.36
0.20
0.27
0.30
0.33
0.37
0.47
0.57
0.57
0.49
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Table S3. °Be-based VADM since 45 ka from [59].

Age VADM adj rsum VADM
ka ZAm? ZAm?
0.5 18.5 8.48
1.0 19.1 17.61
1.5 19.8 27.45
2.0 110.3 37.73
25 110.2 47.93
3.0 19.6 57.54
3.5 18.8 66.37
4.0 18.2 74.53
4.5 17.7 82.22
5.0 07.3 89.57
5.5 07.0 96.56
6.0 06.5 103.10
6.5 06.1 109.22
7.0 05.9 115.13
7.5 06.1 121.21
8.0 06.6 127.81
8.5 07.2 135.04
9.0 17.5 142.58
9.5 07.3 149.86
10.0 06.7 156.54
10.5 06.2 162.75
11.0 06.2 168.90
115 06.5 175.41
12.0 07.0 182.44
125 07.3 189.75
13.0 07.2 196.92
135 06.8 203.77
14.0 06.8 210.55
14.5 07.3 217.82
15.0 18.4 226.26
15.5 110.1 236.38
16.0 111.8 248.16
16.5 112.7 260.89
17.0 112.8 273.68

17.5 112.4 286.05
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18.0 111.9 297.97
18.5 111.6 309.57
19.0 111.2 320.77
19.5 110.4 331.22
20.0 193 340.51
20.5 18.0 348.50
21.0 06.9 355.45
21.5 06.4 361.87
22.0 06.5 368.37
22,5 07.2 375.53
23.0 18.2 383.71
23.5 19.1 392.79
24.0 19.4 402.15
24.5 19.0 411.11
25.0 18.3 419.38
25.5 17.6 426.99
26.0 07.1 434.09
26.5 06.7 440.80
27.0 06.5 447.27
27.5 06.5 453.77
28.0 06.9 460.71
28.5 17.8 468.49
29.0 18.7 477.19
29.5 19.2 486.35
30.0 18.9 495.28
30.5 18.5 503.75
31.0 18.4 512.10
315 18.7 520.84
32.0 19.2 530.04
325 18.9 538.99
33.0 17.8 546.75
335 06.4 553.19
34.0 05.7 558.94
345 05.9 564.88
35.0 06.9 571.75
35.5 17.8 579.56
36.0 17.6 587.20
36.5 06.3 593.55
37.0 05.0 598.55
37.5 04.2 602.78

38.0 04.1 606.85
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38.5 04.1 610.98
39.0 03.8 614.83
39.5 03.0 617.85
40.0 02.0 619.87
40.5 01.4 621.23
41.0 01.3 622.50
41.5 01.8 624.27
42.0 02.8 627.10
42.5 04.2 631.33
43.0 05.7 637.03
43.5 06.9 643.96
44.0 17.7 651.64
44.5 17.8 659.45

45.0 07.4 666.86
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Fig. S1. A) Variations in geomagnetic axial dipole moment (ADM) since 50 ka from Model GGF100k (blue wiggly line; [66]. Present-
day ADM is shown by red horizontal line for reference. B) Cumulative ADM in 50-y intervals for Model GGF100k going back in time
from the present (blue curve) and compared to cumulative ADM for a constant present Earth field dipole moment and for +10%, -
10% and -15% of present-day Earth ADM shown for reference (labeled red lines).



Quaternary 2025, 8, 47 21 of 21

89. Wright, H.E.; Stefanova, I. Plant trash in the basal sediments of glacial lakes. Acta Palaeobot. 2004, 44, 141-146.

90. Stowinski, M.; Blaszkiewicz, M.; Brauer, A.; Noryskiewicz, B.; Ott, F.; Tyszkowski, S. The role of melting dead ice on landscape
transformation in the early Holocene in Tuchola Pinewoods, North Poland. Quat. Int. 2015, 388, 64-75. [CrossRef]

91. Balco, G. Contributions and unrealized potential contributions of cosmogenic-nuclide exposure dating to glacier chronology,
1990-2010. Quat. Sci. Rev. 2011, 30, 3-27. [CrossRef]

92. Hallet, B. A Theoretical Model of Glacial Abrasion. J. Glaciol. 1979, 23, 39-50. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.quaint.2014.06.018
https://doi.org/10.1016/j.quascirev.2010.11.003
https://doi.org/10.1017/s0022143000029725

	Introduction 
	Scaling 10Be Production with Dipole Moment, Latitude, and Altitude 
	Variations with Dipole Moment 
	Variations with Altitude and Geomagnetic Latitude 
	Latitudinal Variations with Secular Variation in Directions 

	CRONUS-Earth Primary 10Be Calibration Sites 
	Discussion 
	Conclusions 
	References

