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Key points

e The end of the Kiaman Reverse Polarity Superchron is identified in the
southeast Karoo basin allowing regional correlation

e The effect of Karoo large igneous province dolerite intrusions is limited,
and primary Permian remanence define magnetostratigraphy

e The diachronous boundary between the Ecca and Beaufort groups is cali-
brated

Abstract

Paleomagnetic results and a ~2353 m-thick magnetostratigraphic section for un-
deformed middle to late Permian rocks in the southeast of the Karoo Basin
of South Africa are reported. Pseudo-single domain or single domain titano-
magnetite, as well as pyrrhotite, were identified as possible remanence carriers
of a dual polarity magnetization interpreted as the record of the Permian geo-
magnetic field during the Kiaman Reverse Polarity Superchron and subsequent
Illawarra mixed polarity interval. The timing of remanence acquisition is fur-
ther constrained by the effect of Jurassic-aged dolerite intrusions, which either
partially or wholly overprint the Permian remanence in their immediate vicin-
ity. A paleopole at 53.2°S; 46.9°E and dp/dm = 5.9°/6.3° is calculated from
the bedding-corrected primary remanence that was corrected for the effects of
inclination shallowing using a correction factor of f = 0.6. This is comparable to
known Permian paleopoles from the southwest section of the Karoo Basin and
overlaps with the 280-210 Ma segment of the Gondwana apparent polar wander
path. The end of the Kiaman Reverse Polarity Superchron can be correlated
between the extremes of the Karoo Basin and reveal a diachronous boundary
between the Ecca and the Beaufort groups that is calibrated for the first time.

Plain Language Summary

Magnetostratigraphy is used as a dating tool for calibrating the correlation of
middle to late Permian sedimentary rock units. During the Permian, the Kia-
man Reverse Polarity Superchron is a prominent ca. 318 Ma to 265 Ma mag-
netostratigraphic interval of reverse polarity described from east Australia and
is followed by the Illawarra interval of mixed polarity. The end of the Kiaman
Reverse Polarity Superchron is a useful chronostratigraphic marker horizon. We



identify the end of the Kiaman Reverse Polarity Superchron within drill core
from the southeast Karoo Basin and correlate this to its record within the
southwest of that basin at localities that are 900 km apart. Another prominent
marker horizon in the Karoo Basin (i.e., the boundary between the Ecca and the
Beaufort groups) is characterized by a change in the depositional environment.
That is, a change from a marine environment to deposition in a terrestrial envi-
ronment. Although this important lithostratigraphic boundary is known to be
diachronous across the Karoo Basin, we here illustrate and calibrate the degree
of time transgression of this boundary in the southern part of the basin.

Index terms

1520 Magnetostratigraphy; 1535 Reversals: process, timescale, magnetostratig-
raphy; 1540 Rock and mineral magnetism
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Introduction

Within the southern main Karoo Basin, the late Carboniferous to mid-Jurassic
Karoo Supergroup of South Africa (Figure 1) represents a 12 km-thick, laterally
continuous, clastic sedimentary succession that was deposited in a retro-arc
foreland setting in response to subduction and accretionary tectonics along the
southwest margin of Gondwana (Johnson et al., 1996; Johnson et al., 2006).
During the Permian, an interplay between regional tectonics, an icehouse to
greenhouse climatic transition, and a marine incursion resulted in deepening of
the southern main Karoo Basin and deposition of the Ecca Group (Catuneanu
et al., 2002; Cole, 1992).

The Ecca Group is well documented in the southwest section of the basin in
terms of lithostratigraphy (Cole, 1992; Wickens, 1994), geochronology (Bangert
et al., 1999; Belica et al., 2017a; Fildani et al., 2007; Fildani et al., 2009; Griffis
et al., 2019; McKay et al., 2016; McKay et al., 2015; Turner, 1999) and magne-
tostratigraphy (Abubakre and De Kock, 2021; Belica et al., 2017a; Lanci et al.,
2013; Tohver et al., 2015). It, however, remains underexplored in the southeast
where outcrops are fewer, the lithofacies very different (Johnson, 2009), and the
stratigraphy interrupted by dolerite sills of the ca. 183 Ma Karoo large igneous
province (KLIP). Magnetostratigraphy can be used as a dating tool for calibrat-
ing the lithostratigraphic correlation of the Ecca Group across the basin between
the dated southwest and the undated southeast sections. For this purpose, the
Kiaman Reverse Polarity Superchron, as a prominent Paleozoic magnetostrati-
graphic interval, is important. It is an interval of reverse polarity described
from eastern Australia that extends from ca. 318 Ma to 267-265 Ma, followed
by the Illawarra interval of mixed polarity (Belica et al., 2017b; Cortrell et al.,
2008; Irving, 1963; Irving and Parry, 1963). The end of the Kiaman Reverse



Polarity Superchron is particularly useful as a chronological marker (Hounslow
et al., 2016; Kirschvink et al., 2015). It has been assigned an approximate
age of 267 Ma (Steiner, 2006) but recently it was constrained by Belica et al.
(2017b) to coincide with the Wordian-Capitanian boundary at ~265 Ma (Fig-
ure 2). In the southwest Karoo Basin, Lanci et al. (2013) identified normal
polarity intervals within the Waterford Formation of the Ecca Group and the
Abrahamskraal Formation of the Beaufort Group, thus placing these rocks in
the Illawarra mixed polarity interval with a mid-Wordian age based on mag-
netostratigraphic age assignments of Steiner (2006). This was incorporated in
the latest Permian composite magnetostratigraphy of Hounslow and Balabanov
(2018) (Figure 2), but the age assignments can now be revised to approximate
the Wordian-Capitanian boundary based on the work of Belica et al. (2017b).

[Figure 1 here]

Here, an integrated rock magnetic and paleomagnetic approach is used to study
a 2353 m-long intersection (KWV-1) of the Ecca Group and dolerite intrusions
from the southeast main Karoo Basin. The magnetic and thermal effect of
the KLIP intrusions on surrounding sedimentary rocks are characterized and
magnetostratigraphic constraints are presented for the Ecca Group and lower
Beaufort Group to assist lithostratigraphic correlation between extremes of the
Karoo Basin. The effects of KLIP intrusions on the Ecca Group are important
to evaluate because carbonaceous mudstone units of the Ecca Group have been
identified as a potential shale-gas resource (Decker, 2014; Decker and Marot,
2012; Kuuskraa et al., 2013). The scale of this resource, however, is uncon-
strained and depends, amongst other factors, on the lithostratigraphy of the
Ecca Group throughout the basin and the thermal effects of KLIP intrusions
(Cole, 2014; De Kock et al., 2017; Mowzer and Adams, 2015).

[Figure 2 here]

Geological setting

Basin-fill commences with the glaciogenic Dwyka Group followed by the ma-
rine Ecca Group and the fluvial-deltaic Beaufort Group (Johnson et al., 2006).
The subsequent clastic sedimentary sequence of the Stormberg Group reflects
increasingly arid conditions (Bordy et al., 2004; Johnson et al., 1996) and ends
abruptly with the rapid KLIP dolerite emplacement (Hastie et al., 2014; Jour-
dan et al., 2005) and eruption of the Drakensberg Group basalts (Figure 1).

KWV-1 (S 32°14’43.10” E 28° 35°08.10”) was drilled near Willowvale, within a
borrow pit for road aggregate, in the Amathole District of the Eastern Cape
Province of South Africa in the southeast extreme of the main Karoo Basin
and within a network of multiple dolerite sills (Figure 1). Bedding in the core
is variable, but generally near horizontal with an average dip to the northwest
based on electrical dip meter readings (dip direction = 302°, dip = 2°). KWV-1
provides a continuous 2352.39 m-thick succession from the uppermost layers of
the Dwyka Group (i.e., the Elandsvlei Formation, below 2331.7 m depth), the



entire Ecca Group (subdivided into Prince Albert [2302.4-2331.7 m], Whitehill
[2269.2-2302.4 m], Collingham [2002.4-2269.2 m], Ripon [742.8-2002.4 m], Fort
Brown [262-742.8 m] and Waterford [241.8-262 m] formations) and the lower-
most part of the Beaufort Group (i.e., Koonap Formation [0-241.8 m], Figure 3).
The lithostratigraphy of the Ecca Group here stands in contrast to the south-
western part of the basin where the Tierberg Formation is developed above the
Collingham Formation (Figure 2). The Ripon Formation, which occurs east
of 22° consists of fine-grained greywacke turbidite beds of varying thicknesses
and is subdivided into the Pluto’s Vale Member sandstone (1388-2002.4 m),
the Wonderfontein Member shale (948.1-1388 m), and the Trumpeter’s Mem-
ber sandstone (742.8-948.1 m; Figure 3). Another marked difference compared
to the southwestern part of the basin, is the presence of numerous dolerite intru-
sions that intersect the clastic sedimentary rock succession. An 18.82 m-thick
fine-grained dolerite intrudes the top of the Whitehill Formation with a sharp
contact in KWV-1. The top of this dolerite intrudes sharply into the base of
the 712.14 m-thick arenaceous Pluto’s Vale Member of the Rippon Formation.
The Pluto’s Vale Member is further intersected six times by dolerite intrusions
with a total cumulative thickness of 234.86 m. The argillaceous Wonderfontein
Member is intruded by a 46.07 m-thick dolerite intrusion between 1249.79 and
1203.72 m. The Trumpeter’s Member envelopes a 9.6 m-thick dolerite intrusion
between 965.12 and 955.48 m. In the upper parts of the core, the Fort Brown
Formation is cut by eight thin dolerite intrusions with a total cumulative thick-
ness of 71.75 m, and the Koonap Formation is intruded by two dolerite sills
(i.e., 34.87 m and 1.87m thick) between 127.11 and 92.24 m-depth, and between
16.57 and 14.7 m-depth.

Method

As the KWV-1 core was retrieved, pieces of core were fitted for continuity before
being marked by the managing geologists at the drill site with a reference line
indicating the upward direction with an arrowhead (e.g., Figure 3D). Where
successive pieces of the core could not be fitted for continuity due to excessive
breaking or core loss, the core was marked with two short parallel lines perpen-
dicular to the reference line. A new reference line was then selected and drawn
along the next section of continuous retrieved core. The core is thus made up
of several sections of continuous rock intersection, with pieces of core from a
section being oriented relative to each other. Such sections ranged from less
than a meter to over 100 meters. Orientation of the reference line on any sec-
tion was determined relative to the bedding dip azimuths intersected in the core
and dip meter readings down the hole. Generally, the orientation line coincided
with bedding dip azimuth. Electronic dip meter logging was not possible beyond
2000 m due to hole collapse after core retrieval. Orientation of the reference line
from here to the end of the hole was attempted by using the average bedding in
the core (i.e., 302°/2°). Core logging and sampling were done at the Council for
Geosciences National Core Library at Donkerhoek, South Africa. Plug samples
for paleomagnetic analyses were taken at ~3 m intervals, but this spacing was



reduced near dolerite contacts. A piece of core earmarked for sampling was first
split along the reference line before a paleomagnetic sample was plugged perpen-
dicular to the core axis and always from the right-hand half of the split core using
a benchtop drill press. Plugs were labelled with their depth and their azimuth
was marked along their upper margins. Plug azimuths are horizontal and equal
to the orientation of the reference line minus 90°. Samples were oriented and
prepared into specimens for step-wise demagnetization at the paleomagnetism
laboratories at the University of Johannesburg (UJ) and the California Institute
of Technology (Caltech). Demagnetization consisted of low-intensity progressive
alternating field (AF) demagnetization in three to four 25 mT steps up to 75 mT
or 100 mT. Thermal demagnetization was achieved through stepwise heating in
20-25°C steps from 100°C to 600°C. All measurements of remanence were made
using 2G Enterprises 755 or DC-4K superconducting rock magnetometers.

Remanence components were identified and quantified via principal component
analysis (Kirschvink, 1980) using PaleoMag 3.2 (Jones, 2002) with individual
components calculated from three or more points for line fits and four or more
points for plane fits. Component fits were used in subsequent analysis if the
mean angular deviation (MAD) values of line fits were 15° and 20° for plane
fits. Component means were calculated using PaleoMag 3.2, which employs the
methodology of McFadden and McElhinny (1988) for the combination of line
and plane fits. Component means were used to calculate virtual geomagnetic
poles (VGPs) as per Butler (1992). The VGPs were visualized using GPlates
2.2 (Williams et al., 2012). Remanence components interpreted as being pri-
mary were used to develop a magnetostratigraphic record by considering the
stratigraphic variation of declination, inclination and the corresponding VGP
latitude of specimens.

Fourteen representative samples were subjected to a suite of rock magnetic ex-
periments as described by Kirschvink et al. (2008). This includes progressive
isothermal remanent magnetization (IRM) acquisition up to 1000 mT followed
by progressive AF demagnetization, progressive anhysteretic remanent magne-
tization (ARM) acquisition with a variable direct current biasing field of 0 to
1 mT, an ARM version of the Lowrie-Fuller test (e.g., Johnson 1975), and
a comparison of natural remanent magnetization (NRM) and ARM stability
with TRM stability after Fuller et al. (2002). IRM acquisition curves were un-
mixed using the MAX Unmix software (Maxbauer et al., 2016), which employs a
skewed-normal distribution (Wuertz and Chalabi, 2015) to represent individual
coercivity components.

[Figure 3 here]
1.

Results

(a) Rock magnetic results



Nine of 14 samples acquire IRM linearly (on a log scale) from 20-30 mT to
300 mT but only reach or approach saturation above 700 mT (Figure 4A). AF
demagnetization of IRM defines mean destructive fields of 61-69 mT, while
Heg values are typically 89-100 mT with R-ratios of 0.35-0.40 (after Cisowski,
1980). IRM is acquired more steeply from 20 mT to 100 mT in two samples
(i.e., 475.14 and 2245.3), and saturation is reached at 200-400 mT (Figure 4B).
These samples have low mean destructive fields, Hoy values and R-ratios. IRM
is acquired non-linearly in three samples (i.e., 191.13, 916.45, and 996.51). The
samples approach saturation at fields above 700 mT. Steeper acquisition is seen
in 191.13 and 996.51 before 100 mT, followed by less steep acquisition that
becomes steeper again after 300 mT. These samples have mean destructive fields
of 36-48 mT, Hg values of 48-60 mT, and R-ratios of 0.40-0.44 (Figure 4C).
Sample 916.45 show shallower acquisition before 100 mT, after which acquisition
becomes steeper. It has a mean destructive field of 121 mT, Hgs of 139 mT,
and an R-ratio of 0.46 (Figure 4D).

IRM acquisition curve decomposition identifies six possible components. When
fitting such models, a strategy was followed to keep components within a rela-
tively constant coercivity range throughout the sample set. Each component is
described by its median coercive field, dispersion parameter, relative proportion,
and skewness (Supporting Information S1). Any specific sample requires two,
but more commonly three, and rarely four phases to match the IRM acquisition
spectra. Generally, IRM acquisition is dominated by a medium coercivity or
MC1 component (mean coercivity = 122 + 27 mT; Figure 4E). Samples that
reach saturation above 700 mT display small contributions of both low and high
coercivity phases (LC1 with a mean coercivity of 26 + 6 mT; and HC1 with a
mean coercivity of 488 + 51 mT) in addition to the main contribution of MC1,
and in one case there is also a small contribution from a very high coercivity
phase (i.e., HC2 with a mean coercivity of 1284 + 401 mT). Samples that reach
saturation at 200-400 mT display either low (i.e., LC2 with a mean coercivity of
51 + 7 mT) or medium coercivity phases (i.e., MC1) as main contributors to the
IRM together with a small contribution of LC1, but without higher coercivity
phases contributing (Figure 4F). Non-linear IRM acquisition is characterized
by either dominant LC2 contributions (in 191.13 and 996.51; Figure 4G) or by
a dominant medium coercivity (i.e., MC2 with a mean coercivity of 274 + 47
mT) in 916.45 (Figure 4H). There are additional small contributions of LC1 and
MC2 phases in 191.13, and by MC2 and HC2 phases in 996.51. Apart from a
dominant MC2 phase, a small LC1 contribution is also recognized in the IRM
acquisition by sample 916.45.

An ARM version of the Lowrie-Fuller test (Johnson et al., 1975) shows harder
AF demagnetization of the ARM than that of the IRM for all specimens (Figure
5A), thus indicating the dominance of interacting single-domain (SD) particles.
The ARM acquisition for all the specimens confirms high inter-particle interac-
tion. Interaction is highest for 231.42, 425.45, and 475.14, which resemble ARM
acquisition by chiton teeth. Curves otherwise resemble ARM acquisition by
partially collapsed bacterial magnetosomes (Figure 5B). The least inter-particle



interactions are seen in 2245.3, 996.51, 916.45, and 191.13.

Plots of NRM and ARM demagnetization values against IRM demagnetization
for select specimens reveal a conspicuous soft NRM component in most spec-
imens that is removed by 10 mT (Figure 5C). The ratio of NRM to IRMs is
generally in the 1:1000 range for demagnetization between 10 mT and 50 mT
for most specimens, but for four specimens (716.74, 916.45, 996.51, and 1764.7)
the ratio was in the 1:100 range. At higher field levels the AF demagnetization
of NRM proceed much slower than the AF demagnetization of IRM, and the
curve is characteristically concave upwards for all our specimens. The ARM
behaves similarly, albeit less pronounced. ARM:IRM values are above 0.1 in all
specimens and are equal to, or exceed 1 at demagnetization levels above 70 mT
(Figure 5C).

1. Demagnetization
(a) Sedimentary rocks

Four magnetic components were identified during the demagnetization of sed-
imentary rock specimens (Table 1). The demagnetization behaviour was vari-
able as expected for the range of different lithologies and grain sizes. The four
components were a low coercivity or soft magnetic component (SFT); a vari-
able, but typically north to northwest directed and moderately steep upward-
directed component (A); a northerly and steep upward-directed high stability
magnetization (B-); and a southerly and steep downward directed high stability
magnetization (B+). Any specific specimen, however, recorded a maximum of
three components, and many were characterized by just two components or a
single magnetic component (Figure 6 and 7).

[Figure 4 here]
[Figure 5 here]

The demagnetization behaviour of nine specimens proved too erratic for the
identification of any magnetic components, and these are not further considered.

A low coercivity SF'T component was identified in 220 of 400 specimens during
AF demagnetization steps up to low-temperature demagnetization steps (Figure
6, 7 and 8). The SFT component is poorly defined in most with MAD values >
15° for fits from 56 of the specimens. These components are randomly directed
and not considered to be of any geological significance.

After the removal of SFT components, prominent remanence components (i.e.,
component A) unblocked as either linear trajectories towards the origin or as
linear trajectories that miss the origin to reveal the presence of remanence com-
ponents of higher thermal stability (Figure 6 and 7). These A components were
identified in 311 specimens (plus 34 specimens in which it was identified, but
which were excluded due to their > 15° MAD values). The A components are
highly variable in terms of their unblocking and direction. They are generally
northerly and upward-directed with a component average declination of 350.2°,



an inclination of -75.5° and 5 of 3.74°, but with a very low precision parameter
(k = 5.55) and a correspondingly large standard deviation (Figure 9A). The A
components either unblock by 340°C or by 460°C in general.

In specimens where A component trajectories do not demagnetize towards the
origin, higher stability components (B- and B+) are revealed as either stable
end-points of demagnetization, linear demagnetization trajectories towards the
origin, or more commonly as demagnetization along planes away from the A
component direction towards B+ component directions seen on equal area plots
(Figure 6C-F and Figure 7E-F). The B- and B+ components variably unblock
between 250°C and 520°C, a rather wide range of thermal demagnetization steps,
but most commonly unblock above 400°C. B- components were identified in 65
specimens (plus 2 specimens in which it was identified, but which were excluded
due to their > 15° MAD values). The B- components are northerly and upwards
directed and often steeper than A components. The component average was cal-
culated at declination = 319.3° inclination = -73.6°, ¢5 = 5.86°, and k = 10.02
(Figure 9B). The distribution of B- components appears elongated, but this is
an artifact of imperfect orientation of the drill core (see De Kock et al., 2009 for
a description of this artifact). B+ components were most commonly identified
as demagnetization along planes away from the A component direction (i.e., in
122 specimens after the exclusion of 10 specimens for which planes had MAD
values that were > 20°), but also as components with linear demagnetization
trajectories towards the origin after the removal of SFT and A components (i.e.,
in 37 specimens), and rarely (i.e., in 9 specimens) as single remanence compo-
nents (Figure 7A-F). Considering only line data, a B+ component average is
calculated at declination = 144.6°, inclination = 62.2°, 45 = 9.34°, and k =
6.05 (Figure 9C). Like the B- components, the B+ components also define an
elongated distribution. Combining fitted lines and planes yield a B+ component
average at declination = 153.5°, inclination = 65.3°, ¢5 = 3.88° and k = 8.74
(Figure 9C). The B- and B+ components are near antipodal, but the line fit data
fail to pass the reversal tests of McFadden and McElhinny (1990) with in-situ
remanence directions. If the polarity of the B+ mean is reversed and compared
to the B- mean it can be seen that the angle that separates the two means is
11.56°, which is larger than the critical angle of separation (10.44°) at which
the two means would be statistically indistinguishable (i.e., 180° apart). Re-
peating the same test with tilt-corrected remanence directions, however, passes
a C quality reversals test. The angle that separates the two means is 11.75°,
which is smaller than the critical angle of separation of 14.36°. A combination
of B- and B+ components (line fits only) yield an overall tilt-corrected mean at
declination = 324.4°, inclination = -70.5°, g5 = 5.25°, and k = 7.50 for 111 spec-
imens. Inclusion of plane fits yield an overall tilt-corrected mean at declination
= 333.3°, inclination = -69.0°, 45 = 3.39°, and k = 8.31 for 235 specimens.

1. Dolerite

A 34.8 m-thick dolerite that intrudes the Koonap Formation between 127.11
and 92.24 m-depth. The magnetization of two specimens (i.e., KWV92.38 and



KWV113.7) are characterized by small contributions of SFT components and
dominated by northerly up magnetizations that remain stable above 400°C (i.e.,
DOL components; Figure 8). Sedimentary rock specimens above and below the
dolerite are characterized by demagnetization along planes away from promi-
nent A components (up) towards B+ components (down). The A components
of specimens surrounding the intrusion are comparable to the DOL direction,
and it appears that the magnetic effects of this intrusion on the surrounding
sedimentary units were limited.

[Figure 6 here]
[Figure 7 here]
[Figure 8 here]

Several closely spaced dolerite intrusions with a cumulative thickness of 71.75 m
intrude the upper part of the Fort Brown Formation between ~380 and ~460 m-
depth. One specimen (i.e., KWV443.24) yielded a DOL component below 420°C,
but another (i.e., KWV452.98) does not conform. It yielded a southwest and
downward directed magnetization with a small SFT component contribution,
but its demagnetization behaviour becomes increasingly erratic above 250°C.
Sedimentary units up to 70m above the intrusion generally behaved erratically
during demagnetization. One specimen from near the upper contact with the
intrusion yielded a B+ component via a plane fit. Specimens from up to 50 m
below the intrusion yielded A components below ~300°C and B+ components
constrained by line as well as plane fits above ~300°C. The contrast between the
magnetic records of these dolerite intrusions and the surrounding units is less
clear.

Thin (< 5 m-thick) intrusions in the Trumpeters Member near 780 m-depth
and 850 m-depth were not sampled. Sedimentary rock specimens around the
intrusion at 780 m (i.e., KWV783.05 and KWV777.08) yield only north up
A components with small SF'T component contributions. Immediately above
the intrusion at 850 m-depth a specimen (KWV845.61) demagnetize away from
a northerly up (component A) direction towards a southerly down (component
B+) direction. A specimen from immediately below the intrusion (KWV853.18)
record a single remanence component that is northeast and up (component A).

A ~12 m-thick dolerite intrudes along with the contact between sandy units of
the Trumpeters Member and carbonaceous shale of the Wonderfontein Member
around 960 m-depth. The dolerite was not sampled, but the sandy unit immedi-
ately above the sill yielded well defined moderate to steep south-easterly down
(B4) magnetizations stable up to 460°C (i.e., KWV952.26 and KWV955.32).
At lower thermal demagnetization steps, north up magnetizations (A compo-
nents) were removed. The Wonderfontein Member shale immediately below the
sill also yielded well-defined moderate to steep south-east down (B+) magne-
tizations stable up to 460°C (i.e., KWV966.56) with a north-up A component
removed at lower thermal demagnetization steps. The magnetic effect of this do-
lerite on the surrounding sedimentary rocks is minimal. Between 1200 to 1245



m-depth, the Wonderfontein Member is cut by a ~45 m-thick coarse-grained
dolerite. Two specimens of dolerite near the top of this sill yielded north up
magnetizations that were stable up to ~300°C (DOL components), but with
-17.9°, the DOL component in specimen KWV1203.66 had a much lower incli-
nation than the -44.4° of the DOL component in KWV1200.86. A sedimentary
specimen above the dolerite (KWV1197.87) yield demagnetization trajectories
towards a steep downward directed remanence (B+ component). Below the
dolerite, sedimentary specimens also yield steep downward directed directions.
Neither sedimentary rocks associated with, nor a thin (< 5 m-thick) dolerite near
the base of the Wonderfontein Member around 1380 m-depth was sampled.

A ~5 m-thick dolerite intrudes the upper Pluto’s Vale Member around 1480
m-depth. Neither this dolerite nor sedimentary units in immediate association
with it were sampled. Multiple sills with a cumulative thickness of ~60 m intrude
the upper Pluto’s Vale Member between 1680 and 1740 m-depth. Two dolerite
specimens (KWV1692.5 and KWV1717.27) yielded north up DOL components
that were stable up to 400°C with minor contributions by SFT components.
Sedimentary rock units immediately above and below the intrusion displayed
clear demagnetization trajectories along planes away from the A components
towards the B+ remanence direction.

A ~5m-thick dolerite intrusion between 1870 and 1880 m-depth was not sampled.
A very thick series of dolerite intrusions with a cumulative thickness of ~148 m
is present in the lower Pluto’s Vale Member. One specimen (KWV2272.42) from
these intrusions reveal a northwest up DOL component that remains stable up
to 300°C. A second specimen (KWV2276.13) displayed erratic demagnetization
behaviour and no fits were attempted. Sedimentary rock units above and below
the dolerite are mainly characterized only by A components. Only at 2251.11
m, some 20 m above the intrusions is a B4+ remanence recorded. Below the
intrusions, the closest specimen is at 2294.95 m, and it also records the B+
remanence.

A ~18 m-thick dolerite intrudes carbonaceous shale of the Whitehill Formation.
This intrusion was not sampled, but sedimentary rock specimens above and
below the dolerite (like the lowermost Pluto’s Vale Member) at 2294.95 m and
2301.5 m record the B+ remanence.

An average for the northerly up DOL components was calculated from six spec-
imens at declination = 57.3°, inclination = -68.8°, 45 = 24.04°, and k = 7.26
(Figure 9D).

1. Discussion
(a) Carriers of remanence

NRM:IRM ratios in the 1:1000 range are consistent with the NRM
largely being a post-depositional or depositional remanent magneti-
zation (pDRM or DRM), while those in the 1:100 range are more
characteristic of secondary magnetizations, possibly a thermal re-
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manent magnetization (TRM) due to the heating effects of dolerite
intrusions, or a chemical remanent magnetization (CRM) due to di-
agenetic alteration in response to burial. The latter is less likely,
as there is no clear stratigraphic relationship with NRM:IRM ratios.
The pronounced concave upward shape of the NRM:IRM curves sug-
gest that magnetically soft phases (LC1 and LC2) are not efficient
carriers of weak field remanent magnetization. Samples dominated
by LC1 and LC2 phases reach saturation by 200 mT, suggesting
these phases to be multi-domain low-Ti magnetite. NRM carried
in high-coercivity phases are effectively immune to AF demagnetiza-
tion and flattens out the NRM:IRM curves. The HC2 phase, which
was only seen as a very minor contributor to IRM in three samples,
is likely very fine-grained hematite. This phase is not an impor-
tant carrier of remanence, because none of the specimens carried
stable magnetizations after demagnetization above 540°C. HC1 is
present in most samples as a minor contributor to IRM and could
be pyrrhotite. Pyrrhotite has been identified by X-ray diffraction
analysis of the mudstones of the Whitehill and Collingham forma-
tions in KWV (Geel et al., 2021). Pyrrhotite may be responsible for
the drops in magnetization seen during the heating of specimens be-
tween 250°C and 300°C. The identities of the MC1 and MC2 phases,
the main carriers of the NRM are less clearly diagnosed but are
likely pseudo-SD or SD low-Ti magnetite phases, and together with
the HC1 phase (i.e., pyrrhotite?) carriers of the A, B+ and B- com-
ponents.

1. Timing of remanence acquisition and paleopole calcula-
tion

The DOL component seen in the KLIP intrusions is different from the B4+ mag-
netizations revealed during high-temperature demagnetization steps in the sur-
rounding sedimentary units. The DOL direction is, however, comparable to
the B- directions, although nowhere in direct association in the core. The DOL
direction is also comparable to the lower temperature A direction that is de-
veloped throughout most of the core (Figure 6; Table 1). The DOL direction
is statistically distinguishable from the B- component. The separation angle
between the means is 28.3° and larger than the critical angle of 20.7° at which
the two means would be indistinguishable. A direct comparison of the DOL
and A directions shows that they are statistically the same. The separation
angle between the means is 20.1° and smaller than the critical angle of 26.3°
at which the two means would be indistinguishable. We, therefore, interpret
the A component as a younger remanence that was acquired during the intru-
sion of the KLIP dolerites. The B+ and B- components are interpreted to be
older magnetizations, and likely primary Permian magnetizations recorded as
pDRMs or DRMs that pass a quality C reversals test for tilt-corrected rema-
nence directions. Paleopoles were calculated for the DOL and A components
based on in-situ remanence directions, and for the B+ and B- components based
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on remanence directions after bedding was restored to paleohorizontal.
[Figure 9 here]

B-, B+ and their combined paleopoles are comparable to the 240 Ma to 180 Ma
segment of the Gondwana reference apparent polar wander path of Torsvik et
al. (2012). We follow Torsvik et al. (2012) by applying a correction for inferred
inclination shallowing for detrital sediments of f = 0.6, where:

tan(observed inclination) = f.tan(corrected inclination)

Such a correction yield B-; B+ and combined paleopoles that are comparable to
the 280 Ma to 210 Ma segment of the Gondwana reference apparent polar wander
path (Figure 10). Our inclination corrected pole is also comparable to the Ecca
Group pole presented for the KZF-01 core from the southwestern Karoo Basin
of Abubakre and De Kock (2021) as well as the lower Beaufort Group poles of
Lanci et al. (2013) and Tohver et al. (2015) (Figure 10). However, our pole is
distinct from the Ecca Group pole of Belica et al. (2017a), which plots further
to the east from our pole as well as the 280-240 Ma segment of the Gondwana
reference apparent polar wander path of Torsvik et al. (2012) (Figure 10).

[Table 1 here]
[Figure 10 here]

1. Magnetostratigraphy and end of the Kiaman Reverse Polarity
Superchron in KWV-01

The B- and B+ remanence directions define stratigraphically bound groupings
and can be used to construct a magnetostratigraphy for KWV-01 (Figure 11).
The core is dominated by reverse polarity zones. Three normal polarity zones are
recorded in KWV-01 and are labelled KWV2n, KWV3n and KWV4n. Normal
polarity zone KWV4n is recorded in the uppermost specimens of the core and
within the Koonap Formation. The remainder of the Koonap Formation, Water-
ford Formation and the uppermost Fort Brown Formation define polarity chron
KWV3 between 325 m and 20 m depth. It is defined by a prominent normal
polarity zone (137 m to 328 m) and reverse polarity zone (20 m to 137 m) with
possible normal polarity subzones at 82 m depth, and several possible reverse
polarity subzones within KWV3n. The presence of a normal magnetized dolerite
sill within the Koonap Formation does not affect resolution of the KWV3r po-
larity zone. The Fort Brown Formation host one magnetic polarity chron (i.e.,
KWV2). The KWV2r reverse polarity zone is well-defined between 328 m and
446 m, but normal polarity zone KWV2n is perhaps partially obscured by the
effects of a possible reversely magnetized thin dolerite sill (Figure 11). KWV2n
does appear to extend to 522 m. The remainder of the core is dominated by a
very thick reverse polarity zone (KWV1r), but four well defined normal polar-
ity subzones are recorded in the lower Fort Brown Formation (i.e., KWV1r.2n,
KWV1r.3n, and KWV1r.4n) and the middle of the Trumpeters Member (i.e.,
KWVl1r.1n). Possible, but poorly defined normal polarity subzones were iden-
tified within the Fort Brown Formation between KWV1r.3n and KWV1r.4n at
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600 m and within the Trumpeters Member between KWV1r.1ln and KWV1r.2n
at 781.5 m. Additional poorly defined normal polarity subzones occur in the
Wonderfontein Member (at 981 m and 1141 m), the Pluto’s Vale Member (at
1784 m), and at the base of the Collingham Formation (at 2259 m). Normal
magnetized dolerite intrusions within the Wonderfontein Member, the Pluto’s
Vale Member, the Collingham Formation, and the Whitehill Formation appears
to have little effect on the resolution of the KVWrl1 reverse polarity zone, except
for the possible normal polarity subzone at 2259 m. It cannot be ruled out that
this specimen’s magnetization is overprinted by the intrusion within the White-
hill Formation. It should also be noted that sample coverage between 1923 m
and 2200 m is poor. Although this interval is largely represented by dolerite,
the polarity interpretation for sedimentary units in the interval is regarded as
uncertain (Figure 11).

1. Magnetostratigraphic correlation and geochronology of the Ecca
Group across the southern Karoo Basin

The magnetostratigraphy of KWV-01 can be correlated to that of the southwest
Karoo Basin. In doing so, the KWV3n normal polarity zone in the upper Fort
Brown to lower Koonap formations and the KWV4n normal polarity zone in the
Koonap Formation can be correlated to the N2 normal polarity zones identified
by Lanci et al. (2013) within the Abrahamskraal Formation at Ouberg Pass
(Figure 12). The thin KWV2n normal polarity zone in the middle of the Fort
Brown Formation would then correlate to N3 identified by Lanci et al. (2013)
in the Waterford Formation (Figure 12). Correlation of normal polarity sub
zones (i.e., KWV1r.4n, KWVlr, 3n, KWV1r.2n, and KWV1r.1n) is less obvious,
but we suggest a correlation of the normal polarity zone within the Tierberg
Formation (Abubakre and De Kock, 2021) at the top of borehole KZF-01 to
KWVl1r.1n (Figure 12). Two normal polarity zones at the top of the Collingham
Formation and base of the Prince Albert Formation in KZF-01 (Abubakre and
De Kock, 2021) are not clearly identified in KWV-01.

[Figure 11 here]
[Figure 12 here]

The normal polarity zones at the top of KWV-01 are interpreted to
mark the onset of the Illawarra mixed polarity interval at the top of
the Kiaman Reverse Polarity Superchron. The end of the Kiaman
Reverse Polarity Superchron is placed at or near the base of the Cap-
itanian, but the precise age was not well constrained (Hounslow and
Balabanov, 2018; Menning et al., 2006; Steiner, 2006). Recently,
Belica et al. (2017b) constrained the end of the Kiaman Reverse
Polarity Superchron (i.e., the so-called Illawarra reversal) to be be-
tween 265.05 £ 0.35 Ma (Ar-Ar on plagioclase) and a 263.51 £ 0.05
Ma (U-Pb thermal ionization mass spectrometry or TIMS age by
Metcalfe et al., 2015). Lanci et al. (2013) reported U-Pb sensi-
tive high-resolution ion microprobe or SHRIMP zircon ages from
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tuffaceous units at Ouberg Pass within the Illawarra mixed polarity
interval of between 264-268 Ma, while McKay et al. (2015) reported
a U-Pb SHRIMP zircon ages of 260.6 + 8.9 Ma 264.7 + 2.5 Ma
from the Abrahamskraal Formation. Lanci et al. (2013) deduced a
~269 Ma age for the end of the Kiaman Reverse Polarity Superchron.
The relative imprecision of the SHRIMP ages, however, does not ex-
clude an interpretation that places the Illawarra reversal at ~265 Ma.
The Tierberg, Kookfontein and much of the Waterford formations
of the Ecca Group in the southwestern part of the basin is char-
acterized by dominantly reversed magnetic polarity, with a normal
polarity zone in the middle of the Tierberg Formation reported from
the top of KWZ-01 and several poorly constrained normal polarity
subzones in the Kookfontein, Skoorsteenberg and lower Tierberg for-
mations (Abubakre and De Kock, 2021; Belica et al., 2017a). Belica
et al. (2017a) correlated poorly characterized normal polarity sub-
zones from OR1 and Pienaarsfontein to Kungurian normal polarity
zones of the Geomagnetic Polarity Time Scale. Such a correlation is,
however, not compatible with U-Pb SHRIMP zircon ages of 269.5 +
1.2 Ma and 270.4 4+ 2.7 Ma reported by Belica et al. (2017a) and
McKay et al. (2016) from the Tierberg Formation. Here we sug-
gest a correlation of the normal polarity zone in the middle of the
Tierberg Formation of Abubakre and De Kock (2021) to the late Roa-
dian normal polarity zone in the reference composite of Hounslow
and Balabanov (2018), which would account for the reported U-Pb
SHRIMP zircon ages. In KWV-01, this can potentially be correlated
to normal polarity subzone KWV1r.1n in the Trumpeters Member of
the Rippon Formation (Figure 12). The deposition of Prince Albert,
Whitehill, and Collingham formations are constrained between ~282
Ma to ~270 Ma by U-Pb SHRIMP zircon ages from tuffaceous units
in the southwest (Griffis et al., 2019; Turner, 1999). Abubakre and
De Kock (2021) thus correlated two short normal polarity subzones
in KZF-01 to Kungurian normal polarity zones in the reference com-
posite of Hounslow and Balabanov (2018). Normal polarity zones or
subzones are not well-defined in the lower section of KWV-01, but
a possible normal polarity subzone (represented only by one spec-
imen, and possibly affected by a nearby dolerite intrusion) in the
Collingham Formation could be Kungurian in age.

The top of KWV-01 in the Koonap Formation can be constrained
to be near 263 Ma, while the top of the Ecca Group in KWV-01
is was deposited during an early Capitanian normal polarity zone
between 264 Ma and 265 Ma. Deposition of the Ecca Group likely
commenced around ~281 Ma (Figure 12). As such KWV-01 span
18 million years of deposition of which the Ecca Group represents
~16 million years. From the magnetostratigraphic correlation, the
lithostratigraphic boundary between the Ecca and Beaufort groups
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is shown to be time transgressive. The boundary represents a change
from marine to terrestrial facies and has long been interpreted as
diachronous and to young from the southwest to the north based on
sedimentology and biostratigraphy (Catuneanu et al., 2002; Rubidge,
2005; Rubidge et al., 1999). Here, the position of the boundary is
calibrated at near 265 Ma in the southwest at Ouberg Pass and
closer to 264.5 Ma in the southeast in KWV-01.

1. Conclusions

The Permian rocks of the southeast Karoo Basin in KWV-01 reveal dual polar-
ity primary remanence components (components B- and B+) that pass a quality
C reversals test as well as baked contact tests where the rocks are in contact
with KLIP dolerite intrusions. These intrusions have affected much of KWV-
01 magnetically, and likely caused widespread acquisition of a lower stability
north-up remanence (component A), but without obscuring the higher stabil-
ity Permian primary remanence. The A component is indistinguishable from
magnetizations recorded by dolerite specimens (i.e., component DOL). The com-
bined B+ /- paleomagnetic pole compares favourably with previously published
paleopoles from the Ecca Group and lower Beaufort Group. Sedimentary rocks
in KWV-01 record predominantly B+ magnetizations representing the Kiaman
Reverse Polarity Superchron. B- magnetizations define three normal polarity
zones in the lower Koonap, Waterford, and Ford Brown formations in the upper
parts of KWV-01, representing the Illawarra mixed polarity interval. As such,
the end of the Kiaman Reverse Polarity Superchron is recorded in KWV-01 and
can be correlated to the southwest section of the basin, where it is recorded at
Ouberg Pass. Correlation to the Permian reference composite magnetostratig-
raphy suggests an age of 264.5 Ma for the boundary between the Ecca and the
Beaufort groups in KWV-01, and ~265 Ma at Ouberg Pass, thus calibrating
this diachronous boundary in the south of the Karoo Basin for the first time.
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Figure captions:

Figure 1. Simplified geology of the main Karoo basin of South Africa and
locality of borehole KWV-1 (i.e., enlarged inset from the 1:250 000 3228 Kei
Mouth map sheet) shown in relation to published magnetostratigraphic local-
ities (modified from the 1:1 000 000 geological map of South Africa, Council
for Geoscience, 1997). OP = Ouberg Pass, PF = Pienaarsfontein. Top left in-
set illustrates an Early Permian reconstruction of Gondwana with sedimentary
basins (modified from Sirevaag et al., 2018).

Figure 2. Middle and late Permian composite magnetostratigraphy of Houn-
slow and Balabanov (2018) and adjusted chronology of the end of the Kiaman
Reversed Polarity Superchron by Belica et al. (2017b) compared to magne-
tostratigraphic constraints from the southwest Karoo basin (see Figure 1 for
localities) and stratigraphy of the Ecca Group (after Johnson, 2009). The strati-
graphic coverage of borehole KWV-01 is indicated.

Figure 3. Simplified stratigraphic log of KWV-01 and sample positions (A).
Representative photographs of core from the Koonap Formation (B), Water-
ford Formation (C), Fort Brown Formation (D), Trumpeters Member (E), Won-
derfontein Member (F), Pluto’s Vale Member (G), Collingham Formation (H),
dolerite (I), Whitehill Formation (J), and the Dwyka Group (K). Note the ref-
erence line marking relative orientation and up direction on the core.

Figure 3. Simplified stratigraphic log of KWV-01 and sample positions (A).
Representative photographs of core from the Koonap Formation (B), Water-
ford Formation (C), Fort Brown Formation (D), Trumpeters Member (E), Won-
derfontein Member (F), Pluto’s Vale Member (G), Collingham Formation (H),
dolerite (I), Whitehill Formation (J), and the Dwyka Group (K). Note the ref-

erence line marking relative orientation and up direction on the core.

Figure 4. Acquisition and AF demagnetization of IRM of selected samples
(A-D) and components of IRM identified through IRM acquisition curve decom-
position (E-H).

Figure 5. ARM version of the Lowrie-Fuller test for selected samples (A);
ARM acquisition (B) for selected samples compared against intact magnetotac-
tic bacteria (top grey line), partially collapsed bacterial magnetosomes (middle
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grey line), and chiton teeth (lower grey line); and plots of NRM and ARM
demagnetization values against IRM demagnetization for selected samples (C).
The lines in the background mark different ratios of NRM or ARM to IRM (i.e.,
1:1, 1:10 or 1:100).

Figure 6. Representative demagnetization behaviour of selected specimens. A)
KWV347.75 display an A component only (150°C to 300°C) before becoming
erratic. B) KWV546.27 is dominated by an origin-seeking A component as a
single magnetic component. C) KWV213.15, D) KWV246.53, E) KWV283.08
and F) KWV509.13 all display A components that miss the origin up to ~350°C
before steeper origin-seeking trajectories define the B- components. KWV213.15
and KWV246.53 display small contributions of SF'T components to the rema-
nence that are removed by AF demagnetization steps. Zijderveld diagrams: red
= inclination data, blue = declination data. Equal-area nets: red = up, blue =
down. J/Jo = normalized magnetization.

Figure 7. Representative demagnetization behaviour of selected specimens.
A) KWV309.1, B) KWV460.05, C) KWV676.56, D) KWV845.61, and E)
KWV1806.56 display small contributions of SFT components after which
an A component unblocks as a linear trajectory that misses the origin. At
high-temperature demagnetization steps, component B+ is revealed as planes
of demagnetization away from the A component direction to rarely reach
stable endpoints of demagnetization (e.g., KWV460.05). F) In a few cases
like KWV952.26, component B+ is the only remanence component that
unblocks. Zijderveld diagrams: red = inclination data, blue = declination data.
Equal-area nets: red = up, blue = down. J/Jo = normalized magnetization.

Figure 8. Representative demagnetization behaviour of selected dolerite spec-
imens. A) KWV92.38, B) KWV1692.5 are dominated by northeast up DOL
components. Either as origin seeking-trajectories (e.g., KWV92.38) or as sta-
ble endpoints of magnetization (e.g., KWV1692.5). Zijderveld diagrams: red =
inclination data, blue = declination data. Equal-area nets: red = up, blue =
down. J/Jo = normalized magnetization.

Figure 9. Identified magnetic components and their means. A) Component A,
B) Component B-, C) Component B+, and D) Component DOL. All diagrams
are of in-situ remanence directions.

Figure 10. The Ecca Group-lower Beaufort Group B+/- pole from KWV-01
(uncorrected and corrected for inclination shallowing) compared to published
poles and the Gondwana apparent polar wander path of Torsvik et al. (2012)
in South African coordinates.

Figure 11. Magnetic polarity interpretation for KWV-01 based on inclination,
declination, and VGP latitude stratigraphic variation of the B- and B+ rema-
nence directions (All indicated here as in-situ remanence directions). Magnetic
components identified in dolerite intrusions are illustrated for comparison.

Figure 12. Magnetostratigraphic and lithostratigraphic correlation
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between the southwest and southeast Karoo basin and the Permian
composite reference magnetostratigraphic record. See the text for
details on the reported ages from the southwest Karoo basin.
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