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ARTICLE INFO ABSTRACT

Editor: J. Badro The ca. 565 Ma Ediacaran geodynamo was highly unusual, producing an ultralow field 10 times weaker than
present-day value of 8 x 1022 A m?. A ~5 times rise in field strength is seen in time-averaged single crystal
paleointensity data of ca. 532 Ma Early Cambrian anorthosites of Oklahoma (USA). The field increase could
record the onset of inner core nucleation predicted by thermal evolution and numerical dynamo models. Here,
we examine the renewal of the geodynamo through zircon U-Pb geochronology and single crystal paleointensity
studies of plagioclase from the Chatham-Grenville syenite intrusion in the Grenville Province (Canada). U-Pb
data indicate a ca. 544 Ma age and Thellier single crystal paleointensity data yield field strengths of 2.3 +
0.6 x 102 A m?. The new single crystal paleointensity data further support an increase in field intensity near
the Ediacaran-Cambrian transition, consistent with latent heat of crystallization and release of light elements
providing new energy sources to power the geodynamo upon the onset of inner core nucleation. Moreover, our
new results suggest that plagioclase from syenites can yield valuable records of the geodynamo.

Dataset link: https://
doi.org/10.6084,/m9.figshare.24639186
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1. Introduction

Understanding the evolution of paleomagnetic field strength in the
Precambrian is important because this history could contain clues to
the onset of inner core nucleation (ICN), and how the inner core grew.
Some numerical geodynamo models call for an Ediacaran age for ICN
(Driscoll, 2016) and a field approaching the weak field state where core
kinetic energy exceeds magnetic energy. The independent discovery of a
time-averaged ultralow field intensity by Bono et al. (2019) using single
crystal paleointensity (SCP; Tarduno et al., 2006) analyses of feldspars
and pyroxenes from ca. 565 Ma anorthosites of the Sept-Iles Mafic In-
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trusive Suite (Higgins, 2005) of northern Quebec (Canada) heightened
attention on the Ediacaran as a potential time of ICN. The paleomag-
netic dipole moment reported by Bono et al. (2019) of 0.7 + 0.3 x 10?2
A m? is ten times weaker than that of the present-day field.

Soon after the first report of the time-averaged field ultralow
strength (Bono et al., 2019), similar instantaneous ultralow values
were reported from Ediacaran-age dikes and lavas (Shcherbakova et
al., 2020; Thallner et al., 2021a), such that the data defining this un-
usually weak field now come from several localities on Laurentia and
Baltica. The model prediction of field strength at the time of ICN, how-
ever, is not just an ultralow paleointensity. Following this weak field,
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Fig. 1. Chatham-Grenville stock sampling sites. Sketch map modified from Higgins (1985) and Lloyd et al. (2022). Unit numbers from Higgins (1985) are as follows:
1. Noncumulate syenite with modal quartz <5%; 2. Cumulate to noncumulative syenite (0 to 20% modal quartz); 3. Granite with modal quartz of 25%; 4. Granite

with modal quartz of 30%.

the strength should rapidly increase as new sources of energy from la-
tent heat of crystallization and buoyancy driven by the expulsion of
light elements become available to power the geodynamo. But, iden-
tifying any such increase in field strength was prohibited by a lack of
reliable latest Ediacaran to early Cambrian paleointensity data at the
time of the studies that first recognized the Ediacaran ultralow fields.

Zhou et al. (2022) reported the first time-averaged SCP values for
the early Cambrian from 532.49 + 0.12 Ma (U-Pb zircon age) (Wall et
al., 2021) anorthosites of the Glen Mountains Layered Complex (Hanson
et al., 2013) of the Wichita Mountains (Oklahoma). The paleomagnetic
dipole moment reported by Zhou et al. (2022) is 3.5 + 0.9 x 10?2 A m?,
some 5 times higher than that of the Sept-iles Mafic Intrusive Suite.
Zhou et al. (2022) concluded that this increase was the, up to this point,
undefined paleointensity signal of new energy sources accompanying
ICN. Based on these data, the age of ICN was constrained to ca. 550
Ma, and the critical core transition between the innermost inner core
to outermost inner core boundary defined by seismic anisotropy (e.g.,
Stephenson et al., 2021) was estimated to have formed at ca. 450 Ma,
assuming that inner core growth was driven by a constant heat flux
(Nimmo, 2015). Other ages continue to be proposed for ICN (Zhang et
al., 2022), but none has the concurrence of geodynamo and thermal
model predictions (Driscoll, 2016), near weak-field observations (Bono
et al., 2019; Shcherbakova et al., 2020; Thallner et al., 2021a), and a
relatively rapid increase in field strength (Zhou et al., 2022) that char-
acterize the Ediacaran/earliest Cambrian transition (Li et al., 2023). In
model predictions of Davies et al. (2022), this remains the most proba-
ble time for ICN.

Herein, we investigate the proposed renewal of the geodynamo
through studies of the Chatham-Grenville syenite intrusion (Higgins,
1985) in the Grenville Province (Canada), part of magmatism that has
previously been assigned Ediacaran or Cambrian ages (Malka et al.,
2000; McCausland et al., 2007; see also Bleeker et al., 2011, for general
geological setting). We first conduct new zircon U-Pb geochronology
analyses and single crystal paleointensity studies on plagioclase from
the syenite. We then discuss these data with respect to prior age and
paleointensity results. We conclude with the implications for the geo-
dynamo and inner core nucleation.

2. Chatham-Grenville syenite stock geochronology
Three samples (QS-2, QS-3, and QS-4) from the Chatham-Grenville

syenite stock were collected from a fresh quarry exposure [in Units 1
mapped by Higgins (1985)] as part of the University of Rochester’s on-

going studies in the region (Bono and Tarduno, 2015; Bono et al., 2019;
Methods) (Fig. 1). Zircon crystals from all three samples were abundant
and large, with sizes ranging from ~200 to 500 um on average. Zircon
crystals were mostly unzoned in cathodoluminescence (CL) response,
while approximately one third of crystals from all samples showed evi-
dence of oscillatory zoning typical of magmatic zircon (Supplementary
Figs. 1-3). Approximately 50 individual U-Pb spot measurements were
performed in each sample, targeting areas of the zircon with oscillatory
zoning and/or homogeneous CL response and away from any apparent
cores.

All individual spot analyses (Fig. 2; see also Section 5.2 Methods)
yielded concordant results within uncertainty, with calculated U con-
centrations ranging from 18 to 317 pg/g and a median of 76 pg/g.
Weighted means (see Methods for uncertainty notation) for the three
samples studied here yielded 2°°Pb/238U ages undistinguishable within
uncertainty of 546.2 + 2.8/5.9 Ma (20, n=42, MSWD =0.55), 542.3 +
3.0/5.9 Ma (26, n=46, MSWD=0.35), and 543.8 + 2.8/5.8 Ma (20,
n = 47, MSWD =0.42) for QS-2, QS-3, and QS-4, respectively (Fig. 2).
The weighted mean age of all data yields 544.1 + 1.7/5.4 Ma (20,
n=135, MSWD =0.42).

3. Chatham-Grenville SCP analyses

Whole rock samples of syenite are typically dominated by mul-
tidomain (MD) magnetic grains and are problematic paleomagnetic
recorders. The SCP technique (Cottrell and Tarduno, 1999, 2000; Tar-
duno et al., 2006; Tarduno, 2009) directly addresses this by targeting
silicates with minute magnetic inclusions, smaller than the MD state.
Comparative studies of single plagioclase crystals and whole rocks doc-
ument the superior recording fidelity of the former (Cottrell and Tar-
duno, 2000). Further comparative studies of silicates confirm both the
near ideal behavior of some plagioclase and nonideal behavior of some
other mafic silicates phases common in whole rocks (Dunlop et al.,
2005).

Rare plagioclase crystals were identified and separated from sam-
ple QS-3 and analyzed using SCP techniques (Tarduno et al., 2006;
Methods). Magnetic hysteresis analyses of such crystals showed weak
signals with variable behavior (Fig. 3). Some show wide loops indicat-
ing single domain (SD) components (Fig. 3a,c) supported by the central
ridge of first order reversal curves (Fig. 3b). Others have more nomi-
nal pseudosingle domain (PSD) behavior (Fig. 3d) with narrowness at
low fields that could be a sign of superparamagnetic grains. The latter
is also hinted at by where one sample (a of Fig. 3) falls on a Day plot
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Fig. 2. Zircon U-Pb Geochronology from Chatham-Grenville stock. (a) Concordia plot of zircon 206ph /2381 versus 297 Pb/235U data for sample QS2. (b) Data for QS3.

(c) Data for QS4.

(Fig. 3e). The hysteresis data from crystal “d” suggests that magnetic in-
clusions in some of these plagioclases could be dominated by somewhat
larger grains than the fine exsolved needles seen in some anorthosite
plagioclase (e.g. Bono et al., 2019; Zhou et al., 2022). Scanning electron
microscope studies (Methods) confirm this inference (Fig. 3f). Although
titanomagnetite needle-shaped grains are observed in a crystal having
a SD-like magnetic hysteresis curve (“a” of Fig. 3), others particles in
the same crystal have lower aspect ratios and larger sizes (a few mi-
crons). Many of these larger grains have intergrown areas of relatively
lower and higher Ti. An elongated grain without titanium, presumed to
be magnetite, was also observed.

To obtain an initial estimate of paleointensity and assess unblock-
ing, total thermoremanent magnetization (TTRM) experiments were
performed (Tarduno et al., 2012), whereby a crystal’s natural rema-
nent magnetization (NRM) was thermally demagnetized using a CO,
laser (Tarduno et al., 2007). A total TRM was imparted by heating the
sample to 560 °C and cooling in the presence of a 60 uT field. Next,
the sample was stepwise demagnetized; the ratio of the NRM lost to
TRM gained over the highest unblocking temperature range with sta-
ble magnetizations (500-560 °C in this case) was used to estimate the
paleointensity (in general, orthogonal vector plots of the thermal de-
magnetization of the syenite plagioclase crystals show a break in slope
at temperatures of 475-500 °C after which the vector trends to the ori-
gin). Two experiments yielded values of 12.2 + 0.7 T and 16.6 + 0.9
uT (Fig. 4).

Next, SCP Thellier-Coe analyses with partial thermoremanent mag-
netization (pTRM) checks (hereafter, referred to as Thellier analyses;

Methods) were conducted on plagioclase crystals from QS-3 using an
applied field of 30 and 15 uT, the latter closer to the paleointensity ob-
tained by the TTRM experiments (Fig. 5, Supplementary Table 2). Five
experiments yielded data passing acceptance criteria (Methods, Supple-
mentary Table 2) and a mean paleointensity of 9.9 + 2.4 uT. Given the
possibility that the plagioclase is dominated by inclusions in the PSD
state, a cooling correction (e.g., Halgedahl et al., 1980; Yu, 2011) may
not be needed; in addition, the lack of dominant needle-like inclusions
implies that anisotropy corrections will similarly be minor. We assume
a paleolatitude of ~16° based on the expected inclination of ~30° de-
rived from the QS3 site location and the paleopole of Lloyd et al. (2022).
The Thellier results yield a virtual dipole moment of 2.31 + 0.55 x10%2
A m?2. Because of the relatively slow cooling of the syenite, this value
should also represent the time-averaged field.

4. Discussion
4.1. Age of emplacement of the Chatham-Grenville stock

We first discuss results from the Mont Rigaud intrusion because,
as described below, these data have been used to infer ages for the
Chatham-Grenville stock, assuming these separate stocks represent the
same magmatic event. Malka et al. (2000) presented zircon U-Pb data
from what they mapped as Unit 1 (feldspar-hornblende syenite) and
Unit 3 (granite) of the Mont Rigaud stock using isotope dilution-thermal
ionization mass spectrometry (ID-TIMS) of air-abraded aliquots. Despite
the air-abrasion pre-treatment, zircon U-Pb results were moderately to
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strongly discordant. Malka et al. (2000) reported upper intercept ages
from discordia regressions of 556 J_'}g Ma for Unit 1 and 564 J_'éo Ma for
Unit 3, which overlap within uncertainty and were thus interpreted as
reflecting an age of emplacement ca. 560 Ma for Mont Rigaud.
McCausland et al. (2007) later performed “°Ar/3Ar analyses of
hornblende from both the Mont Rigaud and the Chatham-Grenville
stocks. A site in Unit 1 (Higgins, 1985) of the Chatham-Grenville stock,
closest to a dike studied by Lloyd et al. (2022), yielded contrasting ages.
A total gas age of 533.1 + 1.5 Ma was reported from one hornblende,
but without a robust plateau. Another hornblende yielded a plateau age
of 554.6 + 1.6 Ma and the authors report this result was replicated, but
they ultimately reject these data because of increased apparent ages

and higher Ca/K, Cl/K values seen in the final degassing steps. Instead,
McCausland et al. (2007) selected plateau ages from two other sites
in the Chatham-Grenville stock, far from the dike sampled by Lloyd et
al. (2022) [CG14, syenite Unit 2 of Higgins (1985) and CG31, gran-
ite unit 3 of Higgins (1985)], and one site in the Mont Rigaud stock
[MR10, syenite Unit 2 of Malka et al. (2000)], to calculate an age
of 531.9 + 1.4 Ma which was reported as a weighted mean of five
hornblende plateau ages. Noting the discordance of the U-Pb data of
Malka et al. (2000), McCausland et al. (2007) argued that their horn-
blende “°Ar/3%Ar dates represent a more accurate age for the combined
Chatham-Grenville/Mont Rigaud intrusions. However, the lack of in-
verse isochron plots and details regarding how the air corrections for
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the interpreted age spectra were made, make the accuracy of the Mc-
Causland et al. (2007) 4°Ar/39 Ar results difficult to evaluate.

In this study, we have obtained new zircon U-Pb geochronology
from three syenite samples. In contrast to the previous U-Pb data re-
ported by Malka et al. (2000), all individual spot dates (n=135) ob-
tained from our samples are concordant and overlap within analytical
uncertainty. The 20°Pb/233U weighted mean ages from our samples,
which range from 542.3 + 3.0 Ma to 546.2 + 2.8 Ma (considering in-
ternal uncertainties only), are younger than the upper intercepts of dis-
cordant zircon data reported by Malka et al. (2000) but older than the
hornblende #°Ar/3% Ar results of McCausland et al. (2007). We note that
the zircons we measured were not thermally annealed and/or chemi-
cally abraded prior to analysis, and therefore a subdued effect of Pb
loss affecting the 2°Pb/?38U dates cannot be fully ruled out. However,
given the very low U concentrations determined in the zircon we an-
alyzed (median U of 76 pg/g), and the systematic overlap of all U-Pb
analyses conducted, we consider it unlikely that these zircons could
have accumulated sufficient radiation damage to enable Pb remobiliza-
tion.

The U-Pb system in zircon has slower diffusion kinetics than K-Ar
(and hence Ar-Ar) in amphibole and therefore records higher temper-
atures, i.e., ~900 °C versus ~500 C’; given the petrology and field
relations indicating shallow crustal emplacement and differentiation of
the stocks, it is likely they cooled on a million-year time scale close to
the age indicated by our U-Pb data. For this reason, and the aforemen-
tioned concerns over Ar diffusion and lack of details regarding trapped
gas corrections for the published plateau dates, we conclude that the
U-Pb data provide the best estimate for the magnetization age.

4.2. Paleointensity recorded by the Chatham-Grenville syenite stock

As noted previously, syenite bulk rocks are problematic for paleo-
magnetic analyses in general (e.g., Prevot et al., 2000; Tarduno and
Smirnov, 2001), but our results indicate that progress can be made
through SCP analyses of rare plagioclase crystals. While the Thellier
paleointensity estimates together yield an acceptable paleointensity
confidence interval of +2.4 uT, we note that some of the individual
determinations have non-overlapping confidence intervals. The source
of this variation is unknown, but it is possible that specimen specific
magnetic grain size variation, discussed in Section 3, is adding scatter
that is not fully captured by standard uncertainty estimates for the in-
dividual determinations. Notwithstanding this variation, we note the
agreement of the mean with the paleointensity trend predicted by Zhou
et al. (2022) (Fig. 6) which we discuss further in Section 4.4 below.

4.3. Did the latest Ediacaran/earliest Cambrian field have large variations
on tens of thousands to hundreds of thousands of years?

While our new paleointensity value should reflect time-averaging
because of the slow syenite cooling, the data does not necessarily ex-
clude the possibility of large variations of the field during the late
Ediacaran-early Cambrian. This possibility is raised by an interpreta-
tion of recent paleomagnetic data from a mafic dike, thought to be
part of the Grenville dike swarm emplaced at ca. 590 Ma (Kamo et
al.,, 1995) that is cut by the Chatham-Grenville syenite (Lloyd et al.,
2022), ~1 km from our sampling sites (Fig. 1, Supplementary Infor-
mation, Supplementary Figures 5-6). Lloyd et al. (2022) interpret the
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magnetization of this dike as being thermally reset by intrusion of the
syenite, and that it was slowly cooled, yielding a time-averaged field
value. Three Thellier analyses reported in Lloyd et al. (2022) yield a
relatively low virtual dipole moment of 0.94 + 0.16 x 10> A m?. How-
ever, the authors interpret the strong bulk magnetization as recording a
lightning strike. Rocks hit by lightning are typically excluded from pale-
omagnetic studies because the high magnetizations imparted represent
fields that can exceed the coercivities of all magnetic grains in a sam-
ple. Using careful demagnetization data, Lloyd et al. (2022) argue that
an ancient magnetization direction can be isolated at high demagneti-
zation levels.

The rock record does not appear to support the interpretation that
the dike was baked and remained at temperatures of at least 590 °C
long enough to provide a time average of the magnetic field. These
temperatures are of lower amphibolite facies grade. With highly reac-
tive mineral assemblages in a mafic dike, and excluding the absence of
water in this upper crustal setting, formation of amphibolite is expected

(e.g., Passarella et al., 2017), but not reported by Lloyd et al. (2022).
In our field work, we observed a covered interval between the dike
and poorly exposed syenite making the exact nature of the contact un-
certain. These observations, together with the lack of a formal contact
test (Supplementary Information), lead us to conclude that if the dike
was reheated, the peak temperature at the site of paleomagnetic sam-
pling might have been much lower than 590 °C and/or heating might
have had a shorter duration than postulated by Lloyd et al. (2022).
This opens the possibility that the dike paleointensity records a higher
frequency variation not seen in the syenite data because of temporal
averaging. But the unblocking temperatures reported in Lloyd et al.
(2022) suggest the presence of hematite which could hold a chemi-
cal remanence or thermochemical remanence (Dunlop and Ozdemir,
1997), which would in general result in an underestimate of any ambi-
ent field strength (Smirnov and Tarduno, 2005). Moreover, because of
the dike’s multidomain magnetic carriers and the likelihood of a lower
temperature thermal resetting, the paleointensity data probably reflect
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Fig. 6. Paleointensity history. (a) Paleointensity evolution with time constrained by select Thellier (thermal) single-crystal paleointensity (SCP) studies (blue squares)
and bulk rock studies (gray squares) updated from Bono et al. (2019) and Zhou et al. (2022). Large squares: time-averaged paleomagnetic dipole moments (PDMs).
Small squares: virtual dipole moments (VDMs). Gray circles: select Phanerozoic VDMs from Bono et al. (2019). Salmon square: average paleointensity from Chatham-
Grenville syenite SCP data reported here. Smaller size of the symbol reflects the smaller number of determinations relative to Bono et al. (2019) and Zhou et al.
(2022). Purple hexagon: Ediacaran ultra-low PDM from Bono et al. (2019). Red square: Early Cambrian PDM from Zhou et al. (2022). Non-Thellier method results
(non-thermal and thermal) shown by open circles and their sizes are weighted by the number of cooling units as follows: green, microwave method; purple, Shaw
method; brown, Wilson method; Thellier thermal results shown by black filled symbol (see Thallner et al., 2021a,b, 2022 for these results). The purple dashed line is
the ultra-low Ediacaran PDM defined by Sept fles intrusive rocks (Bono et al., 2019). Precambrian field evolution model (red line, 3450 Ma to 565 Ma) is a weighted
second-order polynomial regression of field strengths from Bono et al. (2019); the 565 to 532 Ma trend (red line) is from Zhou et al. (2022). Uncertainties shown
are 1o. (b) Expansion of (a) highlighting 530 to 620 Ma interval. Solid salmon square: averaged syenite SCP data; whereas light salmon squares are the individual
syenite SCP data. Uncertainties are lo.

a multidomain pTRM tail effect (Xu and Dunlop, 1994; Shcherbakova
et al.,, 2000) and not a true paleofield strength (Supplementary Figure
7). The lightning strike magnetization appears to have obscured these
effects (Supplementary Information).

Ultimately we exclude the dike data because of the likelihood of
a pTRM tail (Supplementary Information). However, we note that pa-
leomagnetic data from the Cambrian (Li et al., 2023) suggest high
frequency geomagnetic fluctuations on a time scale of tens-of-thousands
of years occurred while the inner core was small. These Cambrian varia-
tions are to date defined only in directions (i.e., reversal frequency and

dipolarity) rather than field strength. Overall, more data are needed
from the Cambrian to further explore potential field variations.

4.4. Implications for paleointensity and core history

As noted above, the SCP values from the syenite further support the
conclusion of Zhou et al. (2022) that by the latest Ediacaran to early
Cambrian the field was renewed, consistent with inner core growth.
Moreover, the paleointensity history interpretation of Zhou et al. (2022)
supplemented with the new syenite values has implications for core
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processes. Specifically, Christensen and Aubert (2006) suggested that
magnetic field inside the core B could be represented by the scaling as
follows:

Bz0.9ﬂ1/zp1/6<w>]/3 )
4rrgr;

where y is magnetic permeability, p is density, Qp is buoyancy flux
(Methods), D is the shell thickness, and r, and r; are the outer and inner
core radii, respectively. This scaling suggests the magnetic field strength
mainly depends on buoyancy flux and size of the dynamo region, given
that thresholds of rotation rate and Coriolis force are met.

The available paleointensity history to date suggests the field in-
creased by a factor of ~5 between 565 and 532 Ma, and if the convec-
tive region was approximately constant (i.e., for small inner core sizes)
this implies a factor of 125 increase in buoyancy flux according to the
scaling relationship above (eqn. (1)), other things being equal. How-
ever, this increase in field strength might still fall short of levels that
characterize the Phanerozoic geodynamo and a larger inner core. The
long-term average field strength of the geodynamo is itself contentious.
Some prefer a value of 4-5 x 10 22 A m? (e.g., Tauxe and Staudigel,
2004). Others note the potential for rock magnetic bias toward low val-
ues (Smirnov and Tarduno, 2003, 2005; Ferk et al., 2012; Smirnov et
al., 2017), and/or phenomenological arguments that a low field value
would be associated with higher than observed secular variation and
excursional behavior (Guyodo and Valet, 1999) seemingly inconsistent
with the history of the geodynamo inferred from directional data (Tar-
duno and Smirnov, 2004). These arguments would favor a long-term
average value closer to the present day field strength near 8 x 102> A
m?. Subsequent considerations of Mesozoic to Recent data appear to fa-
vor a value between 5 and 6 x 10%2 A m? (Kulakov et al., 2019; Bono
et al., 2022), although this depends critically on the balance of time
intervals represented by superchrons during which the field strength
is relatively high (Tarduno et al., 2001, 2002) and time intervals of
higher reversal frequency when the field is weaker (Tarduno and Cot-
trell, 2005; Tauxe et al., 2013). In any case, the Cambrian field intensity
from Zhou et al. (2022) of 3.5 x 10%2 A m? is still slightly below even
the lower bounds on Mesozoic-Recent longterm mean field strength,
which hints that the inner core had not yet grown large enough to have
buoyancy effects comparable to today. This is consistent with the inter-
pretation of recently reported paleomagnetic data from southern China
which show intervals of field instability in the late Cambrian (Li et al.,
2023).

We also note that the new syenite-plagioclase data support a rela-
tively rapid increase in field strength in the earliest Cambrian (Zhou et
al., 2022) which could signal an episode of more rapid initial growth of
the inner core (Labrosse, 2003), possibly also bearing on questions of
inner core nucleation processes (Huguet et al., 2018; Sun et al., 2022;
Wilson et al., 2023). More studies are needed, and our new results sug-
gest that plagioclase from syenites should be considered as a future
target for new SCP investigations. Overall, the available time-averaged
data provides a foundation and motivation for further studies to refine
paleointensity history during the critical Ediacaran to Cambrian time
transition to gain insight into potential onset of inner core growth and
changing buoyancy flux.

5. Methods
5.1. Field sampling

Fresh syenite samples measured here were collected in 2014 at the
following locations: QS-2, N 45° 40.142’, W 74° 34.753’; QS-3 and QS-4:
separated by approximately 1 m at N 45° 40.147°, W 74° 34.755’.
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5.2. Geochronology

Zircon crystals were concentrated using traditional magnetic and
density separation techniques. Individual grains were hand-picked un-
der a binocular microscope, mounted in epoxy resin, and polished to
expose the interior of the grains prior to cathodoluminescence (CL)
imaging using a Hitachi S-3400N secondary electron microscope (SEM)
equipped with a Gatan Chroma CL2 system at the Arizona Laserchron
Center (ALC). U-Pb geochronologic analyses were conducted by laser
ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) at
the ALC, using a Teledyne Iridia laser ablation system coupled to a
Thermo Element2 ICP-MS. Instrumental bias, drift, and inter-element
fractionation corrections were performed by the standard-sample brack-
eting (SSB) method, using zircon crystals from the FC-1 locality of the
Duluth Gabbro with a well-established 2°°Pb/238U age of 1095.97 +
0.22 Ma and 297Pb/?%Pb of 1099.96 + 0.58 Ma obtained using CA-
ID-TIMS (Ibafez-Mejia and Tissot, 2019) as primary reference material.
U-Pb analyses were conducted using a laser-beam diameter of 30 pm
and by hopping between the 238U, 232Th, 208.207.206pp  204(pb+Hg) and
202Hg peaks using a discrete-dynode secondary electron multiplier. Data
collection, processing, and uncertainty calculations follow the approach
of Pullen et al. (2018). To assess the accuracy of our dates, fragments
from an in-house Sri Lankan zircon megacryst with a well-established
ID-TIMS age of 555.86 + 0.68 Ma (Wang et al., 2022) were analyzed
repeatedly throughout the duration of our analytical session. The calcu-
lated mean age for this secondary reference zircon material was 558.9
+ 4.3/6.8 Ma (20, n=13, MSWD=0.6), supporting the accuracy of
our U-Pb data within reported uncertainties (see Supplementary Fig-
ure 4). Mean dates discussed throughout the text are weighted mean
206pt /2387 values, and uncertainties are presented in the form +X/Y,
where X and Y stand for different levels of uncertainty propagation as
follows: X is internal analytical (random) uncertainty only, whereas Y is
the total uncertainty that combines the analytical uncertainty and exter-
nal (systematic) uncertainties. The internal uncertainty is appropriate
when comparing data obtained using the same methods and the same
primary reference material, while the propagated (internal + external)
uncertainty should be used when comparing our data with U-Pb results
obtained using other method and/or different isotopic decay systems
(e.g., K-Ar). The external (systematic) uncertainty during our session
was 0.94% for the 2°°Pb/238U values, which includes uncertainty of the
ID-TIMS date for the primary reference material, SSB normalization un-
certainty, and 238U decay constant uncertainty (see Pullen et al. (2018)
for further details).

5.3. Rock magnetism and scanning electron microscopy

Magnetic hysteresis curves and first order reversal curve (FORC)
diagrams were measured using the Princeton Measurements Alternat-
ing Gradient Force Magnetometer in the Paleomagnetic Laboratories of
the University of Rochester. Averaging times of 1 second were used to
measure hysteresis curves. Remanence was measured a minimum of 3
times for each sample and signals were stacked and smoothed utiliz-
ing a Savitsky-Golay filter with a window of 50 points and 3rd order
polynomial. First order reversal curves were processed with ForcSensei
(Heslop et al., 2020) using the following VARIFORC smoothing fac-
tors: ScO = Scl = Su0 = Sul = 2, 1=0.1. We investigated magnetic
mineralogy and domain states using a Zeiss Auriga scanning electron
microscope with energy dispersive X-ray analysis (EDS) at the Univer-
sity of Rochester Integrated Nanosystems Center. EDS data were used
to identify titanomagnetite/magnetite grains with different Ti and Fe
concentrations.

5.4. Paleointensity

Analyses follow single crystal paleointensity methods (Tarduno et
al., 2006). Plagioclase crystals are rare in the syenite samples and
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best represented in QS3, which became the focus of our investigation.
Crystals were separated from the QS3 sample and mounted using non-
magnetic adhesives in 2 mm fused quartz boxes for measurement using
the ultrasensitive William S. Goree Inc. (WSGI) 3 component DC SQUID
magnetometer in the magnetically shielded room at the University of
Rochester (ambient field <200 nT). The nonmagnetic nature of the
mounting materials was confirmed in interlaboratory tests using the
scanning SQUID microscope of AIST, Japan (Tarduno et al., 2020). Sam-
ples were heated using a Synrad v20 CO, laser (Tarduno et al., 2007),
with calibrations using IR pyrometers (e.g., O’Brien et al., 2020). For
initial TTRM experiments (Tarduno et al., 2012), an arbitrary applied
field is chosen (60 uT in this case). For subsequent full Thellier analy-
ses, the applied field is adjusted to be closer to the paleointensity value
predicted by the TTRM results. Paleointensity selection criteria follow
those of Cottrell and Tarduno (2000); Bono et al. (2019) and Zhou et
al. (2022).

5.5. Geodynamo

We note that Qp defined by Christensen and Aubert (2006) is in
units of mass/time or kg/s.
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