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Abstract The Cretaceous Normal Superchron constitutes an enigmatic ~37-Myr interval of stable polarity
in the history of the Earth's magnetic field. The strength of the geomagnetic dipole moment during this interval
is controversial, with absolute paleointensity determinations on crystallized volcanic rocks, volcanic glasses,
and silicate crystals yielding statistically different averages. In this study, we present the first paleointensities in
the mid of the superchron conducted on baked sediments from Hainan (SE Asia). This hitherto underexploited
material, akin to baked clays used in archeomagnetism, produces unambiguous linear Arai-Nagata diagrams
over 60%—90% of the fraction of natural remanent magnetization. Using strict selection criteria, we show that
baked sediments, volcanic glasses, and silicate crystals are consistent with a dipole moment ~40% higher than
the present-day value. Relying on 22 independent determinations only, this combined data set leaves open the
question of the dependency between geomagnetic dipole strength and reversal frequency.

Plain Language Summary The paleomagnetic field, produced by the convection of liquid iron in the
Earth's outer core, regularly switched the polarity of its dipole over geological time and yet experienced an
unusual ~37 Myr interval of stable polarity during the Cretaceous. The strength of the paleomagnetic dipole
during this so-called superchron remains contentious, with paleointensity experiments yielding values 2-3 times
higher for single crystals of silicate than for crystallized volcanic rocks. In this study, we conducted the first
absolute paleointensity experiments on sandstones baked by diabase dykes in the mid of the Cretaceous
superchron. These baked sediments, similar in their properties to the baked clays used in archeomagnetism, are
reliable paleomagnetic recorder, yielding a paleointensity of 40-50 uT at ~105 Ma in Hainan (China).
Compared to strictly selected determinations from the absolute paleointensity database, our results from baked
sediments are largely consistent with those from silicate crystals and volcanic glasses, pointing to a dipole
moment during the Cretaceous superchron ~40% higher than the present-day value. In disagreement with
controversial paleointensity determinations conducted on crystallized volcanic rocks, the results from baked
sediments, volcanic glasses, and silicate crystals may be consistent with an inverse relationship between
geomagnetic dipole strength and reversal frequency.

1. Introduction

The paleomagnetic field, produced by a geodynamo in the Earth's fluid outer core, is schematically characterized
by the polarity, variability, and strength of its dipolar component at the Earth's surface (e.g., Merrill et al., 1996).
The geomagnetic polarity timescale, interpreted from the marine magnetic anomalies since the Middle Jurassic
(e.g., Ogg, 2020), revealed the existence of the Cretaceous Normal Superchron (CNS, 83.65-120.96 Ma)—a
~37 Myr long period of stable polarity, possibly interrupted by short events of reverse polarity (e.g., Zhang
et al., 2021). Geodynamo simulations predict more frequent polarity reversals, more pronounced field variability
and weaker dipole strength when the convective vigor is increased (e.g., Christensen, 2010; Lhuillier &
Gilder, 2013). However, heat flux heterogeneities at the core-mantle boundary (e.g., Frasson et al., 2025) as well
as stable stratification in the uppermost core (e.g., Aubert et al., 2025) may also influence the geomagnetic field
behavior, questioning the validity of the above prediction for the Earth's dynamo.

The variability of the Earth's magnetic field over centennial to millennial timescales, termed paleosecular vari-
ation (PSV), is usually quantified by the dispersion of the virtual geomagnetic poles (VGP scatter S) for a series of
volcanic units emplaced at distinct time horizons (e.g., McFadden et al., 1991). Depending on paleolatitude, S is
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approximately twice as high at the poles as at the equator during the past 10 Myr (e.g., Cromwell et al., 2018;
Tauxe et al., 2024). However, the latitudinal profile of S values during the CNS is statistically indistinguishable
from the one during the past 10 Myr (e.g., Doubrovine et al., 2019; Lhuillier et al., 2024). More distinctively, large
series of 50—100 volcanics units obtained at 70°-80° paleolatitude revealed an S value 19%—55% lower at the end
of the CNS (Lhuillier et al., 2024; Tarduno et al., 2002) than at 66—73 Ma (Lhuillier et al., 2025), the amplitude of
the discrepancy depending on the method chosen to filter the transitional directions. Another proxy for PSV, the
relative standard deviation in intensity, yielded a value of ~30% during the CNS (Cronin et al., 2001; Lhuillier
et al., 2016) compared to 40%—50% during periods with frequent reversals (Eid et al., 2022; Tauxe & Hartl, 1997).
Finally, Granot et al. (2012) and Liu et al. (2024) reported enhanced PSV in the middle of the CNS, questioning
the existence of a linear relationship between the amplitude of PSV and reversal frequency.

The absolute strength M of the geomagnetic dipole during the CNS is contentious, with reported values ranging
from ~10% to ~200% of the present-day value of 80 ZAm? (e.g., Bobrovnikova et al., 2022; Di Chiara
etal., 2021; Kulakov et al., 2019). Thellier-style absolute paleointensity (API) experiments, whereby a specimen's
natural remanent magnetization (NRM) is progressively replaced by laboratory-induced partial thermoremanent
magnetizations (pTRMs), require that the NRM carriers obey the Thellier laws of additivity, reciprocity and
independence (e.g., Dunlop, 2011). Violations of these laws may account for the large discrepancies of the API
results and typically occur when the NRM grains (a) depart from the single-domain (SD) state (e.g., Kosterov &
Prévot, 1998; Xu & Dunlop, 2004), (b) experience magnetostatic interactions (e.g., Coe, 1974; Shcherbakov
et al., 1996), (c) carry a thermochemical remanence instead of a pure thermoremanence (e.g., Shcherbakov
et al., 2021, 2024), and/or (d) are thermally altered in the course of the experiments. Additionally, uncorrected
differences in cooling rate between laboratory and natural conditions may lead to overestimated API de-
terminations (e.g., Biggin et al., 2013; Santos & Tauxe, 2019).

The analysis of the API results during the CNS is particularly complicated since the three major types of materials
commonly used for API experiments—oriented paleomagnetic samples of crystallized volcanic rocks (hereinafter
“volcanic rocks”), crystals of silicates extracted from igneous rocks (hereinafter “single crystals™), fragments of
amorphous volcanic rocks (hereinafter “volcanic glasses”)—yield statistically distinct averages (e.g., Bobrov-
nikova et al., 2022; Ingham et al., 2014). Volcanic rocks, which may be more prone to alteration and contami-
nation by multidomain remanence carriers (e.g., Cottrell & Tarduno, 2000), yield the lowest estimates of M up to
~10% of the present-day value (e.g., Shcherbakova et al., 2012; Zhu et al., 2008). Single crystals and volcanic
glasses specifically target SD remanence carriers, at the expense of losing the possibility to determine the
associated paleodirections and amplifying anisotropy effects. Single crystals of millimetric size approach the
limits for which the Maxwell-Boltzmann statistics can be applied (e.g., Berndt et al., 2016) and yield the highest
estimates of M up to ~200% of the present-day value (e.g., Tarduno et al., 2001, 2002). Volcanic glasses may
partially melt in the course of the API experiments (e.g., Smirnov & Tarduno, 2003) and yield dispersion twice as
high as for other materials (e.g., Di Chiara et al., 2021; Tauxe & Staudigel, 2004).

By analogy with the baked clays used in archeomagnetism (e.g., Thellier & Thellier, 1959), sediments baked by
intrusions or lavas usually contain ideal remanence carriers which are well suited for API determinations (e.g.,
Meng et al., 2020). We present in this letter the first API results on baked sediments characterizing the state of the
geodynamo in the middle of the CNS. To this end, we focus on a swarm of diabase dykes intruding fine-grained
sandstones from the Lumuwan Formation in the prefecture of Qionghai in Hainan (China, Figures 1a and 1b).

2. Materials and Methods
2.1. Geological and Paleomagnetic Setting

Meng et al. (2022) investigated the paleomagnetism of eight dykes from the Shangling quarry (19.1159°N,
110.3644°E) and produced four profiles in the host sandstones to determine the influence of baking on the
magnetization of the sediments. Carried by low-Ti titanomagnetite, the remanence of the dykes yielded a negative
fold test, indicating that the dykes were intruded after the sediments were folded. According to thermal
demagnetization spectra, the remanence of the unbaked sediments was dominantly carried by hematite whereas
the remanence of the baked sediments was dominantly carried by magnetite. The reduction of hematite to
magnetite being unlikely in the absence of organic material during the intrusion of the dykes, fine magnetite
grains were likely exsolved within silicate crystals during the baking of the sediments above 600°C (e.g.,
Davis, 1981; Tarduno et al., 2006). In a distance less than 5 cm from the dyke, the paleodirection of the sediments
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Figure 1. Geological and paleomagnetic setting. (a) Overview topographic map of the northern part of SE Asia showing the location of the Hainan Island. (b) Geological
map of Hainan showing the location of the Shangling quarry investigated in this study. (c) Field photograph showing the eight diabase dykes sampled in 2023.

(d) Enlargement of site 4 showing the sampled baked sediments at the dyke's margin. (¢) Comparison of the mean paleodirections (D,, I,) obtained from the dyke (blue
disks) and the baked sediments (red squares). The parameters k and a5 represent Fisher (1953)'s precision parameter and the 95% confidence radius. The inset provides
the results of the common-mean tests of McFadden and McElhinny (1990) and Heslop et al. (2023).

was indistinguishable from the one of the dyke, supporting the pristine nature of the remanence of the dykes. Nine
magmatic zircons picked from those dykes yielded a 2°°Pb/**®U age of 104.6 + 0.7 Ma (Meng et al., 2022),
consistent with the less precise U-Pb SHRIMP age of 101 + 4 Ma for the same dyke system (Dilek & Tang, 2021).

In addition to the 101 baked sediments from Meng et al. (2022) sampled in 2021, we drilled 242 paleomagnetic
cores (186 for baked sediments and 56 for the diabase dykes) in 2023 (Figures 1c and 1d; see also Figure S1 in
Supporting Information S1). We successfully sampled seven of the eight sites (each site consisting of the diabase
dyke and the associated baked sandstones) shown in Figure 1c, with sites 1, 2, and 4 corresponding to sites 1B,
1A, and 5 from Meng et al. (2022); site 7 was not suitable for paleomagnetic sampling. Additionally, we analyzed
site 2 from Meng et al. (2022) that was not accessible anymore in 2023; it is termed site 9 in this study. The
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sediments from 2023 were drilled at 1-9 cm (median of 2.5 cm) from the dyke; those from 2021, initially not
intended for API experiments, at 2-172 cm (median of 10 cm) from the dyke.

2.2. Absolute Paleointensity Experiments

To determine estimates of the ancient field B,,., we conducted Thellier-style experiments (Thellier & Thel-
lier, 1959) on 8.8-mm diameter cores (182 from baked sediments and 48 from diabase dykes) using an ASC TD48
double-chamber furnace and an AGICO JR6 spinner magnetometer in the magnetically shielded room of the
Ludwig-Maximilians-Universitidt Miinchen. In the course of the stepwise replacement of a specimen's NRM by a
laboratory-induced pTRM (in 11-12 temperature steps, in a controlled field B,,, of 40 or 50 pT), we intercalated
PTRM checks to detect thermal alteration (Coe, 1967) and pTRM tail checks to detect non-ideal remanence
carriers violating the pTRM reciprocity law (Riisager & Riisager, 2001). We determined B,,. as the slope of the
linear segment multiplied by B,,, in the Arai-Nagata diagram (Nagata et al., 1963). For our final estimates, we
averaged, first at the sample level, then at the site level, the most robust API determinations selected using
improved PICRIT-03 criteria (Kissel & Laj, 2004), where the threshold for the NRM fraction f was raised from
0.35 to 0.70.

2.3. Paleomagnetic and Rock-Magnetic Experiments

We determined the paleodirections of the diabase samples by alternating field demagnetization using the auto-
mated SushiBar system (Wack & Gilder, 2012) whereas those of the baked sediments were recovered from the
Thellier-Coe experiments. To characterize the nature and thermostability of the remanence carriers, we conducted
hysteresis loops on select samples using a LakeShore MicroMag 3900 vibrating sample magnetometer as well as
thermomagnetic curves of the saturation magnetization using a custom-made Curie balance. On four charac-
teristic samples, we performed scanning electron microscopy (SEM) of polished sections using a TESCAN
VEGA II LMU device and X-ray diffractometry (XRD) of magnetic separates using a STOE STADI MP device.

2.4. Absolute Paleointensity Database

Following Bobrovnikova et al. (2022), we focused on the Thellier-style determinations with pTRM checks
available during the Cretaceous period (66.0-143.1 Ma). For this time interval, two studies (Alva-Valdivia
et al., 2023; Zhu et al., 2002) were added to the Borok-Munich database (Eid et al., 2022), for a total of 302
records from 60 studies. For the selection, we employed the simple criteria of Perrin and Shcherbakov (1997) in
terms of the number of determinations per cooling unit (¥;,,) and the within-unit relative standard error (RSE).

3. Experimental Results

For the eight investigated sites, we first checked the consistency between the paleodirections of the dykes and
those of the baked sediments. Considering the eight sites separately (Figure S2 in Supporting Information S1), the
baked contact test is positive for six of them; negative for sites 1 and 4 despite a critical angle € between the means
of the two populations not exceeding 5°. Considering the eight sites together (Figure 1e), the baked contact test is
positive, with 8 = 3.5° < 6. = 7.8° for the conventional common-mean test of McFadden and McElhinny (1990)
and 4 = 22.1 < Ac = 22.6 for the bootstrap common-mean test of Heslop et al. (2023).

None of the Thellier experiments on the diabase dykes could be interpreted due to erratic and/or convex-shaped
Arai-Nagata diagram. Focusing on the baked sediments, we successfully interpreted 10 samples or more for sites
1,2,3, 4, and 9; three to five samples for sites 5 and 6; none of them for site 8 (Table 1). The samples from sites 2—
4 are mainly characterized by one-sloped Arai-Nagata diagrams over 60%—90% of the NRM fraction (Figures 2a—
2c and Figures S3c—S3h in Supporting Information S1). In contrast, the samples from sites 1, 5, 6, and 9 often
show two-sloped and/or convex-shaped Arai-Nagata diagrams, as a consequence of the insufficient baking of the
sediments (distance greater than 5 cm from the dyke's margin) and/or of the presence of non-ideal remanence
carriers (Figure 2d, Figures S3a, S3b, and S4 in Supporting Information S1). To exclude these ambiguous de-
terminations, we applied modified PICRIT-03 selection criteria to our API results (see Section 2.3). This allowed
us to significantly reduce by a factor of 67 the dispersion about the mean for sites 1, 2, and 9; more moderately by
a factor of 1.3 for the other sites (Figure S5 in Supporting Information S1). At the end of this selection process,
sites 2—4 are ranked as excellent with eight samples or more used to compute the averages; sites 1, 6, and 9 are of
intermediate quality with N;,, = 1-4; site 5 is rejected with N,,, = 0 (Table 1). The obtained estimates B, of the
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Site-Mean Paleodirections and Paleointensities
Site Nint Nllnl NiOnt Banc U(Bdnc) VDM Ndir Ngir Dg Ig k Q95
1/1B (2021) 4 28 39 420 1.2 84.0 (68.9) 23 40 09 470 2253 2.0
2/1A (2021) 10 22 34 413 1.1 93.4 (86.9) 19 37 358.8 340 3118 1.9
3 8 14 18 39.8 44 82.4 (74.2) 12 18 1.5 439 1916 3.1
4/5 (2021) 14 20 20 525 3.9 103.2 (91.8) 19 23 3555 487 4175 1.6
5 0 3 16 6 16 3534 520 332 118
6 1 5 16 504 94.8 (89.1) 9 16 3569 523 323 9.2
8 0 0 7 7 7 3548 30.8 315.1 34
9/2 (2021) 2 13 20 543 1.3 111.0 (98.8) 11 20 355.1 451 201.8 32
Note. The quantity B,,. is the site-mean API in uT determined from N;, individual samples passing our selection criteria,
together with its relative standard deviation 6(By,.) and the virtual dipole moment (VDM) in ZAm?. The parenthesized
values are corrected for cooling rate using the predictions of Table S3 in Supporting Information S1. The quantity N?m (resp.
lm) is the number of measured (resp. interpreted) samples for each site. The quantities (D,,/,) represent the site-mean
paleodirection in degrees determined from Ny, individual samples, together with its precision parameter k and the 95%
confidence radius as. The quantity NY, is the number of measured samples for each site.
ancient field range from ~40 to 55 pT, which amounts to virtual dipole moment (VDM) values from ~80 to
110 ZAm?. Note that our VDM values for sites 2—4 agree to within 3% with the averages calculated using the
CCRIT selection criteria (see Table S1 in Supporting Information S1, Tauxe et al., 2016).
a. Site 2/ 1A (2021): 25054 (#) North | Up (0) b. Site 3: 35068 (¢) North | Up (0
19 200°C f 1¢ f
. NO"C B,,;=40.5+0.4 uT (3=0.01) Bc=46:4£07 uT (=0.02) | o
0.8 T f=0.84 q=64.85 T 0.8 f=0.92 q=49.35 T
EO DRAT=4.5% 20 540°C DRAT=2.9%
T 067 CDRAT=8.4% T £ 06 550°C CDRAT=7.6% T
< DRAT,=1.9% £ DRAT,=2.5%
Z 04t 560°00 CDRAT =6.6% T+ Z 04+ CDRAT=63% | o o,
z z & a=0.6°
0.2 + Blab=50'0 nT L 02+ Blab=50'0 uT 560°C 4 3,20
570°C =
T=300-580°C (N=11) 580°C T=300-580°C (N=11) \57000
0 * * 0 | i
0 0.5 1 0 0.5 1
PTRM/NRM | PTRM/NRM,
c. Site 4 /5 (2021): 45106 ® d. Site 9/ 2 (2021): 25067-02 ) North | Up (0)
16 - ‘ 1 1 1 1 1
200 B, =57.2+08 uT (3=0.02) 12l B, =35.4+23 T (3=0.07) | 5o om
0.8 1 =0.86 q=45.97 + ' f=0.46  q=5.19
o o 19 20 are, T
= 06 IN DRAT=1.6% | = I 399400 CSRR::__: S// i
z ' CDRAT=3.7% z 08 450 DRAT ;5:20/: MAD=5.8°
= 041 DRAT,=2.4% | = 067 500 CDRAT=62% | 4%
c - CDRAT,=5.5% < o 30 530 e y=4.7°
043 ° 550 o 560 |
0.2+ B,,=50.0uT % 560°C 4 | Bp=40.0 4T 1
T=300-580°C (N=11) 570°C 027 1o00-520C (N=6)
0+ 1 1 0 1 1 1 1
0 0.5 1 0 0.5 1 1.5 2
PTRM/NRM PTRM/NRM,

Figure 2. Examples of Arai-Nagata diagrams, showing in red the fitted line over the temperature segment 7 B,

f the fraction of natural remanent magnetization (NRM), ¢ the quality factor (Coe et al.,
magnetization (pTRM) checks (pTRM tail checks) where DRAT (DRAT)) is the maximum difference ratio measured from the pTRM checks (pTRM tail checks)
according to Selkin and Tauxe (2000); CDRAT (CDRAT),) is the absolute value of the sum of the pTRM checks (pTRM tail checks) differences according to Kissel and
Laj (2004). Vector endpoint diagrams of the NRM in course of the Thellier-Coe experiments are provided in core coordinates to the right of the Arai-Nagata diagrams,
where MAD is the maximum angular deviation, «a is the angle between origin-anchored and free-floating fitted directions, and y is the angle between the measured
PTRM direction and the applied field direction.

anc

is the ancient field estimate, f the relative standard error,
1978). Blue triangle (green diamonds) show the partial thermoremanent
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In terms of rock-magnetic properties, the hysteresis loops of the eight sites are characterized by large values of the
coercivity B¢ ranging from ~25 to 225 mT (Figures S6 and S7 in Supporting Information S1). We could not
identify any relationship between B, and Bc. For instance, site 2 with B = 200-225 mT yields the same B, as
site 3 with B = 25-50 mT. Likewise, we could not anticipate the failure of the Thellier-Coe experiments for sites
5 and 8 from the inspection of the hysteresis properties. The thermomagnetic curves in saturation magnetization
Mg are consistent with the presence of both magnetite and hematite phases (Figure S6 in Supporting Informa-
tion S1). They also reveal high thermostability up to 600°C-700°C, except for sample 15034 from site 1 that is
only stable up to 600°C. For this latter sample, the cooling branch of the My(T') curve shows the formation of
magnetite above 600°C. SEM indicates the presence of oxy-exsolved magnetite (Figure S8 in Supporting In-
formation S1). XRD confirms the coexistence of magnetite and hematite for site 1 (Table S2 in Supporting In-
formation S1). Conversely, XRD fails to detect magnetite for sites 2 and 4 but detect 30%—60% of quartz in the
magnetic separates. We speculate that fine-grained magnetite is concealed in the silicate crystals (e.g., Eliseev
et al., 2022), consistent with the idea that magnetite was exsolved during the baking of the sediments (e.g.,
Davis, 1981; Tarduno et al., 2006).

4. Geomagnetic Dipole Strength During the CNS

In the absence of selection on the Thellier-type determinations from the API database (Figure 3a), the average
dipole moment during the CNS for the volcanic rocks (M = 45.2 + 19.1 ZAm?, N = 88), volcanic glasses
(M = 69.1 + 41.1 ZAm?, N = 58), baked sediments (M = 94.8 + 11.0 ZAm*, N = 6), and single crystals
(M = 124.1 + 11.7 ZAm?, N = 16) are statistically distinct when compared pairwise using a two-sample
Kolmogorov-Smirnov test (p-value from 107> to 107'%). This observation points to the presence of biased
API records that could not be fully removed by specimen-level selection criteria (e.g., Kissel & Laj, 2004;
Paterson et al., 2014). When lenient selection criteria are applied to the API database (N > 5, RSE < 10%,
Figure 3b), the average moments for the volcanic rocks (M = 43.7 + 17.0 ZAm?, N = 39) and single crystals
(M = 123.0 + 11.3 ZAm? N = 15) remain distinct (p-value of 10719, whereas our determinations on baked
sediments from sites 2-4 (M = 93.0 + 10.4 ZAm>, N = 3) become indistinguishable from those on volcanic
glasses (M = 82.0 = 39.6 ZAmz, N = 17; p-value of 0.2). When stricter selection criteria are considered (N > 5,
RSE < 5%, Figure 3c), the average moment for the volcanic rocks (M = 45.1 = 15.8 ZAmz, N =26), ~45% lower
than the present-day value, persistently remains distinct from the averages of the other data sets (p-value from
1072 to 10™®). In contrast, the averages for the single crystals (M = 122.7 + 12.9 ZAm?, N = 11), volcanic glasses
(M = 106.5 + 35.7 ZAm?, N = 8) and baked sediments (M = 93.0 + 10.4 ZAm?, N = 3) coincide more closely
(p-values from 0.01 to 0.5). The average of these three data sets (M = 112.8 £ 25.2 ZAm?, N = 22) points to a
dipole moment ~40% stronger than the present-day value, consistent with the conclusions by Tarduno
etal. (2001, 2002). This average would also be ~50% higher than the average for the Cretaceous without the CNS
(M =75.7+20.5 ZAm?, N = 4). Note that this latter value is only constrained by two determinations on volcanic
glasses (Juarez et al., 1998; Selkin & Tauxe, 2000) and two determinations on baked sediments (Meng
et al., 2020) from the Late Cretaceous (Figure 3c), leading to higher dispersion when strict selection criteria are
applied. Generally, the previous analysis in terms of average dipole moment relies on the assumption that the state
of the geodynamo was stationary during the CNS and the discrepancies in the API results are due to experimental
errors. Nevertheless, we cannot exclude that the observed variability in the API results is also partly due to
temporal changes of the geodynamo during the CNS, as suggested by Granot et al. (2012) from the analysis of sea-
floor magnetic anomalies. More API determinations passing stringent reliability criteria are needed to discrim-
inate between these two scenarios.

Although marginally considered in the records of the API database, differences in cooling rate between
laboratory and natural conditions may bias API determinations on SD grain (e.g., Dodson & McClelland-
Brown, 1980; Halgedahl et al., 1980). To quantify this effect on our 39 selected specimens, we successively
applied three TRMs by cooling the specimens from 580°C to room temperature in a laboratory field of 45 pT:
TRM, with a cooling time Argy, of 1 hr, TRM, with a cooling time Argy, of 12 hr, and TRM; with a cooling
time Argy, Of 1 hr. We observed that the alteration ratio r, = (TRM3 — TRM,)/TRM; linearly increased with
the cooling-rate ratio r; = (TRM, — TRM,)/TRM,, with a slope of ~1 and a y-intercept of —0.1 (Figure S9a
in Supporting Information S1). This indicates that our specimens were not thermally stable at 580°C. Assume
TRM, = TRM, + 8TRM, + 8TRM,, where 6TRM, (resp. 6TRM,) is the magnetization excess acquired due
to mineralogical changes (resp. the cooling-rate effect). Assume now that the samples have been stabilized
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Figure 3. Analysis of the Thellier-style determinations from the absolute paleointensity database. (a—c) Time evolution of the
reconstructed dipole strength (virtual dipole moment; or virtual axis dipole moment during the Cretaceous for different types
of material—volcanic rocks (green squares), volcanic glasses (blue disks), single crystals (red triangle), and baked sediments
(purple stars)—and selection criteria in terms of the number of determinations per cooling unit (¥;,) and the within-unit
relative standard error. The horizontal lines show the averages during Cretaceous Normal Superchron (CNS), or during the
Cretaceous without the CNS.

during the acquisition of TRM,, we then obtain TRM; = TRM, + 8TRM, and the relative increase STRM,/
TRM, in magnetization due to the cooling-rate effect equates r; — r, = 0.1. This value largely agrees with the
theoretical works on SD grains, which predict ¢ = log;o(Atrm,/ArrM,) ON the order of 1.3-1.7 for STRM,/
TRM, = 0.1 (see Figure 5b of Shcherbakov et al., 2021). On the one hand, the observation of a cooling-rate
dependency in our baked sediments indirectly proves that our remanence carriers are SD-like. On the other
hand, it underlines the necessity to conduct a cooling-rate correction. Assuming a magma temperature of
1,100°C and a thermal diffusivity of 1.15 mm?/s for baked sandstones, we predict cooling times to reach the
blocking temperature of 300°C varying from 13 to 4,400 hr depending on the dyke's thickness (Table S3 and
Figure S9b in Supporting Information S1, Jaeger, 1964). Assuming that the NRM/TRM ratio is overestimated
by ~5% for a tenfold increase in the cooling rate (e.g., Shcherbakov et al., 2021), our API estimates may be
overestimated by 6%-18% (Table S3 in Supporting Information S1). Should these predictions be correct, our
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VDM values obtained from baked sediments would range from 69 to 100 ZAm? (84—111 ZAm? before
correction) and not significantly differ from the present-day value.

5. Conclusions

Hitherto little explored baked sediments, similar to the bricks and potteries studied by Thellier and Thel-
lier (1959), present some advantages—SD-like magnetic grains carrying a pure TRM, possibility to conduct a
baked contact test to assess the pristine nature of the NRM—for the determination of absolute paleointensities.
The Hainan sandstones baked by diabase dykes during the CNS provide unambiguous single-sloped Arai-Nagata
diagrams, as a likely result of a pure thermoremanent magnetization carried by fine-grained magnetite. When
strict selection criteria are applied to the API database, our results become statistically indistinguishable from
those determined on volcanic glasses and single crystals. The concordance of the results obtained from these three
types of material suggests that a strong dipole moment (~40% higher than the present-day value) is more likely to
describe the state of the geodynamo during the CNS than the determinations from volcanic rocks pointing to a
weak dipole moment (~45% lower than the present-day value). This being said, the number of API determinations
from volcanic glasses, single crystals and baked sediments passing stringent reliability criteria is still insufficient
to draw definitive conclusions about the average state and variability of the geodynamo during the CNS.

Data Availability Statement

The raw paleomagnetic data are available in the MagIC database (Chi et al., 2025). The Borok-Munich absolute
paleointensity database is available on Open Data LMU (Lhuillier, 2022).
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