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ABSTRACT

In this study, we investigate the paleomag-
netism of the basal Maieberg Formation (Na-
mibia) cap carbonate sequence to elucidate
its magnetic properties and paleolatitude of
deposition, establish global correlations, and
contribute to the understanding of Snowball
Earth postglacial dynamics. Two distinct
magnetization components, C; and C,, were
identified. C, is interpreted as a depositional
or post-depositional remanent magnetiza-
tion carried by detrital pseudo-single domain
(PSD) magnetite, while the C, component is
a thermochemical remanent magnetization
carried by fine authigenic single domain
(SD)-PSD magnetite. The deposition paleo-
latitude provided by C; is 33.3° £ 3.2°, which
gives an initial quantitative approximation
of the paleolatitude for the underlying Mari-
noan Ghaub diamictites. The thickness of the
Keilberg Member cap dolostone is anoma-
lously high for the paleolatitude calculated
with C;, which suggests that other factors
besides the influence of the paleolatitude on
carbonate oversaturation may have influ-
enced the sedimentary production of cap
dolostones and the overall thickness of the
flooding cap carbonate sequence. Possible
explanations could include the influence of
alkalinity input combined with local tectonic
subsidence during a long glacial period with
unusually low sedimentation rates, which
appear to be in a favorable configuration
for the substantial thickness of the Keilberg
Member. Paleomagnetic field reversals at the
Keilberg cap dolostone and analogous units
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globally suggest a longer duration of marine
transgression than energy-balance deglacia-
tion models and sedimentological-geochem-
ical observations have constrained. Factors
such as ocean warming, thermal expansion,
and local glacio-isostatic adjustments imply
extended marine transgressions beyond the
deglaciation period. Still, magnetostrati-
graphic estimates for postglacial transgres-
sive sequences require longer time scales by a
factor of five or more. Thus, the conflict aris-
ing between estimates derived from paleo-
magnetic data and the constraints imposed
by climate physics underscores uncertainties
regarding an unconventional field state or a
remanence acquisition mechanism within
these cap carbonates that is not fully under-
stood. Importantly, if such a phenomenon
proves to be primary and global, the wide-
spread occurrence of these stratigraphically
compressed reversals would support the pre-
cise temporal correlation between Marinoan
cap dolostones. The C, pole correlates with
Cambrian remagnetization poles observed
in carbonates from West Gondwana, which
now extend to the Congo craton. The rema-
nence acquisition of C, likely stems from dia-
genesis-related low-temperature authigenic
magnetite formation after the conversion of
iron-rich smectite to iron-poor illite. Cooling
associated with the Kaoko orogen’s exhuma-
tion and tectonic uplift possibly locked the
magnetic system at ca. 520 Ma, supported by
the C, pole position on the West Gondwana
apparent polar wander path, although other
explanations remain valid.

1. INTRODUCTION

During the Cryogenian period (ca. 720-635
Ma), two instances occurred in which glacial
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deposits were overlain by the sudden and mas-
sive precipitation of thick carbonate sequences
referred to as cap carbonates. Carbonate forma-
tions typically develop in low-latitude regions
of the planet under warm aquatic conditions
(Opdyke and Wilkinson, 1990; Millero, 1979;
Jiang et al., 2015). Hence, the presence of both
glacial and carbonate rocks indicates a climatic
state markedly distinct from any observed dur-
ing the Phanerozoic eon (Hoffman et al., 1998).

Corroborated by an extensive assemblage of
sedimentological, geochemical, paleomagnetic,
and geochronological evidence, this phenom-
enon converges with the Snowball Earth (SBE)
hypothesis (Kirschvink, 1992; Hoffman and
Schrag, 2002). This hypothesis advances the
notion that over the Cryogenian epoch, Earth’s
oceans and a substantial portion of its continen-
tal landmasses underwent two glaciation epi-
sodes: the Sturtian glaciation (ca. 717-659 Ma)
and the Marinoan glaciation (ca. 645-635 Ma).
These glaciations extended the ice sheets from
polar latitudes to the equatorial belt.

The extended periods of extensive ice cover-
age significantly reduced silicate weathering,
while seafloor weathering was limited by the
cold seawater temperature, although it gradu-
ally increased due to ongoing ocean acidifica-
tion during the Snowball Earth episodes. This
led to a substantial buildup of atmospheric CO,
over millions of years spanning the cryochrons
(Le Hir et al., 2008). Additionally, this environ-
mental shift triggered increased runoff and the
presence of meteoric waters with lower pH lev-
els. Notably, the decrease in pH was not solely
due to runoff; CO, was also directly released into
seawater through mid-oceanic-ridge volcanism,
which was a significant factor during Snowball
Earth conditions. This period also coincided
with a lowered sea level (Higgins and Schrag,
2003; Le Hir et al., 2009).
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Ultimately, these interconnected factors
converged to facilitate extensive weathering of
pre—Snowball Earth highly reactive carbonate
platforms. Substantial quantities of highly reac-
tive rock powder, including carbonate rock pow-
der exposed through glacial abrasion and degla-
ciation, played a pivotal role. The heightened
reactivity of glacial rock powder stemmed from
its exceptionally high surface-to-volume ratio.
As a consequence of these processes, a signifi-
cant amount of alkalinity was introduced into the
meltwater lid during the deglaciation phase. This
complex interplay ultimately led to an extensive
oversaturation of CaCO; in the ocean, with lev-
els sufficient to precipitate significant carbonate
deposits over the glaciogenic rocks, which gen-
erated the cap carbonates (Hoffman, 2011).

Paleomagnetic records showing magnetiza-
tion vectors with low inclinations, indicative
of low paleolatitudes, have been documented
within a considerable number of glacial depos-
its from both the Sturtian and Marinoan glacia-
tions across various cratons (e.g., Evans, 2000;
Trindade and Macouin, 2007; Hoffman and Li,
2009; Evans and Raub, 2011). However, despite
the abundance of such records, highly reliable
poles derived directly from glacial units remain
very limited in number. Evans and Raub’s com-
prehensive review in 2011 highlighted that
merely two glacial units present robust data
displaying this characteristic. These units are
the Marinoan Elatina Formation in Southern
Australia (Schmidt and Williams, 1995; Sohl
et al., 1999) and the Marinoan Nantuo Forma-
tion in South China (Zhang and Piper, 1997;
Zhang et al., 2013). Nonetheless, a substantial
body of “moderately reliable” paleomagnetic
evidence directly sourced from glacial deposits,
combined with high-quality data inferred from
volcanic units temporally associated with glacial
periods (e.g., Franklin Large Igneous Province
data from Denyszyn et al., 2009), robustly sup-
ports the occurrence of SBE events and the low
paleolatitude positioning of many Cryogenian
glacial deposits (Evans and Raub, 2011).

It should be noted, however, that precise
paleogeographic determinations are most accu-
rately constrained when paleomagnetic data
are acquired directly from, or are in close geo-
graphic proximity to, the targeted geological
units. Consequently, data sourced directly from
glacial deposits or their linked cap carbonates
remain of great significance. As an example, the
Congo—Sao Francisco craton lacks any definitive
reference poles that could precisely constrain its
paleolatitude during the Cryogenian (Trindade
et al., 2021).

On the other hand, the paleomagnetic data
obtained from cap carbonates present certain
challenges due to the limited number of stud-
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ies, particularly when considering factors like
regional extension (i.e., multiple sampled sec-
tions) and stratigraphic control. Noteworthy
results indicating relatively low paleolatitudes
(<40°) have been obtained in different loca-
tions, including Brazil (Mirassol d’Oeste cap
dolostone; Trindade et al., 2003), Oman (Hadash
cap dolostone; Kilner et al., 2005), Southern
Australia (Nuccaleena cap carbonate; Schmidt
et al., 2009), and South China (Doushantuo
cap carbonate; Zhang et al., 2015). However,
the reliability of these paleomagnetic data is
problematic, as only the Nuccaleena Formation
has undergone a convincing fold test, while the
remaining units lack such tests or exhibit folding
events that are considerably more recent than the
cap formation itself.

Importantly, all of these cap carbonates
exhibit more than one geomagnetic reversal,
primarily concentrated in their basal cap dolo-
stone levels, which corresponds to the transgres-
sive system tract (TST) sequence. This phenom-
enon has sparked interest due to the potential
for establishing correlations and investigating
synchronicity among these time polarities, and
also prompts questions about the timing of depo-
sition, assuming a knowledge of the duration
required for these reversals to occur. Ice-sheet
melting and Quaternary analog models (Hyde
et al., 2000; Peltier et al., 2004) suggest a rela-
tively rapid deglaciation process (Hoffman et al.,
2007), occurring over ~10* yr. Consequently, it
is inferred that the cap dolostones were formed
within this timeframe during sea-level rise.

However, the presence of the reversals has
prompted some authors to propose significantly
longer depositional times (>103 yr), and conse-
quently, a much slower sedimentation rate (Li,
2000; Trindade et al., 2003; Kilner et al., 2005;
Raub and Evans, 2005; Schmidt et al., 2009).
This is due to estimates from core conductivity
(Gubbins, 1999), which suggest that the minimal
time scale for a reversal is ~3-5 k.y. Consider-
ing that the expression of reversals within these
cap dolostones spans just a few centimeters, a
relatively sluggish sedimentation rate is implied.
Conversely, this slower rate contradicts not just
the deglaciation models but also conflicts with
various sedimentary features (such as giant wave
ripples; Allen and Hoffman, 2005), which gives
rise to an unresolved controversy between geo-
physical and geological data that has persisted
for decades.

Opting for a scenario with a high sedimen-
tation rate would result in an exceptionally
elevated recorded reversal rate in these cap car-
bonates. Unfortunately, the precise rate of geo-
magnetic field reversals during the formation age
of these caps is largely unknown, which makes it
challenging to test this hypothesis. Nevertheless,
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evidence indicates that Earth’s magnetic field
during the Neoproterozoic was atypical in terms
of field geometry, reversal rate, and paleointen-
sity (e.g., Abrajevitch and Van der Voo, 2010;
Levashova et al., 2021; Kodama, 2021; Bono
et al., 2019; Lloyd et al., 2021), which would
align with such a scenario.

In this study, we examined the Maieberg
Formation cap carbonates in northern Namibia
(Congo craton), which overlay the Ghaub For-
mation diamictites—a cornerstone of the SBE
hypothesis (Hoffman et al., 1998; Hoffman and
Schrag, 2002; Hoffman et al., 2021)—yet lack
paleomagnetic data. Our objectives included (1)
quantitatively determining the paleolatitude at
which these rocks were formed, (2) establish-
ing the timing of deposition and sedimentation
rate, (3) elucidating the mechanisms behind
remanence acquisition, and (4) establishing con-
nections with existing paleomagnetic data from
analogous units. We anticipate that these endeav-
ors will lead to advancements in our understand-
ing of the dynamics behind postglacial SBE.

2. GEOLOGICAL CONTEXT AND
SAMPLING

Ca. 800770 Ma, the southern Congo craton
underwent a rifting process (Miller, 1983) that
was followed by a passive margin subsidence
phase until ca. 580 Ma due to thermal relaxation
of the crust (Halverson et al., 2005; Goscombe
etal., 2005; Gray et al., 2006). During this phase,
the deposition of 2—4 km of primarily shallow-
water carbonate rocks, forming the Otavi Group,
occurred at the southwestern edge of the Congo
craton (Hoffman and Halverson, 2008; Hoffman,
2011; Hoffman, 2021). Subsequently, during the
late Ediacaran to the Cambrian, the Otavi plat-
form became an active margin due to tectonic
convergence between the Congo and Kalahari
cratons to the south, and the South American
continental blocks to the west, which led to the
development of the Damara and Kaoko orogens,
respectively (Goscombe et al., 2005; Gray et al.,
2008; Oyhantgabal et al., 2009).

Stratigraphically, the Otavi platform can
be divided into two distinct phases: the initial
phase, which is characterized by accommoda-
tion within a rift-dominated basin, followed by
the subsequent phase during the passive mar-
gin’s thermal subsidence (Fig. 1). The former is
evident in the Devede and Okakuyu formations
of the Ombombo Subgroup, as well as the Gruis
and Rasthof formations of the Abenab Subgroup,
which exhibit the active influence of faulting
accompanied by erosion and the presence of
“cannibalized” clastics (syn-rift). The beginning
of the latter phase is marked by the Ombaatjie
Formation, during which a carbonate sequence
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of ~2 km thickness was conformably deposited
(Hoffman, 2011; Hoffman et al., 2021).

Within these carbonate successions, two gla-
ciogenic strata are observed: the Sturtian Chuos
Formation (Gevers, 1931), which is dated to a
maximum age of 746 £ 2 Ma by Hoffman et al.
(1996), and the Marinoan Ghaub Formation,
which is well-constrained temporally by a U-Pb
zircon age of 635.6 + 0.5 Ma (Hoffmann et al.,
2004). Each glacial unit is associated with its
own cap carbonate, conformably but abruptly
juxtaposed, with no discernible evidence of sig-
nificant temporal hiatus (Hoffman et al., 2007).
Overlying the Chuos Formation are the Rast-
hof Formation carbonates, while overlying the
Ghaub Formation is the Maieberg Formation,
which is the focus of this paper.

The Maieberg cap carbonate sequence can
be divided into three segments: the basal syn-
deglacial cap dolostone (Keilberg Member),
the maximum flooding middle limestone rhyth-
mite, and the highstand upper dolostone (Hoft-
man and Schrag, 2002). The Keilberg Member
is a pale gray to pinkish gray dolostone that
conformably rests on the Ghaub Formation or
Ombaatjie Formation on the platform where
the Ghaub Formation is widely absent (Fig. 1),
and it averages ~38 m in thickness. The mem-
ber features pelloidal to micropelloidal textures
and sedimentary structures like sheet-crack
cement (slope facies only, not observed on the
platform; Hoffman and Macdonald, 2010), stro-

Cannibalized clastics (syn-rift)

- Bimodal peralkaline volcanics

Feldspathic sandstone (palaeoflow)

matolites, vertical tubular structures, low-angle
cross-bedding, and highly aggradational giant
wave ripples, which are common to Marinoan
cap dolostones. The Keilberg Member transi-
tions conformably into the middle limestone,
and initially displays a limestone-marl rhyth-
mite at the contact that evolves upward into
predominantly pure limestone rhythmite with
hummocky cross-stratification near the top. The
sequence culminates in the highstand dolostone,
which is initially allodapic with thin layers like
the underlying limestone, and evolves into
more massive grainstone that becomes coarser
upward, and ends with a highly silicified expo-
sure surface. This surface is overlain by numer-
ous tepee cycles of the lower Elandshoek For-
mation (Hoffman, 2011).

Sampling was conducted along the Hoanib
River escarpments in northern Namibia, within
the inner platform zone of the Otavi Group
(Figs. 1 and 2). This zone was chosen for paleo-
magnetic sampling due to its expected higher
detrital input, which enhances the probability of
obtaining a primary direction. Our focus was on
the Keilberg dolostones and immediately over-
lying limestone, where we aimed to capture a
paleomagnetic direction closely related to gla-
ciogenic rocks and detect potential reversals near
the contact, analogous to other cap carbonates.
Two sections (A and B) from a synform with
a NE-SW axial plane were collected for a fold
test (Fig. 2). The orientation and position of the
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fold suggest that it resulted from the main Kao-
koan folding phase, which occurred between
580 Ma and 570 Ma (Goscombe et al., 2005;
Goscombe et al., 2018). In section A (sites 1-9),
we collected samples at 20 cm intervals, com-
prehensively covering Keilberg Member facies
variations. Section B (site 10) involved sampling
every 2 m, up to 20 m in height. The lithology
comprised micropeloidal gray or pinkish gray
dolostones transitioning to laminated gray lime-
stones at the top. Notably, we observed stromat-
olites with tubular structures of between 2 m and
7 m, followed by pseudo-tepees from 8 m to 12
m in length. A gasoline-powered portable drill
with a nonmagnetic diamond drill bit was used
for sampling, aided by solar and magnetic Pome-
roy compasses for field orientation. Ultimately,
we collected 93 samples from section A and 13
from section B (designated as collection NA
sites, Table 1), which were subsequently trans-
formed into 128 standard-format paleomagnetic
specimens (2.2 cm in height).

3. METHODS

3.1. Paleomagnetism and Magnetic
Mineralogy

Paleomagnetic and rock magnetic measure-
ments were conducted at the Paleomagnetism
and Rock Magnetism Laboratory (USPMag)
within the Institute of Astronomy, Geophys-
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ics, and Atmospheric Sciences at the Univer-
sity of Sdo Paulo (USP) in Sdo Paulo, Brazil.
The remanence measurements were performed
using a 2G Enterprises cryogenic magnetom-
eter equipped with a direct current sensor and
automatic horizontal device. Thermal stepwise

15°
1

Elandshoek Fm.
Maieberg Fm.
Ombaatjie Fm.
Gruis Fm.
Rasthof Fm.

demagnetizations were performed utilizing a
Magnetic Measurements, Inc., paleomagnetic
oven, employing 50 °C increments from room
temperature to 300 °C, and 20 °C increments
up to 600 °C or until complete demagnetiza-
tion occurred. Hysteresis loops, isothermal

TABLE 1. SAMPLING DATA

Site @(s) X(s) n C Elevation Section
(m)
NA-1 14.0°E 19.3°S 8 C, 0-1.75 A
NA-2 15 C, 1.75-4.50 A
NA-3 7 C, 4.50-5.70 A
NA-4 10 C, 5.70-6.81 A
NA-5 4 C, 6.81-7.30 A
NA-6 20 C, 7.30-12.56 A
NA-7 21 C, 12.56-18.69 A
NA-8 8 C, 18.69-27.95 A
NA-9 No results No results 2.00-18.50 A
NA-10 13 C+C, B

Note: ¢(s) and \(s) are the longitude and latitude of the site; n is the number of samples; C is the magnetization
component verified at the site. The elevation has zero value relative to the base of the sampled section.
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Cenozoic
Cretaceous
Damaran granite
Mulden Group
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Otavi Gp platform

Nosib Group
Basement

Figure 2. (A) Tectonic zona-
tion of central and northern
Namibia. WK—Windhoek.
(B) Geology and access roads
around the western syntaxis of
the Otavi fold belt. AS—Achas
syncline; BS—Bethanis syn-
cline; SM—Summas Moun-
tains; VD—Vrede domes. (C)
Aerial photo of the sampling
area on Hoanib shelf at Om-
baatjie. Contacts between the
formations are drawn in white,
and the sampling sections on
both sides of the cliff are indi-
cated by arrows. NA-1-9 (sec-
tion A) and NA-10 (section B).
(Extracted and redrawn from
Hoffman, 2002).

remanent magnetization (IRM) curves, and
first-order reversals curves (FORCs) were
acquired using a Princeton Measurements
Corporation MicroMag 3900 Series vibrating
sample magnetometer. Magnetization compo-
nent identification was achieved through vec-
tor analysis (Zijderveld, 1967) and principal
component analysis (PCA) (Kirschvink, 1980).
Calculation of mean directions and statistical
parameters employed Fisher’s (1953) statistics.
Component separation criteria involved a mini-
mum of demagnetization steps computed at the
mean (n) >4 and a maximum angular deviation
(MAD) of <13°. The paleomagnetic poles were
calculated on a sample basis. Although subsec-
tions were sampled in different portions (later-
ally), and labeled as sites for sample control,
they belong to the same section, and we do not
consider it meaningful to consider them as sites
for the purpose of mean calculation (see the
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Supplemental Material!). The PmagPy software
package (Tauxe et al., 2016) was employed for
PCA analysis, hysteresis data processing, boot-
strap fold, and reversal tests. Bayesian reversal
tests followed the approach of Heslop and Rob-
erts (2018). FORCs data were processed using
the FORCsensei package developed by Heslop
et al. (2020). IRM processing and component
unmixing utilized the MAX UnMix program
(Maxbauer et al., 2016). The GPlates package
was used for paleomagnetic pole analysis (Boy-
denetal., 2011). The paleomagnetic remanence
measurements involved 105 specimens, while
hysteresis loops, FORCs, IRM acquisition, and
IRM unmix processing were carried out in 17,
8, 17, and 9 samples, respectively.

3.2. X-Ray Diffraction (XRD)

XRD was conducted at the Petroleum Systems
Rock Characterization Laboratory within the
Institute of Energy and Environment (IEE/USP).
The analysis utilized a Bruker D§ ADVANCE
diffractometer equipped with a LYNXEYE XE
detector and theta-theta system. Cu K alpha
radiation was employed, with parameters set
at 40 kV, 25 mA, and automatic air-scatter. Pri-
mary slits were adjusted to 0.5 mm, secondary
slits to 1.0 mm, the collimator at 2.5°, and an
Ni filter was applied. The scan spanned from 2°
20 to 100° 20, with increments of 0.02° and an
acquisition time of 3.1 s per step. Mineral iden-
tification and graphical interpretation of diffrac-
tograms were accomplished using DiffracEva
software version 4.2.2 (Bruker ASX GmbH),
complemented by identification sheets from
the International Center for Diffraction Data
(ICDD). Prior to analysis, samples were ground
to fine sand grain size using an agate mill. A total
of 16 samples, encompassing both dolostone and
limestone, underwent XRD assessment.

3.3. Scanning Electron Microscopy (SEM)

SEM observations were conducted at two
laboratories within the University of Sao
Paulo. Initial observations were made at the
Technological Characterization Laboratory
(LCT/USP), with a Quanta 650 FEG electron
microscope integrated with a Quantax (Bruker)
energy-dispersive spectroscopy (EDS) system.
These observations were carried out at a beam
voltage of 15 kV with a sample distance of ~14
mm. Subsequent observations were made at

ISupplemental Material. Complementary rock
magnetism information and sample-level directional
statistics. Please visit https://doi.org/10.1130/GSAB
.S.25571712 to access the supplemental material;
contact editing @ geosociety.org with any questions.

the Electron Microscopy Laboratory (Labmev)
of the Geosciences Institute (IGc/USP), utiliz-
ing a LEO 440i electron microscope, combined
with an Si(Li) solid-state detector EDS system
and Oxford Instruments’ Inca software. Besides
EDS, secondary electron and backscattered elec-
tron detectors were engaged under beam voltage
conditions of 20 kV, with sample distances rang-
ing from 18 mm to 28 mm. To enhance sample
quality, gold coating was achieved through sput-
tering using an Emitech sputter coater model
K550, while carbon coating was accomplished
through an evaporation process using a Jeol
electron microscopy evaporator. The SEM and
EDS analyses were performed on a set of six
dolostone and limestone samples.

4. RESULTS
4.1. Paleomagnetism

Two distinct characteristic remanent magne-
tization vectors were identified in our samples
and are designated here as component 1 (C))
and component 2 (C,) (Fig. 3; Tables 1 and 2).
The C, component was exclusively observed
in the lower portion of the Keilberg Member
dolostones, which extend to ~13 m above the
contact with the diamictites. Conversely, the C,
component is present in both the dolostone and
limestone layers situated above the 13 m mark
(Fig. 4).

C, displays a dual polarity, featuring direc-
tions of northeast (southwest) declinations along
with negative (positive) inclinations (Fig. 3). The
Zijderveld diagrams of this component predomi-
nantly exhibit a univectorial nature, although
in certain samples, a secondary component
becomes detectable upon demagnetization at
temperatures of <200 °C. This low-temperature
component aligns closely with the present-day
geomagnetic field (PDF) and is attributed to the
influence of viscous magnetization acquisition.

The demagnetization procedure effectively
eliminates C; until maximum temperatures of
~550 °C are reached. The computed average
direction for vectors displaying positive inclina-
tions is characterized by a declination (D,,) of
210.1°, inclination (Z,,) of 36.1°, angle of 95%
confidence cone (cws) of 10.5°, and a precision
parameter (k) of 28.65. Conversely, the mean
direction for vectors with negative inclinations
is represented by D,, = 19.6°, I, = —42.8°,
095 = 10.2° and k = 18.92. Notably, the C,
negative inclination polarity is distinct from the
PDF (D = 339°, I = —58.4°) and dipolar field
(DF) (D = 0°,1 = —35.0°) directions at the 95%
confidence level (Fig. 3).

C, exhibits solely positive inclination vec-
tors, which are directed toward the north—-north-
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west. Following the removal of the identical
viscous magnetization at 200 °C, this compo-
nent becomes distinct. Across most specimens,
complete demagnetization of C, occurs at tem-
peratures below 450 °C (Fig. 3). This compo-
nent yields an average orientation characterized
by D,,=344.7° I, =53.9°, ays =4.3° and
k=44.0.

The inherently weak natural remanent mag-
netization (NRM) of all samples falls within
the range of 10~ A/m to 5-10~* A/m. Notably,
during the demagnetization process of C,, the
vector projections exhibit a relatively noisy pat-
tern in contrast to the more consistent diagrams
observed for C, (Fig. 3). This behavior is attrib-
uted to the generally lower remanent magnetiza-
tion intensity of C,-bearing rocks than that of
C,-bearing rocks. Consequently, the demagneti-
zation signal from C;-bearing rocks tends to be
noisier and less stable.

Of particular significance is the observed
trend in the NRM intensity curve, which dis-
plays a generally gradual increase toward the
upper levels (Fig. 4). This trend aligns roughly
with the corresponding behavior of the high-
field mass-normalized magnetic susceptibility
(X derived from the inclination of hysteresis
loops measured at high field strengths (>700
mT). With these components determined, we
subsequently subjected them to fold and rever-
sal tests to ascertain their primary or second-
ary natures.

C, exhibits dual polarity, which allows for the
implementation of a reversal test. In the scenario
where the component of the dual polarity is pri-
mary, we anticipate observing consistent strati-
graphic reversals. In other words, polarity zones
should exhibit stratigraphic cohesiveness rather
than random occurrences of normal and reverse
polarities at the same stratigraphic level (Butler,
1992). Such coherence in polarity is evident in
the C, sequence (Fig. 4).

Additionally, employing statistical reversal
tests facilitates the identification of secondary
magnetization components that could introduce
bias to the antipodal characteristics of polarity
groups within an axisymmetric geomagnetic
field. To address this, we conducted two distinct
independent reversal tests using the bootstrap
(Tauxe et al., 1991) and Bayesian statistics (Hes-
lop and Roberts, 2018). Employing the bootstrap
approach, both polarities display an overlap in
all three Cartesian coordinates at a 95% confi-
dence level (Fig. 5), thereby yielding a positive
test. Adhering to the methodology outlined by
Heslop and Roberts (2018), the calculated Bayes
factor (BF) for the hypothesis asserting a com-
mon mean for the two polarity sets is 3.10. Cor-
respondingly, the associated hypothesis prob-
ability, p(H,IX), is 76%, which is indicative of a
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common mean with positive support as per Raf-
tery (1995). This result contributes an additional
independent positive reversal test.

We also conducted fold tests (Graham,
1949) for both components. In this context, we
employed the bootstrap method introduced by

0y
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__'} _:1E —4F
! i
{ {
= s NATQ NAQOK  NATT

Tauxe and Watson (1994), wherein the degree of
clustering in directions during the unfolding pro-
cess is indicated by the magnitude of the maxi-
mum eigenvalue (7,) of the orientation matrix
derived from pseudo-samples representative of
the distribution of directions.

TABLE 2. PALEOMAGNETIC DATA

% Dy Im Qg5 k #(p) Ap) dp dm

Cy 245°  -40.8° 7.28° 2105  2984°E  66.8°S 8.97° 14.80°
C, (unfolded) ~ 4769°  -52.82° 7.26° 2115  312.0°E  45.37°S  6.95° 10.06°
Cy 344.7° 53.9° 4.3 44.0 358°E 34.32°N  4.21° 6.01°

Note: C—magnetization component; D,,—mean declination; /,,—mean inclination; ags—angle of 95%
confidence cone; k—precision parameter; w(p) and \(p)—pole longitude and latitude; dp and dm—pole

confidence ellipse semi-axis.
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Figure 3. Mean characteris-
tic directions of the remanent
magnetization components
discretized in the Maieberg
carbonates (red stars) and as-
sociated o,ss (red ellipses).
Closed (open) symbols indi-
cate downward (upward) di-
rections in the stereographic
projections. Squares are the
present-day field (PDF) and
dipolar field (DF) directions
on sampling locations, respec-
tively. Graphs below the ste-
reograms are the individual
demagnetization curves (thin
gray), the average of the curves
(thick blue/orange), and the er-
ror (blue/orange shaded area).
On the right are representative
Zijderveld diagrams (blue—
vertical projection; red—hori-
zontal projection).
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For C,, the highest value of 7, occurs
within an unfolding range of —10% to 51%
(Fig. 6). This result raises certain issues that
necessitate clarification prior to interpreta-
tion. Initially, it should be noted that the C,
paleomagnetic directions are nearly paral-
lel to the fold hinge line. This characteristic
diminishes the test’s efficacy due to the lim-
ited impact of rotation on the vectors. Conse-
quently, the key Fisher statistical parameters
k and o5 of the mean vectors exhibit minimal
alteration both pre- and post-tectonic correc-
tion (Table 2). Furthermore, due to practical
field constraints and sampling procedures,
a substantial majority (90%) of isolated C,
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Figure 4. Hoanib shelf stratigraphy and measured mass-normalized bulk susceptibility and remanent magnetization data. Data from sec-
tions A and B are merged, considering the elevation of both in relation to the contact with the diamictites (0 m). Carbon/oxygen isotopic
curves from Hoffman et al. (1998) and Halverson et al. (2002) are also shown. The magnetostratigraphy is separated into two intervals,
where the C; component is observed at the lower interval and C, in the upper.

directions stem exclusively from one side of
the fold (section A). This introduces an addi-
tional source of bias to the test. As a result,
we classified the C, fold test result as incon-
clusive. In contrast, the directions of the C,
component deviate significantly from the fold
hinge line, which establishes an optimal sce-
nario for the fold test. In this instance, the 7,
magnitude reaches its peak within an unfold-
ing range of —10% to 2% (Fig. 6), which
unequivocally indicates that magnetization
occurred after folding, and thereby yields a
negative test result.

4.2. Magnetic Mineralogy

Hysteresis loops show that the ferromagnetic
contribution is very small in all of our samples.
This is consistent with the recorded intensity
of the prior NRM measurements, which dem-
onstrated similarly low values. Most curves
prominently exhibit a significant influence from
paramagnetic minerals, especially in C,-bearing
samples. These paramagnetic minerals, as we
will elucidate later, are primarily attributed to
clays and micas found within these carbon-
ate samples.
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Notably, samples carrying the C; component
display hysteresis loops characterized by a par-
ticularly narrower waist and weaker remanence
than samples bearing the C, component, where
a wider waist is often observed (e.g., NA-7A in
Fig. 7). The distinctive hysteresis loop configu-
ration referred to as “wasp-waisted geometry,”
which is commonly encountered in remagne-
tized Paleozoic carbonate rocks and considered
a characteristic “fingerprint” of remagnetization
(e.g., Jackson, 1990), was not observed.

Remagnetized and non-remagnetized carbon-
ate formations typically exhibit distinctive mag-
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Figure 5. C; component reversal test. Cumulative distributions of the Cartesian coordinates of pseudo-sample means taken from the set
of directions (blue—reverse polarity directions; red—normal polarity directions) are shown in the stereogram on the right (bootstrap ap-
proach). The range containing 95% of each set of components is represented by the vertical lines on the graph. Because the confidence limits
of the two datasets overlap in the three components, the averages of the normal and reverse polarities cannot be distinguished at a 95%
confidence level. C, passes the bootstrap reverse test. Also indicated below are the parameters obtained through the Bayesian reversal test.
The numerical result of the test gives a Bayes Factor (BF) of 3.10 and a probability of the sets of directions having the same common mean,
p(H,|X), of 76 %, which corresponds to a test with positive support.

netic characteristics, as outlined by Jackson and
Swanson-Hysell (2012). Among these attributes,
a notable one pertains to the Day diagram (Day
et al., 1977), where remagnetized carbonates
conventionally cluster around the vicinity of the
mixing curve encompassing SD to superpara-
magnetic (SP) particles with a 10 nm threshold
(Dunlop, 2002b; Jackson and Swanson-Hysell,
2012). It’s intriguing to observe that all of our
sample set diverges from the established domain
of remagnetized carbonates. Both samples dis-
playing C, and C, components scatter along
with the theoretical mixing curve that represents
SD/pseudo-single domain (PSD)/multi-domain
(MD) magnetite in the “primary region” of the
diagram (Fig. 8). This distribution implies a mix-
ture involving populations of more coercive SD/
PSD magnetite along with less coercive PSD/
MD magnetite, if homogeneous composition
and internal stress states are assumed (Dunlop
and Ozdemir, 1997).

The results obtained from IRM acquisition
curves demonstrated consistent patterns for both
sample groups. Samples carrying the C, and C,
components displayed near-complete IRM satu-
ration at values below 300 mT, which indicates
the dominance of magnetite as the main mag-
netic mineral (Fig. 7). The IRM unmixing mod-
els applied to both component-bearing samples
exhibited striking similarity (Fig. 7). The opti-
mal fit to the model was consistently achieved
through a combination of two components:
one characterized by lower coercivity (rang-
ing from 24.0 mT to 38.8 mT) and a relatively
smaller amplitude within the coercivity spectra,

and another characterized by higher coercivity
(ranging from 74.2 mT to 92.9 mT) with a larger
amplitude. The parameters derived from the two-
component IRM unmixing models (Table 3)
exhibit reasonable agreement with the estab-
lished values for coarse detrital magnetite and
fine, highly coercive magnetite, as documented
by Egli (2003, 2004).

In the context of FORC diagrams, samples
containing the C; component exhibit patterns
characteristic of PSD magnetite. This is evident
in the presence of a dispersion along both the
coercivity axis (B,) and the interaction axis (B,),
which results in an approximately triangular
configuration (as observed in NA-3E, Fig. 7).
Conversely, for samples with the C, component
(such as NA-7A and NA-8D, Fig. 7), a notice-
able shift is discernible from the primary peak of
the FORC distribution toward higher B, values.
Often, two peaks are observed—one at the ori-
gin, and the other shifted in B. ~50 mT. Drawing
parallels with micromagnetic and experimental
models of FORC diagrams arising from the
interplay between SD and PSD grains (e.g., Car-
vallo et al., 2006), we interpret that these obser-
vations align coherently with a hybrid composi-
tion comprising SD and PSD grains within the
remagnetized samples (C,). Conversely, samples
interpreted as carrying C, are characterized by a
predominantly PSD grain population.

4.3. X-Ray Diffraction

In XRD analyses, all samples bearing the C,
component exhibit a heightened presence of ter-
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rigenous minerals in comparison to the samples
carrying the C,. Remarkably, the intensity peaks
linked to illite are markedly more prominent in
the C,-bearing samples, and are often absent in
samples containing the C; (Fig. 9). This is con-
sistent with the overall increase in x;, upward
in the stratigraphic section. The broader para-
genesis established through XRD for our Maie-
berg samples encompasses calcite, dolomite,
quartz, mica (potentially detrital in origin), and
potassium feldspar. Peaks indicative of chlorite
and smectite were not detected in our observa-
tions. Together, this assemblage is indicative of
a sub-greenschist facies and low metamorphic
conditions.

4.4. Scanning Electron Microscopy

SEM examination of carbonate samples
bearing the C; component indicates the pres-
ence of a relatively modest quantity of terrig-
enous minerals, including quartz, clays, and
micas, dispersed within the carbonate matrix
(Fig. 10A). These samples also exhibit distinct
magnetite particles of relatively larger dimen-
sions (~2-10 pm) with well-defined boundar-
ies, dispersed and isolated within the carbon-
ate matrix, which imply a likely detrital origin.
In contrast, samples carrying the C, display
a notably higher amount of terrigenous min-
erals, particularly micas and clays (Fig. 10).
In this context, occurrences of magnetite par-
ticles of such dimensions are less frequent
within the matrix. Instead, finer magnetite
grains (<2 pm) are frequently observed, often
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and C, has a negative test.

in association with clay minerals or micas
(Fig. 10C).

It is pertinent to highlight that these obser-
vations are in concordance with the outcomes
from investigations of rock magnetism, which
propose the existence of two distinct magnetite
populations in these rocks. The first popula-
tion consists of larger, less coercive magnetite,
presumably exhibiting a PSD/MD structure
(Figs. 8 and 10), and is more prominent in the
carbonate matrix of samples bearing the C,
component. The second population consists of
finer magnetite with an SD/PSD structure (<2
pm), which is primarily, but not exclusively,
found in conjunction with clays and micas in
samples carrying C,.

5. DISCUSSION
5.1. C; Component

The C, component exhibits dual polarity
with NE negative (SW positive) directions. This
component was identified in the lowermost parts
of the Keilberg Member dolostones, which are
characterized by relatively weaker magnetic
remanence (107% A/m to 10~* A/m) than the
samples from the uppermost parts. Notably, the
polarity directions display stratigraphic coher-
ence, with distinct polarities occurring at various
stratigraphic levels (Fig. 4).

To validate whether the distributions of both
polarities can indeed represent a common mean,
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two reversal tests, specifically the bootstrap and
Bayesian tests, were conducted. The C; compo-
nent successfully passes both tests, which indi-
cates that it likely samples paleosecular varia-
tion and that the distributions are not influenced
by secondary components. However, a fold test
involving this component yielded inconclusive
results. This is primarily due to the limited
efficacy of the test arising from the subparallel
alignment of the fold hinge with the directions.
Additionally, field conditions and sampling led
to a situation where 90% of isolated C, direc-
tions originate from just one side of the fold (sec-
tion A), which introduces a statistical bias.
Rock magnetic experiments performed on
samples containing the C, component suggest
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Figure 7. Summary of rock magnetism results for three representative samples: (A) Keilberg dolostone sample NA-3E, (B) Maieberg lime-
stone sample NA-7A, and (C) Maieberg limestone sample NA-8D. Left column shows hysteresis loops where the curve in blue (red) is with
(without) paramagnetic correction. Inset in the upper left quadrant of the hysteresis plots is the isothermal remanent magnetization (IRM)
and backfield curves. Middle column shows the first-order reversals curve (FORC) diagrams, with the smoothing factor (SF) used in the
processing indicated in the upper right. In the column on the right are the coercivity spectra (or gradient acquisition plot, GAP) modeled
from the data, where the gray points represent the measurements, the black line is the spline, and the model obtained through the sum of
the components is in yellow. IRM component 1 is in purple, and IRM component 2 is in blue. In the latter, the colored area around the lines
represents the error associated with the estimates. See text for discussion.

that magnetite predominantly contributes to
the remanence in these rocks. The signatures
point toward a PSD domain structure, although
some grain sizes, observed via SEM, align
more closely with an MD structure. X-ray dif-
fractograms and SEM/EDS images of these

samples indicate a relatively low presence of
terrigenous minerals, particularly clays. Back-
scattered electron (BSE) images reveal magne-
tite grains ranging from 2 pm to 10 um in size,
which feature subangular to subrounded bound-
aries. These magnetite grains are found isolated
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within the carbonate matrix, which suggests a
detrital origin.

Considering the existence of reversals, the
positive reversal tests, and the mineral phase rela-
tionships that suggest a detrital origin for PSD
magnetite grains within these rocks, we interpret



Paleomagnetic investigation of the basal Maieberg Formation cap carbonate sequence

1.00

20 30 40 50

70 100

0.50

0.40

0.30

0.20

SP saturation envelope

Figure 8. Day diagram (Day
et al.,, 1977; Dunlop, 2002a).
Samples that carry the C,
component are plotted in blue,
and the samples that carry
the C, component in red. Note
that no general trend dis-
tinguishes the two groups;
both are distributed along

w . .
E the single domain—pseudo-
= single domain-multi-domain
E‘- (SD-PSD-MD) mixing curve.
0.10 Green (purple) regions indi-
0.08 - 10 nm 15 nm _ cate the zones of published
hysteresis = parameters  of
Phanerozoic carbonates in-
0.06 © Cl Component terpreted as remagnetized
0.05 e G Component — (non-remagnetized). These
| . _ regions were approximately
54 % . Remagnetlzed drawn with the data compiled
y Carbonates by Dunlop (2002b) and Jackson
0.03— 89\6‘ . Non-Remagnetized and Swanson-Hysell (2012).
\“ Carbonates SP—superparamagnetic.
0.02 N
100% ¥\100% ~ MD
| | | | | | | | | |
1 2 3 4 5 6 8 10 20 30 40 50 70 100

the C, component as potentially representing a
primary magnetization of depositional origin
acquired during (or close to) rock formation.

5.2. C, Component

The C, component is characterized by a posi-
tive NNW direction of relatively stronger inten-
sity as compared to C; (10~ A/m to 5-10~* A/m).
It was observed stratigraphically above the C,

HerlHc

interval in both Keilberg dolostone and Maie-
berg limestone. The C, fold test is negative and
indicates that this magnetization was acquired
after the folding event (at ca. 580-570 Ma).
Rock magnetic experiments with samples that
carry this component show that magnetite is the
main magnetic mineral, and is characterized by
features suggestive of an SD to PSD domain
structure. X-ray diffractograms highlight a nota-
bly higher concentration of terrigenous minerals,

TABLE 3. COMPONENT PARAMETERS IN THE COERCIVITY ISOTHERMAL

REMANENT MAGNETIZATION (IRM) SPECTRA
Sample IRM component 1 IRM component 2
B, DP p s B, DP P s

NA-1H 23.6 2.83 0.16 0.77 76.7 1.74 0.89 0.93
NA-3E 24.0 3.83 0.12 1.09 75.6 1.84 0.91 0.99
NA-4E 38.2 2.27 0.21 1.03 80.2 1.66 086 0.96
NA-5C 30.2 2.70 0.18 1.06 776 1.79 0.88 0.99
NA-61 34.0 1.71 0.17 1.05 82.8 177 0.94 1.02
NA-7A 38.8 2.41 0.15 0.93 84.1 1.57 0.86 1.10
NA-8D 29.5 1.99 0.20 1.04 92.9 1.83 0.91 1.05
NA-10H 30.8 2.77 0.23 0.88 74.2 1.70 0.81 0.98

Note: B,—mean coercivity of an individual grain pop
factor; s—skewness parameter.

ulation; DP—dispersion parameter; p—proportion
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particularly micas and clays, in C,-bearing sam-
ples than those containing C,. BSE imaging cor-
roborates this observation, revealing finer mag-
netite grains generally <2 pum in size, which are
closely associated with micas and clays rather
than dispersed within the carbonate matrix.
Furthermore, the variation in Xof (>700 mT)
across the stratigraphy, which primarily reflects
the concentration of paramagnetic minerals
(micas and clays), roughly follows the fluctuation
in NRM intensity. This suggests a connection
between the clay-rich fraction and the concen-
tration of ferromagnetic (s.1.) minerals. In conclu-
sion, the C, component is interpreted as arising
from a remagnetization event after folding, origi-
nating from fine and stable SD to PSD (<2 pm)
magnetite, which is likely of authigenic origin.

5.3. Late Neoproterozoic Paleomagnetism
of Congo-Sao Francisco Craton

The pole derived from the C; (CSF1; CSF—
Congo—Sao Francisco) data, which incorpo-



Pescarini et al.

X-Ray Diffraction - Whole rock

1000 3000
All Qtz/Mca Dol Dol/Mca B Mca
0 i Mca/Ilt N Y N 7500
X i
E / Ca\]" g 2000
3 800 | >
- B C Kfs Dol g It
E | / 'é 1000
= Dol <
O 40 Dol 500 Ilt
<C Dol Cal .
I].t 8.70 EA‘I’S E.‘ED E‘:EIS E,rgl] E.‘QS Q,E!ﬂ 9&)5 9.10
qtz a Dol
400 - i’ Ilt
NA7T )
-‘é‘ 400
Qtz/ Cal Dol =
Mca g 300 C; Component
"g 200
N~ M A
G, Component
2528 30 35 40 45 17.2 17.4 17.6 17.82618‘0 18.2 18.4 18.6
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line). Cal—calcite; Dol—dolomite; Ilt—illite; Kfs—potassium feldspar; Mca—mica; Qtz—quartz.

rates both polarities, in African coordinates
falls at a longitude [¢p(p)] of 312.1°E, latitude
[\(p)] of 45.4°S, dp of 6.9°, and dm of 10.1°
(Fig. 11; Table 4). This pole does not coincide
with any younger Paleozoic pole (e.g., Torsvik
etal., 2012).

The Kaoko Belt, which is adjacent to the
Maieberg carbonates, had its main tectonometa-
morphic phase in response to the obduction of
the so-called coastal terrains of the Damara Oro-
genic System toward the western margin of the
Congo craton ca. 580-570 Ma (Passchier et al.,
2002; Goscombe et al., 2005). This timeframe
corresponds well with the positioning of the C,
pole in the West Gondwana apparent polar wan-
der path (APWP; Rapalini, 2008; Trindade et al.,
2006; Tohver et al., 2006) on a region well-deter-
mined by a set of ~580 poles of an almost com-
pletely assembled West Gondwana. This obser-
vation implies the possibility of a syntectonic
remagnetization event (since 600 Ma), which
was potentially influenced by thermal effects
arising from the Kaoko thermal metamorphism.

However, some challenges need to be
addressed in this interpretation:

(1) Congo’s motion constrained by the poles
of the Mbozi Complex (743 Ma; Meert et al.,

1995), the Nola dikes metadolerites (571 Ma;
Moloto-A-Kenguemba et al., 2008), and the Sin-
yai metadolerites (547 Ma; Meert and Van der
Voo, 1996) agree with the position of southern
Congo at a paleolatitude of ~30° ca. 630-600
Ma as determined by the C; mean inclination
(see fig. 14.2 of Trindade et al., 2021, and fig. 6
of Li et al., 2013).

(2) The suggestion of a thermally induced
remagnetization of the C; component pre-
sents physical difficulties. Explaining how the
regional metamorphism affected closely spaced
stratigraphic intervals at different times, leading
to symmetrical reversals along the stratigraphic
column, requires additional unknown mecha-
nisms. Furthermore, this explanation must also
address the differing effects of thermomagnetic
resetting in the C, and C, stratigraphic inter-
vals. Other processes, such as chemical or late
diagenesis remagnetization, cannot be ruled
out; however, our rock magnetism and electro-
optical analyses point to characteristics that are
more consistent with a remanence carried by
detrital particles rather than authigenic particles
for C,-bearing rocks.

(3) Analyzing the metamorphic and isograd
field map along the Kaoko and Damara belts,
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synthesized from numerous publications by Gos-
combe et al. (2018), reveals that the region sam-
pled experiences low-grade metamorphism that
is between anchimetamorphism and diagenesis/
anadiagenesis. The mineral paragenesis identified
in these rocks (presence of illite + K-feldspar,
and absence of chlorite) supports this observa-
tion. Consequently, the dominant role of thermal
metamorphism effects only in the reacquisition
of remanence in these rocks seems unlikely.

(4) The C, pole derived from the Keilberg
dolostone falls close to the poles associated
with the Nola dikes and Sinyai metadolerite
(Fig. 11B). Although this proximity may lead to
concerns about potential remagnetization, this
arrangement of pole positions also aligns well
with the established movement pattern from the
Congo (Trindade et al., 2021).

In summary, the complex geological context
suggests that while a remagnetization event
linked to thermal effects is a possibility, mainly
due to the position of C; to younger poles and
the coherence of this position with the age of the
peak of regional metamorphism, physical chal-
lenges make it difficult to fully accept this expla-
nation. The magnetic and nonmagnetic miner-
alogical characteristics of C;-bearing rocks, the
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Figure 10. (A) Backscattered
electrons (BSE) from a C; com-
ponent carrier sample (NA-2H)
and elemental map obtained by
energy-dispersive spectroscopy
(EDS). On the right are the EDS
spectra of the targets indicated
in the image. Cal—calcite; Dol—
dolomite. (B) BSE of a C, com-
ponent (remagnetized?) carrier
sample (NA-7Q) and elemental
map obtained through EDS.
Note the much more micaceous/
clayey matrix compared to the
previous sample. (C) Zoom indi-
cated by white rectangular box
in part B. Below are the EDS
spectra of the targets indicated
in the image. Dark blue matrix
is composed of calcite, and light
blue indicates dolomite. (D) BSE
image of a magnetite grain amid
the carbonate matrix in a non-
remagnetized dolostone sample.
(E) BSE image of a magnetite
grain in a clay/mica-rich ma-
trix in a remagnetized limestone
sample. Small red ‘spots” in
parts A, B, and C interdigitated
with the blue in the matrix are
analysis artifacts and do not rep-
resent iron detection.

If C, is accepted as a primary pole, when
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by the C, pole, with the APWP of the Rio de
la Plata craton, it becomes evident that these
geological blocks maintained distinct tectonic
histories until ca. 580 Ma. At this point, their
respective APWPs coincide. This last finding,
which is based on paleomagnetic data, matches
reasonably well with tectonic models that rely
on geochronological and metamorphic evidence
(Basei et al., 2018; Goscombe et al., 2005; Gray
etal., 2008). We note that recently, Cukjati et al.
(2023) proposed an alternative pre-580 Ma path
for Rio de la Plata. However, our inferences
of independent kinematics before that time
remain valid.

When compared to other poles associated
with Gondwana, the position of the Dokhan
volcanics pole of the Arabian-Nubian Shield,
dated at ca. 593 Ma (Nairn et al., 1987), contin-
ues to suggest that this block maintained its sta-
tus as an independent tectonic unit until ca. 550
Ma. This observation corresponds with findings

(Fixed Africa)
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from previous research (Rapalini, 2018; Anto-
nio et al., 2021), although the possibility of an
even earlier connection cannot be ruled out due
to the lack of available paleomagnetic data.
For example, Cukjati et al. (2023) interpret
that these blocks were already amalgamated
by 615 Ma.

Although there is plenty of geological evi-
dence for a relatively late (555-505 Ma) colli-
sion of the Kalahari craton with the Congo cra-
ton (e.g., Coward, 1981; Miller, 1983; Porada,
1983; Gray et al., 2008), the tectonic history
between the southern Congo craton and the
Kalahari region remains poorly constrained
from a paleomagnetic perspective. This limita-
tion arises from the scarcity of reliable late Neo-
proterozoic paleomagnetic data for the Kalahari
and Congo cratons (Evans et al., 2021).

Recently, the examination of paleomagnetic
poles within the context of Gondwana has
sparked discussions concerning notably high
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Figure 11. West Gondwana
apparent polar wander path
(APWP) and the position-
ing of the Maieberg poles. (A)
Reconstruction of Gondwana
with fixed Africa (‘“tight fit”)
using the rotations of Reeves
et al. (2004) and Trindade et al.
(2006). Geology and tectonic
units are after Gray et al. (2008).
AM—Amazonia; RP—Rio de
la Plata; SF—Sao Francisco;
WA—West Africa; SMc—Sa-
hara metacraton; CG—Congo;
CSF—Congo-Sao Francisco;
KA—Kalahari; AR—Arabia
Nubian Shield; MA—Mada-
gascar; IN—Indian Shield;
AN—East Antarctic Shield;
WAu—West Australia; SAu—
South Australia. Stars repre-
sent West Gondwana carbonate
units with verified Cambrian
remagnetizations. (B) Rapalini-
Tohver-Trindade (RTT) APWP
of West Gondwana (Rapalini,
2008; Tohver et al., 2006; Trin-
dade et al., 2006) and the posi-
tioning of the C, pole (CSF1).
Red line indicates the APWP
of Congo-Siao Francisco in-
ferred with the new C, pole. (C)
Cambrian reference poles of
West Gondwana, remagnetiza-
tion poles, and the positioning
of C, pole (CSF11). See text for
discussion.

Salitre Formation

apparent plate velocities during the Ediacaran
and Early Cambrian periods (Robert et al.,
2017; Antonio et al., 2021; Cukjati et al., 2023).
To explain this phenomenon, the concept of true
polar wander (TPW) has been put forth. TPW
involves rapid shifts in the orientation of the
lithosphere and mantle relative to the rotation
axis, which results from uneven distribution
of mass within Earth (Kirschvink et al., 2005;
McCausland et al., 2007; Mitchell et al., 2011;
Robert et al., 2017). By considering the C,/
Keilberg (635 Ma) and Nola (571 Ma) paleo-
magnetic poles, one can calculate an apparent
angular drift rate of 0.27°/m.y. for the Congo—
Séo Francisco craton from the early to mid-Edi-
acaran, which implies plate velocities similar to
those of modern times. However, it is impor-
tant to emphasize that this discussion remains
preliminary in relation to this craton primarily
due to the lack of highly reliable paleomagnetic
poles from this period. Consequently, while
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TABLE 4. SELECTED GONDWANAN PALEOMAGNETIC POLES

Code Unit Lithology () X(S) D I Ogs k Ags ¢(p) Xp) Age Reference
(dp/dm) (Ma)
Congo—Sao Francisco craton + Pan-African belts
CSF1 Meieberg Formation C, Sed. 14.0 -19.3 4769 -52.82 726 2115 6.95/10.06 312.0 -45.37 ca.630 This study
CSF2 Nola Metadolerite Metam. 16 3.5 26.7 -112 105 24.01 5.0/10.0 304.8 -618 571 Moloto-A-Kenguemba
et al. (2008)
CSF3 Sinyai Metadolerite Metam. 37.05 0.2 241 20 5 20 3.0/5.0 319 -29 547 Meert and Van der
Voo (1996)
CSF4 Itabaiana dikes Ign. -35.5 -72 168 —64 5.7 46 73 314.6 34.9 525 Trindade et al. (2006)
CSF5 Bambui + Salitre Sed. —41 -12.5 5.8 63.2 29 105.1 3 322 32 525 Trindade et al. (2004)
(remagnetized)
CSF6 Ntonya Ring Metam. 35.2 -15.2 311.3 42.8 19 1054 18 345 28 522 Briden (1968)
CSF7 Bambui B Sed. —41 -12.5 25.6 68.3 1.6 2475 3 331 15 520 Trindade et al. (2004)
CSF8 Juiz de Fora Complex Metam. -42.5 -215 2.9 75.4 6.4 179 10.3 320.1 4.2 510 DAgrella-Filho et al.
(2004)
CSF9 Piquete Formation Metam. —42.5 -215 60 68 10 10 347 -1 500 DAgrelia-Filho et al.
(1986)
CSF10 Monteiro dikes Ign. —37.06 —7.8 2985 76 6.8 25.4 11.7 3449 -18.2 538 Antonio et al. (2021)
CSF11  Maieberg Formation C, Sed. 14.0 -19.3 344.7 53.9 43 440 4.21/6.01 358 34.32 520 This study
(remagnetized)
CSF12 Santa Agelica/Venda Ign. -20.17 2784 7423 427 33.15 41 332.2 4.7 500  Temporim et al. (2021)
Nova plutons
CSF13 Mbozi Complex Ign. 32.9 -9.3 320 16 9 32 5/9 325.0 46.0 743 Meert et al. (1995)
Arabia Nubian Shield
AR1 Dokhan Volcanics Intr. 33.6 26.6 178.1 36.8 9.64 33.3 10 36.2 —42.7 592 Nairn et al. (1987)
AR2 Mirbat Sediments Sed. 54.46 17.05 69.5 18.5 72 46.4 3.9/75 3218 -23.3 550 Kempf et al. (2000)
Rio de la Plata craton
RP1 Playa Hermosa Sed. -34 -55.5 207.6 273 12.4 121 183.1 -58.8 593 Rapalini et al. (2015)
Formation
RP2 Villa Monica Formation Sed. -37.3 -59.2 434 -36.3 9.1 45 8.5 198.1 -48.8 590 Rapalini et al. (2013)
RP3 Campo Alegre Intr. -26.5 —49.3 36 -40 10 56 9 223 -57 595 DAgrella-Filho and
Formation Pacca (1988)
RP4 Cerro Largo Formation Sed. -37.3 -59.2 773 -36.3 121 15 1 2174 248 580 Rapalini et al. (2013)
RP5 Los Barrientos Sed. -37.8 -59 104.5 60.8 9.3 23 12.9 2539 -16.2 585 Rapalini (2006)
Claystone
RP6 Sierra de las Animas Intr. -34.6 —55.3 108 —60.6 10.4 20 14.9 2589 -12.2 579 Rapalini et al. (2015)
Complex
RP7 Olavarria Formation Sed. -37.3 -59.2 349.3 49.9 7 37 75 289.9 217 580 Rapalini et al. (2013)
RP8 Cerro Negro Formation Sed. -37.3 -59.2 28.7 56.1 9.5 15 1.5 323 11.8 520 Rapalini et al. (2013)
RP9 Sierra de las Intr. -34.6 —55.3 44.5 58 18.1 10 18.1 338.1 5.9 510 Sanchez-Bettucci and
Animas Complex Rapalini (2002)
(remagnetized)
Madagascar
MA1 Madagascar Virgation Metam. 473 -18.5 27 54 10.1 14.4 14.2 352.6 -6.7 521 Meert et al. (2003)
Zone
MA2 Carion Granite Metam. 475 -18.7 278 62 1 27 13/17 1 —-6.9 512 Meert et al. (2001)
Amazonia craton
AMA1 Araras Group Sed. -58.0 -16.0 25.7 55.4 7 28.9 10 327 34 525 Trindade et al. (2003)
(remagnetized)
Pampean Orogen
PO1 La Pedrera Fm. Sed. —65.2 -25.1 35 25.7 8.9 24.6 8.8 340.4 38.3 480 Rodriguez Piceda
et al. (2018)
PO2 Campanario Fm. Sed. -65.4 —-24.1 50.2 32.8 8.3 7 346.5 23.6 500 Franceschinis et al.
(2020)

Note: ¢(s) and X(s)—site longitude and latitude; D—declination; /—inclination, ags, Ags—angle of the 95% confidence cone; k—precision parameter; ©(p) and \(p)—pole
longitude and latitude; dp and dm—pole confidence ellipse semi-axis; Sed.—sedimentary; Intr.—intrusive; Ign.—igneous; Metam.—metamorphic.

these findings do not rule out the occurrence
of TPW-type events, the overall assessment
remains tentative.

With all of that said, we recognize the C; pole
as being of medium quality (Q = 4, R = 4; Van
der Voo, 1990; Meert et al., 2020) and fitting as a
B-grade pole (“poles that are judged to be indica-
tive or suggestive of reliability, but are lacking in
one or more of the quality criteria,” Evans et al.,
2021). Therefore, we suggest caution in using
this pole in reconstructions and other paleogeo-
graphical inferences. In the future, more region-
alized studies, with a greater number of samples
and better-determined stability tests, should con-
firm or invalidate these hypotheses.

5.4. Paleogeography of Cap Carbonates
and Glacial Deposits

The C, component offers constraints on the
sedimentation of Maieberg cap carbonates, and
provides a paleolatitude of 33.3° & 3.2°. Assum-
ing a negligible temporal interval between the
end of glacial sedimentation and the onset of
carbonate precipitation—which is indicated by
the distinct and smooth transition between the
diamictite and the cap dolostone that is devoid
of features such as karst development, sediment
lag, or clear indications of exposure or substan-
tial hiatus (Hoffman, 2002)—this paleolatitude
serves as an initial quantitative estimation of the
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deposition paleolatitude of the Ghaub glacio-
genic deposits.

The data imply that the ice sheets experienced
a minimum advance to ~30° latitude at ca. 635
Ma. According to the energy balance model of
Budyko-Sellers (Budyko, 1969; Sellers, 1969),
this advance is more than sufficient to trigger
an uncontrolled migration of the ice line toward
equatorial latitudes due to the influence of ice-
albedo instability. The current paleomagnetic
data reveal that continental landmasses and
glacial sediments are widely distributed across
different paleolatitudes (Evans and Raub, 2011).
These sediments span from ~60° latitudes down
to equatorial latitudes. Considering the spectrum



of estimated paleolatitudes for these sediments
both after and during the Marinoan glaciation,
several indications strongly support the notion
that glacial action widely influenced Earth’s sur-
face during this period, which is in line with the
postulations of the SBE theory.

From a sedimentological perspective, our
derived paleolatitude of ~33° for the Keilberg
dolostones appears notably elevated. Ancient
nonskeletal carbonates exhibit consistency with
both the spatial variation in the carbonate satura-
tion state found in the modern ocean (Jiang et al.,
2015) and the temperature-dependent nature of
carbonate saturation (Millero, 1979). These car-
bonates are primarily distributed within a range
of ~35° from the equator. This would position
the Otavi platform in proximity to the outer
boundary of this distribution. Nevertheless, it
is important to note that cap carbonates diverge
from the typical latitudinal patterns exhibited by
Phanerozoic chemical carbonates. Cap carbon-
ates manifest wider latitudinal variations, which
is a result of the peculiar carbonate saturation
state that emerges when an ocean, buffered in
its composition, experiences rapid and strong
warming following extensive glaciations. Con-
sequently, estimated paleolatitudes for cap car-
bonates can extend to ~60°. The absence of cap
carbonates at latitudes exceeding this range is
attributed to the paleogeographical limitations
posed by the absence of continental masses in
such positions during the Cryogenian period
(e.g., Lietal, 2013).

Pescarini et al.

The findings of Hoffman and Li (2009) pro-
pose a relationship between the thickness of cap
dolostones and the paleolatitude at which they
were formed. This relationship suggests that
thickness increases toward the equator, likely
due to factors such as warmer waters, which
results in higher carbonate oversaturation.
Additionally, since the ice sheets retreated pole-
ward from the equatorial region, areas at lower
paleolatitudes would have experienced longer
periods of syn-deglacial cap dolostone forma-
tion. Consequently, as the Keilberg cap dolo-
stone is one of the best developed in Gondwana
in terms of thickness, we would expect a lower
paleolatitude.

When examining the distribution of cap
dolostone thicknesses based on their inferred
paleolatitudes from various paleogeographic
models, a prevalent pattern emerges. Most of
these cap dolostones exhibit total thicknesses
below 15 m, spanning across a wide range of
paleolatitudes (Fig. 12). There are instances of
thicker cap dolostones that seem to have formed
at paleolatitudes lower than 20°, according to the
insights provided by paleogeographical models
(e.g., Li et al., 2008; Li et al., 2013; Merdith
etal., 2021). However, this trend is not exclusive.
Interestingly, the Keilberg cap dolostone stands
out due to its anomalous thickness if a paleo-
latitude of 33° is assumed. This also holds true
for the paleolatitude estimated for the Keilberg
Member across three distinct paleogeographic
models, each of which is based on different poles

and was determined by different methodological
approaches (Fig. 12A).

These observations imply that in addition
to the impact of paleolatitude on carbonate
oversaturation, other contributing factors have
influenced the development of these cap dolo-
stones. Elements such as local alkalinity sources
(e.g., Geyman et al., 2022) during the marine
transgression of areas previously covered by
glaciers, and the variation in sediment accom-
modation space resulting from local net tec-
tonic subsidence that accumulated during the
prolonged glacial period when sedimentation
rates were anomalously low, have likely played
important roles. For the Maieberg Formation, a
combination of favorable conditions seems to
have led to an anomalously substantial thick-
ness, even beyond the equatorial belt. Conceiv-
ably, the extensive weathering of the underly-
ing carbonate platform introduced considerable
alkalinity into the melted glacial water. Simul-
taneously, the subsiding margin of the Otavi
platform created a vast space for sediment
accommodation during the glacial epoch (Hoft-
man et al., 1998), which was marked by reduced
sedimentation (Partin and Sadler, 2016). This
cumulative interplay likely culminated in the
development of the thick syn-glacial and post-
glacial cap carbonate at the southern edge of the
Congo craton. However, it is important to note
that other cap dolostones resting on carbonate
platforms as alkalinity sources (e.g., Mongolia,
Bold et al., 2016) are not as thick as the Keil-
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Figure 12. (A) Thickness dis-
tribution of Marinoan cap
dolostones according to their
paleolatitude (A) estimated in
different paleogeographical
reconstructions at ca. 635 Ma.
The star-shaped dots represent

the Keilberg Member. Red in-
dicates the paleolatitude ob-
tained in this study (33.3°). Also
shown are the lines adjusted
to each data distribution. (B)
Comparison between the pa-
leogeographic position of the
Congo craton constrained by
pole C; and recent global pa-
leogeographic reconstructions
(Me21—Merdith et al., 2021;
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Li23—Li et al., 2023) at 635
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mate location of the Hoanib section (Keilberg Member). Note the lower paleolatitude for the southwestern margin of the Congo craton at
ca. 635 Ma constrained by C; in comparison to these models.
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Figure 13. Comparison between magnetostratigraphy in different basal cap carbonates. The elevation of 0 m refers to the contact of car-
bonates with diamictites. Note the differences in vertical scale among the different sections. Maieberg, Namibia, Hoanib Shelf section (this
study); Mirassol d’Oeste, Brazil (Trindade et al., 2003); Hadash, Oman, Jebel Akhdar section (Kilner et al., 2005); Nuccaleena, Australia,
Second Plain section, NF02 (Schmidt et al., 2009). N—normal polarity; R—reverse polarity.

berg Member, which places a constraint on this
interpretation.

Glacial deposits containing volcanic ash tend
to be concentrated in low-latitude regions, typi-
cally below <25°, because of the dynamics of
ice flow and the accumulation of dust within
the net sublimation zone (Li and Pierrehumbert,
2011; Goodman and Pierrehumbert, 2003). In
such areas, volcanic ash would be transported
by moulin flushes to the underlying ocean,
facilitating its deposition of sediment (Good-
man and Strom, 2013; Hoffman et al., 2017).
Interestingly, the Ghaub glacial deposits them-
selves contain volcanic ash. Consequently,
it could be inferred that the projected paleo-
latitude for the Keilberg cap dolostone may
be lower than the constraint inferred from
the paleomagnetic data presented. Neverthe-
less, this assumption faces a challenge when
considering the Marinoan Nantuo Formation
situated in South China. This formation, which
also harbors volcanic ash, is associated with a
paleolatitude of 33°N as determined by high-
quality paleomagnetic data (Zhang et al., 2013;
Q =17,R = 6). Collectively, these findings pro-
pose that the bias toward low-latitude regions in
ash deposition on a Snowball Earth may have
been influenced by additional factors, possibly
including the interplay of ocean currents within

the well-mixed subglacial ocean beneath the
ice-covered planet.

In this context, if these sedimentologi-
cal observations are a compelling reason to
reject the primary nature of pole C,, then other
recent reconstructions for the Congo craton at
the beginning of the Ediacaran should also be
reevaluated. Modern global full-plate recon-
structions (Merdith et al., 2021; Li et al., 2023),
based on decades of accumulated paleomag-
netic data, position the southwestern margin
~10° higher than C, at 635 Ma (Fig. 12B).
In this regard, a 33° paleolatitude constraint
remains a conservative estimate. On the other
hand, given the uncertainties inherent in Pre-
cambrian paleogeographic reconstructions,
the constrained position and orientation of the
Congo by C; appear to align reasonably well
with these reconstructions, which reinforces the
notion of a primary pole.

5.5. Magnetostratigraphy and Time Scale
for Cap Carbonate Transgression

The presence of at least three polarity rever-
sals at the base of the Keilberg cap dolostone
triggers inquiries about the timeframe of depo-
sition and the pace of sedimentation during the
context of marine transgression after the rapid
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deglaciation following the Marinoan cryochron
(Fig. 13).

Assuming an actualistic time for reversals to
occur and the average time of a polarity chron
(e.g., Gubbins, 1999), the cap dolostone on
the Hoanib shelf would have formed over an
extremely long period spanning at least hun-
dreds of thousands of years. Even in a hyperac-
tive geomagnetic field, as has been shown to be
the case for the Ediacaran, with possibly over
20 reversals per million years (e.g., Levashova
et al., 2021), the cap dolostone within the sec-
tion studied would have formed in 1.5 x 103
yr. This duration agrees with estimates from
paleomagnetic investigations of other global cap
dolostones (Fig. 13; Trindade et al., 2003; Kilner
et al., 2005; Schmidt et al., 2009). However, this
period considerably exceeds the 2 k.y. deglacia-
tion time scale projected in the ice sheet—energy
balance model proposed by Hyde et al. (2000).
Additional qualitative indicators, such as the
absence of pebble lags or indications of altera-
tions to the original glacial sediments, further
suggest a notably swift rise in sea levels during
the Cryogenian deglaciation. In the case of cap
carbonates, their prompt deposition becomes
crucial for preventing dilution by debris influx
(like loess), given the prevailing global postgla-
cial conditions (Hoffman et al., 2017). Opting
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Figure 14. Simplified model
for the time scale required for
the full deglaciation of a Snow-

ball Earth. Solar radiation
absorbed in the post-Snow-
ball Earth hothouse provides
sufficient energy for rapid de-
glaciation, which contradicts
estimates derived from mag-
netostratigraphic constraints.
Note the logarithmic scale on

103 4
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& 1004 R
[
w
Timescale for full n
10714 deglaciation B
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sE
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both axes, as the required en-
ergy flux scales hyperbolically
with the reduction in full degla-

ciation time. The blue line represents the time-energy solutions according to Equation 2.

for the prolonged depositional time scale, the
sedimentation rate for the Hoanib section, cal-
culated using our paleomagnetic data, would be
~0.009 cm/yr. This rate contrasts sharply with
rates estimated at 2 cm/yr based on deglacia-
tion models and sedimentological observations
(Hoffman, 2011).

The consistency in magnetostratigraphic
estimates for the time scale of cap dolostone
formation, i.e., TST, both among previous
studies (Trindade et al., 2003, 10°-10% yr;
Kilner et al., 2005, 10>-10° yr; Schmidt et al.,
2009, 10° yr) and between them and this work
(105 yr), suggests a slow deglaciation process
(Fig. 13). However, climatic physics imposes
constraints that make it challenging to accept
such a straightforward conclusion. For instance,
assuming that Snowball Earth ice sheets were
~3000 m thick in their central areas, a melt-
down occurring over 2000 years would imply
an average rate of surface lowering of 1.5 m
per year. Comparatively, recent observations
show that glacial surfaces in the European Alps
and British Columbia (SW Canada) have been
decreasing at a rate of 1.6 m/yr (Vincent et al.,
2017). Notably, this rate is likely conservative,
because most ice sheets during the Snowball
Earth period were situated at lower latitudes
and therefore received stronger solar irradiance
than modern mid-latitude glaciers, such as those
in the Alps or Canada. Conversely, Alpine areas
have a lower albedo due to the discontinuous
nature of glaciers.

One may question whether there is sufficient
energy to globally melt ice sheets over a period
of 2000 years. According to the principle of con-
servation of energy, the globally averaged and
time-averaged net flux of moist static energy per
unit area from Earth’s surface, represented as &,
is defined as:

Low

g=-0Q
Eoon

; €]

where () represents Earth’s surface area, W rep-
resents the combined internal and external ener-
gies, and ¢ denotes time (Wallace and Hobbs,
1977). Assuming a simplified model with an
average ice thickness of 2 km over all continents
and 0.6 km over the ocean, and a ratio of 7:3
for ocean-to-continent surface area, latent heat,
and ice density (L., pic.), the problem can be
reduced to:

& =((6x10%x0.7+2x10* X0.3) X Lice X pice)
(2

/ Tdeg>

where 74, is the time required for full degla-
ciation. For a complete deglaciation occurring
over 2000 years, the necessary total energy input
ranges between 5 W/m? and 6 W/m?. While this
may seem substantial, it pales in comparison to
the ~167 W/m? of solar energy absorbed during
the Cryogenian period, assuming a 7% reduction
in solar luminosity relative to the present, a CO,
concentration of 400 present atmospheric level,
and an average planetary albedo of 0.4 during
deglaciation (Le Hir et al., 2009). Thus, there
was ample energy available in the post—Snow-
ball Earth hothouse conditions to facilitate rapid
deglaciation (Fig. 14). It is important to note that
this is a simplified illustrative example and does
not consider many important factors, such as the
heterogeneity in the distribution of ice caps and
the energy losses due to various processes (e.g.,
heat dissipation). Nonetheless, it serves as a con-
servative estimate of the speed of deglaciation,
as the process scales with positive feedback due
to the reduction in albedo during the meltdown
(Wu et al., 2021). So, it is physically unlikely
that Snowball deglaciation, once started, would
have persisted longer than a few thousand years.

Notwithstanding the disparity, suggestions for
reconciling between fast deglaciation with mag-
netostratigraphic constraints were provided by
Hoffman et al. (2017), who considered a longer
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sea-level rise after deglaciation and anomalous
fast geomagnetic reversals.

Ocean warming and thermal expansion,
together with glacio-isostatic adjustment mod-
eling (Yang et al., 2017; Creveling and Mitro-
vica, 2014), indicate that the time scale of
marine transgression, under which cap dolo-
stones are formed, can be up to 20 or 30 times
longer than the deglaciation time scale of ~2
k.y. (Hoffman et al., 2017). Yet, this time scale
is still too rapid to explain the estimates derived
from the Keilberg magnetostratigraphy by a
factor of five or more, much like for the paleo-
magnetic estimates in other cap dolostones, as
previously noted.

Therefore, the constraints imposed by such
models, along with sedimentological-geochem-
ical observations, challenge the estimates based
on paleomagnetic data. Hoffman et al. (2017),
based on recent propositions of a young inner
core (e.g., Bono et al., 2019), argue that should
the solid inner core be small or nonexistent, the
time scale for a 635 Ma geomagnetic reversal
could be substantially shorter than that of more
recent reversals, assuming that the reversal time
scale is determined by a diffusive process within
the solid phase. If so, the estimates of the depo-
sitional time of cap dolostones based on mag-
netostratigraphy could be reduced. While such
discussion remains speculative, the observed
stratigraphically compressed reversals are likely
to be attributed to a magnetic phenomenon
(unknown mechanism of remanence acquisition
or anomalies in the field) rather than a climatic
or sedimentological one. If such a phenomenon
proves to be of a global nature, such as extremely
rapid reversals, the widespread occurrence of
such behavior in Marinoan cap dolostones could
be one more argument for their precise temporal
correlation (Fig. 13).

5.6. Causes of Remagnetization

The pole derived from the C, component pole
(CSF11) aligns with the APWP of Gondwana,
particularly in the range of poles associated with
ages close to 520 Ma (Fig. 10C). This observa-
tion, along with a negative fold test, strongly
hints at a late-stage remagnetization process. As
discussed earlier, the minerals carrying this com-
ponent consist of fine magnetite falling within
the SD grain-size range. Various observations
indicate an association between these magnetite
particles and the presence of clays and micas
within these rocks:

(1) The variation in x,,, (=700 mT) along the
stratigraphy, which primarily reflects the con-
centration of paramagnetic minerals (such as
micas and clays) in the samples, roughly follows
the changes in NRM intensity.
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(2) XRD analyses highlight that samples con-
taining the C, component exhibit higher terrig-
enous mineral content, notably micas and clays
such as illite.

(3) Backscattered electron (BSE) images
reveal a noticeable textural correlation between
magnetite and micas/clays.

Collectively, these findings direct the interpre-
tation toward a remagnetization mechanism that
involves the transformation of iron-rich smectite
into iron-poor illite (e.g., Katz et al., 2000; Jack-
son et al., 1988; Tohver et al., 2008; Hirt et al.,
1993). Experimental observations regarding the
authigenesis of magnetic minerals within clayey
carbonates under the influence of temperature
are also well-established (Moreau et al., 2005).

The process that converts smectites into
illites involves a chemical-mineral reaction that
occurs during diagenesis as sedimentary layers
undergo progressive burial. Within this trans-
formation, expansive smectites transition into
non-expansive illites (Hower et al., 1976; Boles
and Franks, 1979). This reaction is particu-
larly prominent within a temperature range of
70-150 °C. The conversion process necessitates
asupply of K + ions (Weaver, 1958). These ions
can originate from various sources, and in our
context, they are likely derived from the decom-
position of potassium feldspar and detrital micas
at temperatures ranging between 40° C to 80 °C.
Importantly, this conversion can occur without
the need for external fluids. Trioctahedral smec-
tites containing divalent cations like Fe?* and
Mg+ undergo full conversion only at tempera-
tures surpassing 100 °C. This limitation arises
due to the chemical constraints of trioctahedral
aluminous clays, which hinder the development
of expansive structures necessary for effective
potassium ion fixation at temperatures below
100 °C. As diagenesis advances and metamor-
phism commences, the transformation of illite
into aluminous micas takes place at temperatures
exceeding 150 °C (Boles and Franks, 1979).

The alteration process of smectite into illite
leads to the liberation of Fe3*t cations, which
have the potential to engage in reactions giving
rise to a diverse array of minerals, one of which
is magnetite. In our interpretation, this process
gave rise to the fine magnetite that carries rema-
nence in C,-bearing rocks, since such remanent
magnetization is observed within the clay-rich
portion of the Maieberg succession.

Another plausible scenario could involve the
generation of authigenic magnetite through the
percolation of external fluids, given the nearby
orogenetic setting that could facilitate such a
process. However, studies employing isotopic
proxies suggest that meteoric diagenesis or
fluid-mediated alteration was not a prevalent
phenomenon in Otavi platform carbonates.

Kaufman et al. (1991) arrived at this conclu-
sion by comparing §'3C values in microspar (a
less altered phase) with those of the whole rock,
which showed a nearly 1:1 ratio. Similarly, Hal-
verson et al. (2002) reached the same conclu-
sion in the Ombaatjie Formation (pre-Ghaub)
after examining §'80 and §'3C values along with
the Mn/Sr ratio. Moreover, there is a lack of
textural evidence in our samples to support the
notion of magnetic mineral generation through
fluid percolation. Based on these comprehensive
investigations and observations, it appears that
there is not a direct association between meteoric
diagenesis or the influx of orogenic fluids and
the remagnetization process.

Consequently, we posit that the main remag-
netization mechanism impacting the Maieberg
carbonates was the thermochemical process.
This early diagenetic transformation, occurring
at low temperatures and influenced by depth and
Kaoko anchimetamorphism, probably keeps the
magnetic system reset until the Cambrian due to
the low relaxation time of magnetite under for-
mation at low-temperature conditions (Pullaiah
et al., 1975). The timing of the Kaoko orogen
exhumation and cooling phase (ca. 530-525 Ma,
Foster et al., 2009) fits well with the position of
the C, pole on the Gondwana APWP, when the
magnetic system should have been locked.

Taking these factors into account, the remag-
netization model proposed for the Maieberg
carbonates develops as follows: (1) deposition
of iron-rich smectites during the carbonate sedi-
mentation phase, (2) formation of authigenic
magnetite through the Fe released during the
smectite/illite transformation in early diagenesis,
(3) sustained openness of the magnetic system
during the late diagenesis and anchimetamorphic
phase, (4) closure of the magnetic system and
acquisition of remanence during the exhumation
and tectonic uplift phase (525-520 Ma), and (5)
subsequent preservation of remanence followed
by erosion.

The CSF11 pole derived for the Maieberg
carbonates closely aligns in both spatial and
temporal aspects with poles obtained from
other remagnetized Neoproterozoic carbonates
within West Gondwana. This similarity prompts
inquiries regarding the possible common origin
of these remagnetization processes. However,
exploring these aspects is beyond the scope of
our present study.

6. CONCLUSION

In this study, our focus was on investigating
the paleomagnetism of the basal Maieberg For-
mation cap carbonates along the Hoanib Shelf
in Namibia. Our objectives included describing
the magnetic properties of these rocks, determin-

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37378.1/6382738/b37378.pdf
bv LISP lniversidade de Sao Paulo user

ing the paleolatitude at the time of their forma-
tion, and establishing connections with similar
cap carbonate and glaciogenic units worldwide.
Ultimately, we aimed to glean insights into the
SBE postglacial dynamics.

We obtained two distinct components. The
first, named C,, is carried by PSD magnetite and
is interpreted as detrital. The second, referred to
as C,, which is carried by SD-PSD magnetite,
is interpreted as authigenic in origin. While the
possibility of a syn-folding remagnetization dur-
ing the Kaoko metamorphism at ca. 580-570 Ma
for the C; component cannot be dismissed, we
lean toward interpreting it as a primary magneti-
zation. This preference arises from the rock mag-
netic signatures, simpler remanence acquisition
mechanism, the existence of reversals, and its
consistency with paleogeographic models. On
the other hand, C, was confirmed as a remagne-
tization through a fold test and its pole position
within the Early Cambrian section of the West
Gondwana APWP.

The sedimentation paleolatitude derived from
C, is 33.3° £ 3.2° at ca. 635 Ma. By extension,
this provides the first quantitative paleolatitude
approximation to the important Marinoan Ghaub
glaciogenic deposits. This paleolatitude, when
considered alongside the existing compilation
of paleomagnetic data from glaciogenic units
and cap carbonates, lends further support to the
SBE theory’s proposition of widespread glacial
processes during the Marinoan times, spanning
a wide range of latitudes.

As indicated in previous paleogeographic
models, the calculated paleolatitude of the Keil-
berg member using the C; component appears
to be unusually elevated when considering its
thickness and the paleogeographical distribution
of cap dolostones during the Cryogenian period.
This suggests that instead of relying solely on
the temperature (latitude) dependence in carbon-
ate oversaturation, other factors must have con-
tributed to the overall thickness of the Maieberg
flooding carbonate sequence. We propose that
the local impact of alkalinity input together with
a large accommodation space, formed through
local tectonic subsidence during an extended
glacial period with exceptionally low sedimen-
tation rates, must have played an important role.

Like other Marinoan cap dolostones, the
Keilberg Member exhibits more than one geo-
magnetic field reversal at its base. Assuming the
duration of a modern geomagnetic polarity and
reversal, this implies a much longer time scale
for marine transgression than climate physics,
deglaciation models, and sedimentological-
geochemical observations have constrained.
Whole-ocean warming, thermal expansion,
and glacio-isostatic adjustments suggest that
marine transgressions, linked to cap dolostone



deposition, can last significantly longer than the
relatively rapid deglaciation events. Still, magne-
tostratigraphic estimates for cap dolostone depo-
sition have consistently appeared too rapid, by a
factor of five or more. Together, such arguments
challenge the interpretation of the time scale
based on paleomagnetic data, and we interpret
that the stratigraphically compressed expres-
sion of these reversals is probably a magnetic
phenomenon yet to be understood rather than a
climatic or sedimentological one.

The pole from the C, component is very close
to the West Gondwana Cambrian remagnetiza-
tion poles (ca. 520 Ma) observed in other car-
bonate units from Sdo Francisco and the Ama-
zonian cratons. This correlation now extends
to the Congo craton, which implies an event
of even greater scale. Based on the dataset pre-
sented in our investigation, we propose that the
physical process responsible for the acquisition
of remanence in C,-carrying rocks is associated
with the transformation of iron-rich smectites
into iron-poor illites during burial diagenesis.
As a result, fine authigenic magnetite formed as
a byproduct of this reaction. With the advance-
ment of diagenesis and the prolonged low-grade
metamorphism, the magnetic system must have
remained open until it was eventually locked
due to uplift and cooling. This cooling event is
possibly linked to the period of exhumation and
tectonic uplift in the Kaoko orogen. This inter-
pretation is supported by the position of the C,
pole on the APWP of West Gondwana, but other
explanations are possible.
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