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Highlights

High-precision U-Pb ages, & Hf data and updated *°Ar/**Ar ages for Karoo-LIP rocks
Sill intrusion into Karoo basin preceded Ferrar-LIP by ~460°000 yrs

Late stage Karoo magmatism in Mwenezi monocline dated at 176.84 +0.06 Ma
Karoo-LIP is likely trigger for Toarcian oceanic anoxic event (T-OAE)

No proof that Karoo-LIP is responsible for Pliensbachian-Toarcian extinction event
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Abstract

To better constrain the age and duration of the magmatism associated with the Karoo large igne-
ous province (LIP), we present new U-Pb ID-TIMS dates and g Hf values from baddeleyite and zircon
grains from Karoo basin mafic sills and from felsic samples from the Lebombo and Mwenezi mono-
clines, together with an “Ar/*’Ar age database of Karoo rocks that has been filtered for true plateau
ages with >70% of *°Ar released and in which all *°Ar/*Ar ages were recalculated using the current
best estimates for the decay constants. Zircon and baddeleyite ages from three Karoo basin sills
range from 183.36 + 0.17/0.27 to 183.06 + 0.07/0.21 Ma, where the two uncertainties reflect the
analytical error and the additional error associated with decay constant uncertainty. Zircon from the
Mutandawhe pluton are dated to 176.84 + 0.06/0.20 Ma, which represents the first high-precision U-
Pb age of the late stage Karoo-LIP magmatism in the northern Lebombo-Mwenezi region. Initial haf-
nium isotopes are close to chondritic for the Karoo basin and central Lebombo samples (g Hf from -2
to +3), but more negative for zircon grains from the Mutandawhe pluton (-11.3 £ 1.1, 2SD). In combi-
nation with previous studies and in agreement with the updated *“’Ar/*’Ar ages, we show that the sill
complex that intruded the Karoo basin was short-lived at ~320 + 180 ka and that it pre-dated the
magmatism of the Ferrar-LIP by around 460 ka, whereas the entire Karoo-LIP was emplaced over a
period of ca. 6.5 Ma. Based on high-precision U-Pb geochronology, Karoo-LIP magmatism occurred
after 183.36 + 0.17 Ma and therefore postdated the extinction pulses of the late Pliensbachian and
likely the Pliensbachian-Toarcian boundary. However, we support previous conclusions that the start
of the Karoo-LIP activity agrees with the onset of the Toarcian oceanic anoxic event and the early
Toarcian warming, indicating that these environmental changes were likely a response to the mag-

matic activity of the Karoo-LIP.
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1. Introduction

Large igneous provinces (LIPs) typically consist of massive volumes of mafic lava flows and/or sills
and dykes and occur apparently outside of normal plate tectonic processes (Bryan and Ernst 2008).
Even though their total lifespan can reach several million years, often, most material is emplaced in
short pulses of less than one million years (Burgess et al., 2015; Burgess et al., 2017; Davies et al.,
2017; Kasbohm and Schoene, 2018). Emplaced magma volumes can reach millions of cubic-
kilometers, and are assodated with the release of volatiles to the atmosphere (e.g., CO,, SO,, HC,
HF) derived from magmatic degassing (Sobolev et al., 2011; Capriolo et al., 2020), contact metamor-
phism of sediments (Ganino and Arndt, 2009; Heimdal et al., 2020) or from volatile release of assimi-
lated sediments (Heimdal et al., 2019). Large igneous provinces are therefore important occurrences
in Earth history as they can cause major climatic disruption. However, apart from a few well studied
cases, the duration of volcanic activity and the temporal link to global climate perturbations are often

not precisely established.

The Karoo and Ferrar LIPs are spread over three modern continents: Africa, Antarctica and Aus-
tralia (Storey et al., 2013). The Karoo-LIP was emplaced into and onto the Karoo basinin South Africa,
Lesotho and Swaziland as well as further north in Zimbabwe, Mozambique, Botswana, Zambia and
westwards in Namibia (Bristow, 1982; Sweeney et al., 1994; Jourdan et al., 2007b). A limited amount
of outcrops also occur in western Antarctica (Riley et al., 2005). Activity related to the Ferrar-LIP, on
the other hand, is found in Antarctica and Tasmania (Australia). Previous “Ar/*°Ar geochronology of
the Karoo-LIP (Jourdan et al., 2008; Jourdan et al., 2005; Jourdan et al., 2007b) recently recalibrated
to the *°K constants proposed by Renne et al. (2011) and filtered for statistical quality by Ware et al.
(2018) suggested that magmatic activity started at ~185 Ma and ceased ~176 Ma. It has also been
proposed that the bulk of the Karoo-LIP magmatism was almost continuously emplaced over ~4.5 Ma
(Jourdan et al., 2008) from ca. 184.0 Ma to 179.5 Ma (Ware et al., 2018). In contrast to the Karoo-LIP,
U-Pb zircon ages from the Ferrar-LIP define a shortemplacement interval in Antarctica (182.78 + 0.03

to 182.43 + 0.04 Ma) and Tasmania (182.90 £ 0.19to 182.54 + 0.06 Ma) (Burgess et al., 2015; lvanov
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et al., 2017). Published U-Pb zircon ages for the Karoo-LIP are mostly restricted to the Karoo basin sill
complex in the southern part of the Karoo-UP (Figure 1), and suggest a narrow time window of
magmatism ranging from 183.246 + 0.045 to 182.7 + 0.6 Ma (Sell et al., 2014; Burgess et al., 2015;
Corfu et al., 2016). The timing of emplacement of the sills of the Karoo basin is of major importance
due to their possible connection to the negative carbon isotope excursion and assocdiated environ-
mental perturbations in the early Toarcian (Svensen et al., 2012). Furthermore, in total six periods of
biotic disturbance and extinction have been recognized in the stratigraphic record between the early
Pliensbachian and late Toarcian and all of these have been associated with the Karoo and Ferrar
magmatic events (Dera et al., 2010; Caruthers et al., 2013). However, some of these disturbances
occur before and after the early Toarcian carbon isotope excursion, as well as before and after the
magmatism in the Karoo basin, rendering the relationships between the LIP, the biotic crises and
carbon isotope excursions contentious (Palfy and Smith, 2000; Gémez et al., 2008; Caruthers et al.,
2013; Percival et al., 2015; Rita et al., 2019). In addition, no high precision U-Pb ages exist from the
late silicic Karoo-LIP magmatism in the northern Mwenezi region (Zimbabwe-Mozambique border,
see Fig. 1), which, based on the most precise “°Ar/*’Ar ages occurred between 176.2 + 0.7 and 179.0
+ 0.8 Ma (recalculated using the decay constants of Renne et al. 2011) and is used as marker for the

end of the Karoo-LIP (Jourdanetal., 2007b).

In order to better constrain the timing of the Karoo-LIP in Southern Africa relative to the environ-
mental disturbances, and also to confirm the presence and association of the younger silicic magma-
tism with the rest of the Karoo-LIP, we present new high-precision U-Pb isotope-dilution TIMS ages

and g Hf values of baddeleyite and zircon from rocks on a south to north transect of the Karoo-LIP.

2. Compilation of Karoo large igneous province ages; high-precision U-Pb and
filtered “°Ar/*°Ar data

To be able to better compare published *°Ar/*’Ar ages with high-predsions U-Pb ages, we fol-
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lowed the method of Ware et al. (2018) and filtered the available “°Ar/*°Ar data based on more strin-
gent selection criteria using only true plateau ages with >70% of *°Ar released and recalculated all
*°Ar/*’Ar ages using the decay constants of Renne et al. (2011) (see supplementary Tables S1 and S2).
Furthermore, we only consider data from mineral separates; groundmass “°Ar/>°Ar ages are not in-
cluded in our database. Results from the following publication were used for the *°Ar/*Ar age Karoo-
LIP database: Landoll et al. (1989), Duncan et al. (1997), Jones et al. (2001), Le Gall et al. (2002),
Zhang et al. (2003), Jourdan et al. (2004, 2005, 2007b, 2007c, 2008), Riley et al. (2005, 2006), Lutti-

nenetal.(2015), Moulinetal.(2017) and Ware etal. (2018).

Supplementary Table S3 presents a compilation of high-precision U-Pb zircon and baddeleyite ag-
es normalized to the EARTHTIME U-Pb spike timeline from the Karoo-LIP and the Ferrar-LIP using

data from Sell etal. (2014), Burgess etal. (2015), Corfu etal. (2016) and Ivanov et al. (2017).

3. Sample material and methods

3.1. Bulk grain high precision U-Ph dating by CA-ID-TIMS
We dated baddeleyite or zircon from three sills intruding the Beaufort group of the Karoo basin

(SA91, SA100, SA102), one porphyritic rhyolite flow that was sampled at the Olifants river in the
central Lebombo region (MK492), and a syenite from the Mutandawhe pluton in the Mwenezi area,
Zimbabwe (Z49) (Figure 1, coordinates are listed in supplementary Table S4). The three sill samples
from the Beaufort group are coarse-grained gabbros. In samples SA100 and SA102 we found tabular-
shaped and transparent, brown-reddish baddeleyite crystals, and from sample SA91 we were able to
extract euhedral zircon grains. For the latter, Sell et al. (2014) already reported baddeleyite U-Pb ages
ranging from 181.34 + 0.12 to 182.69 £ 0.09 Ma. Rhyolite MK492 from the Lebombo contains abun-
dant, transparent and euhedral zircon grains. The syenite from the Mutandawhe pluton (Z49) is located
in the Mwenezi region and has previously been dated with “°Ar/**Ar to 176.2 + 0.7 Ma (see Jourdan et
al., 2007b and Table S2). Italso contains euhedral zircon grains. Therefore, our samples define a S-to-
N transect through the Karoo-LIP, including rocks associated with temporally distinct magmatic epi-

sodes (Figure 1). In all samples, badde leyite and zircon grains were small, below 150 um along the c-
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axis.

Uranium-lead age determinations using chemical abrasion, isotope-dilution thermal ionization
mass spectrometry (CA-ID-TIMS) techniques were conducted following the standard laboratory tech-
niques of the Department of Earth Sciences at the University of Geneva (Switzerland) which are de-
scribed in more detail elsewhere (Baresel et al., 2017; Davies et al., 2017). Briefly, chemical abrasion
(CA) of zircon grains induded their annealing at 900°C for ~48 h and subsequent partial dissolution in
HF and trace HNO; at 180°C for 15 h in Parr bombs. The abraded zircon crystals were transferred into
3 ml Savillex beakers, and washed, firstin 6M HCI to remove adsorbed Pb after CA and then subse-
guently several times with 3M HNO;. The chemically abraded zircon grains were then loaded into
200 pl Savillex microcapsules, spiked with EARTHTIME 2°2Pb-"""Ph-"*U->**U tracer solution (ET2535)
(Condon et al., 2015) and dissolved in ~70 ul 40% HF at 210°C for 48 h. Subsequently, the samples
were converted into chloride form, dried down again and re-dissolved in 3M HCI for ion-exchange
chromatography. A single column anion exchange chemistry was used to separate U and Pb from
matrix elements (Krogh, 1973). The U and Pb fractions were combined, dried down and loaded on
out-gassed Re-filaments with a Si-Gel emitter (Gerstenberger and Haase, 1997). In contrast to zircon
grains, baddeleyite grains were cleaned multiple times in 0.3M HNO; prior to addition of ET2535
spike solution and digestion in Parr bombs. The ion-exchange chromatography separation of U and

Pb wasidentical to that used for the zircon grains.

Measurements of U and Pb isotopes were conducted either on a Thermo Scientific Triton or an
IsotopX Phoenix thermal ionization mass spectrometer installed at the Department of Earth Sciences
of the University of Geneva. Lead isotope measurements on the Triton were done in dynamic mode
on a MasCom secondary electron multiplier, on the Phoenix an axial ion-counting Daly photomulti-
plier was used. On both mass spectrometers, U isotopes were measured in oxide form (i.e. UO,) in
static mode on Faraday cups equipped with 10"*Q resistors. The U isotopic ratios were corrected for
isobaric interferences of ***U*0'°0 on *°U"°0, using an *0/™0 ratio of 0.00205. The EARTHTIME U

and Pb double-isotope (**’Pb-*°>Pb-***U-?°U) spike was used to correct for instrumental U and Pb
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isotope fractionation (Condon et al., 2015). We assumed that all common Pb originates from labora-
tory blank with an isotopic composition equal to *°Pb/**Pb = 17.100 + 0.205 (10); 2’Pb**Pb =
15.150 + 0.105 (10); *°*Pb/**Pb =36.17 + 0.253 (10). Data reduction was performed using Tripoli and
Redux software (Bowring et al., 2011). All results are presented as *°°Pb/?®U dates (Figure 2), cor-
rected for initial **°Th->**U disequilibrium by assuming a constant partitioning relationship between
the zircon (or baddeleyite) and melt of 0.2, however, this correction has almost no impact on calcu-
lated baddeleyite ages as they contain almost no Th. The uncertainties are provided in the x/y/z for-
mat (analytical error / spike calibration + analytical error / decay constant + spike calibration + ana-
lytical error); in the text, only x-errors are reported except when directly compared with *°Ar/*°Ar or

astrochronological datathatis not calibrated relative to U-Pb ages.

3.2. Bulk grain solution Hf isotope measurements made using a MC-ICP-MS

Three to five zircon or baddeleyite grains from each sample were analyzed for their Hf isotopic
compositions. Also, Hf isotopes were measured from three zircon grains from sample SA39, which
was previously dated in Sell et al. (2014). Sample SA39is a granophyre sill from the central Lebombo
(see Fig. 1) and its emplacement age is interpreted to be 181.31+ 0.19 Ma (Sell et al., 2014). Hafnium
isotopic analysis followed the published methodology from the Geneva lab (D'Abzac et al., 2016;
Farina et al., 2018). Briefly, Hf was isolated from matrix elements through an ion-exchange column
chromatography adopted from a published protocol (Augland and David, 2015), using the wash-out
of the column chromatography that was used to isolate U and Pb. After column chemistry, the Hf cut
was dried and re-dissolved in a 0.3M HNO; + 0.005M HF solution for analysis on a Thermo Scientific
Neptune Plus multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the De-
partment of Earth Sciences of the University of Geneva. The cup configuration of the mass spectrom-
eter was adjusted to measure the isotopes *’*Yb, *">Yb, *"°Lu, *"°Hf, *""Hf, 2 Hf, V°Hf, *°Hf and *'Ta
simultaneously in low resolution mode. During each analytical session, several PleSovice and JMC475
Hf standard solutions were analyzed together with the zircon and baddeleyite samples. Data reduc-

tion to obtain the '°Hf/*’"Hf ratio of a zircon or baddeleyite included on peak zero baseline correc-
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tion, correction for mass bias induced by the mass spectrometer, correction of isobaric interferences

of *’®Lu and "7®Yb on "°Hf and an offset correction by adjusting the *"®Hf/*"’

Hf ratio of the sample for
the observed difference between the measured and preferred value of the IMC475 Hf standard (i.e.
0.282160) (Nowell et al., 1998). More details on measurement protocol and data reduction are given
in supplementary material of Farina et al. (2018). Data is presented as initial ¢ Hf values using a pre-
sent-day CHUR composition of *°Hf/*”"Hf cuur = 0.282785 and “°Lu/*’"Hf sur = 0.0336 (Bouvier et al.,
2008), a *"°Lu decay constant (A'"°Lu) of 1.867*10"" year™ (Scherer et al., 2001) and the sample age
equals our recommended emplacement age (see Table S5). The uncertainty on a single measure-
ment is estimated to 1.5 gHf units (2SD) based on the reproducibility of several measurements of

Y7Hf ratio of

Ple$ovice zircon during the same analytical session as the unknowns. The average *"°Hf/
all measured Plesovice solutions is 0.28248 + 4, which translates to a ¢ Hf value of -3.3 + 1.5 (2SD) at
an age of 336.79 Ma (Widmann et al., 2019). This is identical to the published value of ¢ Hf =-3.3 £ 0.5
(Sldama et al., 2008). For further data quality control and to check if instrumental mass fractionation
was accurately corrected for, we also report the ratios of the stable Hf isotopes ‘*Hf/*”’Hf and
Y¥OHf/Y7Hf (Spencer et al., 2020). All, except two samples have *"®Hf/*’"Hf and "*°Hf/*"”Hf ratios within
1 200ppm of the recommended values and therefore pass the quality test as suggested by Spencer et
al. (2020). However, the two grains with a larger offset (SA100_Bd6b and Z49 z7, see Table S6) have

g Hf values that are within error identical to the other grains of their respective sample and are there-

foreincludedinthe discussion.

4. Results

Zircon CA-ID-TIMS U-Pb ages, baddeleyite ID-TIMS U-Pb ages and Hf isotopic compositions are
presented in supplementary Tables S5 and S6, the weighted means and concordia plots are shown in
Figures 2 and S1. Most of the ID-TIMS U-Pb ages of baddeleyite from samples SA100 and SA102 from
the Karoo basin are concordant within uncertainty (6 of 8 and 8 of 10 for SA100 and SA102, respec-

204

tively). The discordancy however, is mostly the result of the assumed blank *°’Pb/***Pb ratio and its

10
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associated error, which has no impact on the calculated **Pb/***U ages. Individual baddeleyite ages
range from 183.50 to 182.78 Ma for SA100 and from 183.74 to 180.07 Ma for SA102. The complex
age spectra of these samples are likely because baddeleyite grains are not amenable to chemical
abrasion, which is used to remove the effects of secondary Pb-loss (Rioux et al. 2010). Therefore, it is
likely that some of the age scatterin samples SA100 and SA102 has been caused by unmitigated Pb-
loss, leading to artifidally young ages (see, e.g., Schaltegger and Davies, 2017). The emplacement
ages of 183.33 + 0.11 Ma (MSWD = 2.7; n=3) and 183.36 + 0.17 Ma (MSWD = 0.9; n=4) for samples
SA100 and SA102 respectively, are thus constructed using the weighted average of the oldest badde-

leyite clustersineach sample.

Samples SA91 and 749 yielded zircon with relatively simple age spectra and the Th-corrected
weighted mean *°°Pb/***U ages center around 183.04 Ma (MSWD = 4.2; n=3) and 176.78 Ma (MSWD
= 5.2; n=5), respectively. These slightly elevated MSWD values indicate some excess scatter in the
calculated ages beyond analytical uncertainty, either due to a non-complete removal of Pb-loss (too
young ages) or small xenocrystic cores (too old ages). For sample SA91, omitting the oldest or young-
est zircon does not result in a significant change in the average and we therefore prefer to use all
ages to estimates its time of emplacement of 183.04 + 0.07 Ma. Regarding sample Z49, the youngest
age deviates the most from the mean value, suggesting that this zircon still contained unmitigated
Pb-loss. Omitting this age from calculations gives an average of 176.84 + 0.06 Ma and a MSWD = 2.1
(n=4), which is our preferred age for sample Z49. We note however, that our choice of zircon analysis

toincludeinthe weighted mean age of rock Z49 does notinfluence our subsequentinterpretations.

Zircon grains from the porphyritic rhyolite sample MK492 were very difficult to date due to their
extremely low U concentrations, which resulted in almost non-detectable, femtogram amounts of
radiogenic Pb. Thus, only 4 out of 24 analyzed zircon grains allowed an age calculation and these ages
show a large spread from 184.05 + 1.59 to 180.42 + 0.47 Ma. We treated some zircon grains with
shorter chemical abrasion of only 6 hours to obtain more measurable radiogenic Pb. However, even

using short chemical abrasion times only resulted in one grain out of 11 (MK_492_z6) producing in-

11
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terpretable data, and its resulting age is within the range of the other three dated zircon grains that

were treated with 15 hours of chemical abrasion.

For all samples, g Hf values of different grains from the same sample overlap within uncertainty,
with the exception of one baddeleyite grain from sample SA100 that has a slightly lower g Hf signa-
ture than the rest from that sample (Figure 3, Table S6). The average ¢ Hf values of samples from the
Karoo basin and the Lebombo are all close to chondritic uniform reservoir (CHUR), and the two old-
est samples have the lightest compositions with gHf averages of -1.6 + 1.6 (2SD; SA100, omitting the
one data point at -4.0) and -1.9 + 1.3 (2SD; SA102). The third Karoo basin sample (SA91) and the two
samples from Lebombo (SA39, MK492) have average ¢Hf values between 2.5 + 1.0 and 3.0 + 2.0
(2SD). In contrast to all the Karoo basin and Lebombo rocks, the sample Z49 from the Mwenezi mon-
ocline has a very distinct, isotopically light mean g Hf value of -11.3 £ 1.1 (2SD). Hafnium isotope data

from samples SA91, SA39 and Z49 were measured from different zircon than those dated.

5. Discussion
5.1. New ages for Karoo magmatism

Three new ages are presented for the sill complex in the Karoo basin (i.e. SA91, SA100 and SA102)
which were emplaced over a very short time interval between 183.04 + 0.07 and 183.36 £ 0.17 Ma.
This contrasts with the newly determined age of sample Z49 from the Mwenezi area of 176.84 + 0.06

Ma, which represents the youngest high-precision U-Pb age determined so far from the Karoo-LIP.

As mentioned previously, zircon grains from the Lebombo rhyolite MK492 are difficult to date due
to their very low U and radiogenic Pb concentrations. The four zircon grains that were datable (out of
24 attempts) exhibit a large spread in Th-corrected *°°Pb/***U ages from 184.1 + 1.6 to 180.42 + 0.47
Ma. An accurate estimate of its emplacement age is therefore difficult. The observed age spread
could derive from Pb-loss, however, radiation damage to the crystal lattice is likely limited due to the
very low U concentrations of these zircon grains. Furthermore, treating zircon from sample MK492

12
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with a shorter chemical abrasion did not result in a different age, suggesting that it is unlikely that
the age spread is entirely due to Pb-loss. One granophyre sill (SA39) and one other rhyolite (SA152)
close to sample MK492 were dated via CA-ID-TIMS U-Pb by Sell et al. (2014), and zircon grains from
both these rocks also show excess scatter (1.5 to 2.0 Ma age variation). Sell et al. (2014) argued that
the youngest zircon ages are representative for the emplacement of the sills (SA39=181.31 +0.19
Ma and SA152 = 179.32 + 0.18 Ma), meaning that older grains reflect either antecrystic or xenocrystic
zircon grains. The individual zircon grains for Lebombo sample MK492 have Hf isotopic compositions
within error, with overlapping ¢ Hf values from 1.9 £ 1.5 to 3.7 £ 1.5 (2SD) (supplementary Table S6).
However, °°Pb/*®U ages and g Hf values of these grains correlate negatively, meaning that the oldest
zircon grain (i.e. 184.1 + 1.6 Ma) has the lowest Hf isotopic composition. This could hint to the fact
that zircon grains in these rocks may contain small, resorbed cores with low gHf, for example from
the melting of a gabbroic precursor (Miller and Harris 2006) or inherited from crustal contamination.
Espedally regarding the very low U concentrations of zircon from sample MK492, very small amounts
of inherited cores could strongly bias the calculated age. This would suggest that the younger zircon

ages of sample MK492 (180.4 to 182.1 Ma) might be closest to the time of its emplacement.

However, given the precision on the Hf isotope analyses used to argue for the existence of small
inherited zircon in sample MK492, this hypothesis remains speculative and the origin of the variable
zircon ages in the three analyzed silicic rocks from the Lebombo (this study and Sell et al., 2014) re-

main enigmatic.

5.2. Timing of Karoo and Ferrar LIPs magmatism

Based on “°Ar/*Ar ages, it has been suggested that Karoo-LIP magmatism started at ~185 Ma in
the Karoo basin (Jourdan et al., 2008) and ended with the intrusion of felsic plutons around 174 Ma
(Jourdan et al., 2005) in the Mwenezi region (Figure 1), and that the magmatic activity was relatively
continuous over almost 13 Ma, with a peak period lasting ~4.5 Ma between 184.0 and 179.5 Ma
(Jourdan et al., 2008). Based on a more stringent selection criteria and retaining only true plateau
ages with >70% of *°Ar released, recalculating all “Ar/*°Ar ages using the decay constants of Renne et

13
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al. (2011) (see Table S2 for updated “Ar/*’Ar ages), these age data rather suggest that the duration
of the magmatism (including silicic intrusions) was spread from ca. 185 Ma to 176 Ma with the bulk
of the magmatism erupting or intruding from 183.20 + 0.67 Ma to 182.84 + 0.72 Ma in the southern
province (Karoo basin and Lesotho basalt pile) and from 180.53 + 0.75 Ma to 180.92 + 0.36 Main the
northern province (Shadi-Shadi and Okavango dike swarm; Figure 1, Table S2 and see also Ware et
al., 2018). This ends in a revised duration of the main magmatic pulses of the Karoo-LIP to ca. 3to 3.5
Ma, and following Ware et al. (2018), the Karoo basin magmatic event likely took place in less than a
million year. However, assessing the true duration of the sill emplacement into the Karoo basinis not
possible using the “°Ar/*’Ar data set since the age resolution is too low. Combining our new and pub-
lished U-Pb zircon and baddeleyite ages (n= 20 samples; including data from Burgess et al. 2015; Sell
et al. 2014 and Corfu et al., 2015) from the Karoo basin sill complex, results in a U-Pb dataset that is
in agreement with the reinterpreted “°Ar/*°Ar data set, in particular when all sources of errors are
included for both “°Ar/*Ar and U-Pb ages. The U-Pb ages are significantly more predcise, with all
weighted mean ages differing by less than 700’000 years. The slightly less precise U-Pb ages from
Corfu et al. (2016) are generally a bit younger compared to those from Burgess et al. (2015), Sell et
al. (2014) and our new ages. If these less precise ages of Corfu et al. (2016) are excluded, the rocks
from the Karoo basin magmatic event range from 183.36 £ 0.17 to 183.04 £ 0.07 Ma, suggesting that
the event had a duration of 320 + 180 ky and peaked at ca. 183.2 Ma (Figure 4). Our new data also
support the hypothesis that the sill complex of the Karoo basin and the extrusive and intrusive rocks
of the Ferrar-LIP were two isolated, temporally distinct, short-pulsed magmatic events separated by

approximately 460’000 years, in agreement with Burgess et al. (2015) (Figure 4).

North-east of the Karoo basin is the Lebombo monodine, a magmatic complex that is also associ-
ated with the Karoo-LP. The Lebombo monocline is a N-S striking tectonic feature that contains ba-
saltic (e.g. Sabie River Basalt Fm) and silicic volcanic rocks (e.g. Jozini Ryholites), as well as intrusive
rocks (Bristow, 1982 and Sweeney et al., 1994) (Figure 1). Due to its N-S orientation and lithological

diversity, the Lebombo monocline is interpreted to be a volcanic rifted margin that developed due to
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progressive lithospheric extension that preceded the breakup of Gondwana (Bristow, 1982; Klausen,
2009). Sample MK492 is a porphyritic rhyolite flow collected in the central part of the Lebombo and
as discussed previously, it is difficult to accurately estimate its eruption age. The youngest zircon age
obtained from sample MK492 (180.42 + 0.47) Ma agrees with other published U-Pb ages from this
location (e.g. SHRIMP data from Riley et al., 2004 or sample SA152 from Sell et al., 2014) and a recal-
culated *°Ar/*°Ar age of 179.6 + 0.7 Ma on sample SA2 Jozini Rhyolite obtained by Jourdan et al.
(2007b) and thus, likely approximates the emplacement age of MK492. Taking the measured gHf
values into account shows that the sample averages for the Karoo basin (SA102, SA100 and SA91)
and Lebombo (MK492, SA39) rocks range from -1.9+ 1.3to 3.0 + 1.9(2SD) (Figure 3). The e Hf values
for the oldest two Karoo basin sills are the lightest (-1.9 and -1.6) while those for the youngest sill
and the two Lebombo samples plot between 2.5 and 3.0. This could indicate that earliest sills in the
Karoo basin were slightly more contaminated with continental crust or that the two groups tapped
two mantle reservoirs with slightly different Hf isotopic compositions. The fact that the two silicic
samples from the Lebombo have identical € Hf values as sill SA91 from the Karoo basin suggests that
they have a similar mantle source. This would also indicate that the two silicic Lebombo rocks were
partial melts of basaltic or gabbroic precursors (Miller and Harris 2006), or highly fractionated lefto-
vers of juvenile mafic magmas (Melluso et al., 2008). While no Hf isotope data is currently available
for the basaltic rocks in the central Lebombo, published eéNd values range between 3.6 and -2.4
(Sweeney et al., 1994) and thus support the suggested petrogenetic connection between the mafic

and silicicLebombo rocks.

The age of the Mutandawhe pluton (determined from sample Z49), which is found in the SW-NE
Mwenezi monodine (located North-East of the Lebombo monodine), is 176.84 + 0.06/0.20 Ma (see
Figures 1 and 3) and statistically indistinguishable from, yet one order of magnitude more precise
than the “°Ar/*>’Ar age of the same sample (176.2 + 0.7/0.9 Ma; Jourdan et al., 2007b, Table S2), es-
pecially taking into account that the *“°Ar/*>’Ar system of the amphibole dated recorded a cooling age

below ca. 450°C rather than a crystallization age. Our data, in conjunction with previously published
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data (Jourdan et al., 2007b) show that the magmatism in the Lebombo — Mwenezi area occurred
over more than 3 Ma, which is in stark contrast to the brief and episodic volcanic and intrusive mag-
matism in the Karoo basin (and the Ferrar-LIP). The ¢Hf values of the zircon grains from the Mu-
tandawhe pluton are much more negative (-11.3 + 1.1, 2SD) than the mafic rocks of the Karoo basin
and the silicic rocks from the Lebombo, but resemble those of undated but potentially Karoo-LP
associated picrites in the same area; Kamenetsky et al. (2017) published a Hf isotope value of
0.282391 for the latter, which translates to an ¢ Hf of -10.0 at 177 Ma, and Jourdan et al. (2007a) re-
port e Hf values between -7.2 and -8.1. The Mutandawhe pluton, as well as the picrites, therefore
require a distinct melt source or melting processes which eitherincludes reworking of old continental
material or a long-term enriched mantle source, very different to what generated the older Karoo
rocks. The latter explanation has been favored due to the presence of olivine and pyroxene in the
picrites with oxygen isotopic compositions (5'%0) up to 1.5 %o heavier than typical mantle derived
magmas (Harris et al., 2015). Harris et al. (2015) argue that such heavy §'°0 values in primitive rocks
like picrites are difficult to explain by crustal contamination, as this would have lowered the MgO and
increased the SiO, concentration outside of what is observed (SiO, =51 to 52 wt%; MgO = 14.4 to
15.2 wt%). The involvement of a source with heterogeneous radiogenic and stable isotopes, likely
metasomatically modified mantle lithosphere, has often been used as explanation for the observed
various geochemical signatures found in Karoo-LP rocks, including major and trace element concen-

trations as well as water content (Jourdan et al., 2007a; Ware etal., 2018).

In summary, in agreement with earlier studies, our data show that the Karoo basin magmatic
event and the magmatism in the Lebombo-Mwenezi area are distinct in age and duration. The Karoo
basin magmatic event was short-lived, and produced a relatively geochemically homogeneous rock
assemblage. In contrast, rocks in the Lebombo-Mwenezi monodines were produced over a protract-
ed time, and they are chemically and isotopically heterogeneous, involving melts from significantly
different mantle domains. These differences could also imply that the mechanisms causing the mag-

matism between these two events were distinct. Further high-precision dating is required to answer
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this question, with a focus on the age of the magmatism in the central and southern parts of the
Lebombo monodine and the age of the picrites. For example, the light Hf isotopic compositions of
picrites from the Lebombo and the Mutandawhe pluton suggest some petrochemical connection
between the two, but their temporal relationship is unknown. Regarding the short-pulsed magmatic
activity of the sill complex in the Karoo basin and the Ferrar-LIP, the magmatism in the central and
southern Lebombo and in the Mwenezi area might be individual, relatively short-pulsed events as
well. For example, when updating the available recalculated “Ar/*°Ar ages of the Mwenezi area
(Jourdan et al., 2007b; Ware et al., 2018) with our more precise U-Pb age of sample Z49 and consid-
ering only the *°Ar/*’Ar ages with uncertainties < 0.8 Ma for best comparison, all samples fall into a
rather short age range of between 176.8 + 0.1 and 179.0 £ 0.8 Ma (Table S2; Mwenezi, Nuanetsi in-
trusives) suggesting an apparent duration of 1.2 + 0.8 Ma. Improving on the high-temporal resolution
of the magmatic pulses that occurred over a LIPs lifetime will allow us to better understand the
mechanisms of its emplacement and this is also crucial when investigating the connection between

LIP magmatismand environmental perturbations.

5.3. The Karoo-Ferrar magmatic events and their relation to Pliensbachian and early Toarcian envi-
ronmentalperturbations

Currently, six extinction pulses of marine nekton are described in literature that occurred in the
time period from ~186 to 178 Ma, with the largest drop in diversity occurring over the Pliensbachian-
Toarcian boundary with the disappearance of 70 to 90% of the ammonite taxa (Dera et al., 2010;
Caruthers et al.,, 2013). The Pliensbachian-Toarcian boundary extinction event pre-dates a major
negative carbon isotope excursion of around -6%. foundin the global sediment record, starting in the
Tenuicostatum zone and extending into the Falcdferum zone of the early Toarcian (i.e. the Toarcian
Oceanic Anoxic Event; T-OAE, Figure 4) (Hesselbo et al., 2000). At the beginning of the T-OAE, there
was an additional extinction pulse that mainly affected benthic foraminifera and brachiopods (Joral

et al., 2011; Danise et al., 2015). Due to their rough temporal correlation, the Karoo and Ferrar mag-
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matic events have been deemed responsible for the diverse extinction pulses that occurred from the
late Pliensbachian to the middle Toarcian as well as for the T-OAE and its associated environmental

perturbations (Caruthers etal., 2013; Schollhorn etal., 2020).

The Pliensbachian-Toarcian extinction event pre-dates the T-OAE. Based on dated tephra-layers
interbedded with ammonite-bearing carbonates from south Peru it has been shown that the age of
the Pliensbachian-Toarcian boundary is older than 183.5 Ma and that the T-OAE started after 183.22
1+ 0.25 Ma (Sell et al., 2014). In agreement with this estimate, the age of the Pliensbachian-Toarcian
boundary has been dated to 183.8 + 0.4 Ma by astronomical constraints (Ruhl et al., 2016). Out of
the 47 rocks dated by U-Pb using high-precision ID-TIMS techniques from the Karoo and Ferrar LIPs
(Svensen et al., 2012; Sell et al., 2014; Burgess et al., 2015 and Ivanov et al., 2017), the oldest rock
has an age of 183.36 £ 0.17/0.27 Ma (+ 0.27 Maincl. all sources of uncertainties for comparison) and
thus only overlaps at the margins of the errors with the age of the Pliensbachian-Toarcian boundary
(183.8 + 0.4 Ma). We therefore argue that based on evidence from high-precision geochronology it is
unlikely that the Karoo and Ferrar LIPs triggered the biotic crises and environmental perturbations
that occurred at the Pliensbachian-Toarcdan boundary and before (see also De Lena et al., 2019). On
the other hand, the age of the T-OAE (i.e. 183.22 + 0.25 Ma; Sell et al., 2014) correlates temporally
with the age of the sill complex that intruded the Karoo basin, which may point to causality between
these two events (Fig. 4). The Karoo basin hosts sediments rich in organic material and intrusion of
sills into these sediments likely released large amounts of thermogenic CO, and methane, which can
cause a global warming and a biotic crisis (Aames et al., 2010; Aarnes et al., 2011; Svensen et al.,
2012). In concert with the T-OAE, oxygen isotopic compositions from belemnite and other marine
calcite fossils, which can be used as proxy for seawater palaeotemperatures, also shifted towards
lighter values, i.e. warmer temperatures (Korte et al., 2015). The absence of a large volcanic eruption
before the T-OAE might explain why oxygen isotopes are rather constant in calcic fossils until this
event, implying that cold temperatures governed from the late Pliensbachian until the middle Tenu-

icostatum zone (Korte et al., 2015; Gémez et al., 2016). We therefore support the idea that the
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strong environmental perturbations, as evident by the large drop in 813COrg and 80, of marine
sediments, marking the “early Toarcian super warming” were a consequence of the onset of the Ka-
roo magmatism and, notably, the intrusion of sills into the Karoo basin (Svensen et al., 2012; Korte et
al., 2015; Gémez et al., 2016; Ruebsam et al., 2019) (Figure 4). Nevertheless, there are two caveats to
this condusion. First, the lower parts of the Lebombo monodine, such as the Mashikiri nephelinites
predate the basaltic lava flows (Sweeney et al., 1994) and could be older than the Karoo basin sills,
but they currently remain undated and secondly, almost no high-precision data exists to accurately
and precisely constrain the ages of the Pliensbachian-Toarcian boundary and the T-OAE (i.e. Sell et
al., 2014 gives an age for the T-OAE, but only a minimum age for the boundary). Further high-
precision dating of Karoo-LIP rocks and the stratigraphic records is therefore required to confirm the
connection between the Karoo magmatic event and the observed shift in the climate during the early

Toarcian suggested here.

6. Conclusions

This study presents new U-Pb (CA)-ID-TIMS dates and e Hf values of baddeleyeite and zircon grains
from mafic and felsic rocks of the Karoo-LIP. We combine the U-Pb data with a compiled *“°Ar/*Ar
age database of Karoo rocks that has been filtered for true plateau ages with >70 % of *°Ar released
and in which all “°Ar/*’Ar ages are recalculated using current best estimates of the decay constants.
The updated *“°Ar/*Ar and high-precision U-Pb ages correspond well and suggest that major episodes
of the emplacement of the Karoo-LIP happened in distinct pulses. We confirm that the sill complex,
which intruded into the Karoo basin was emplaced over a short-lived event (320 + 180 ka) and oc-
curred between ca. 183.4 and 183.0 Ma, and therefore predates the magmatism in the Ferrar-LIP by
around 460 ka. The first high-predision U-Pb age of 176.84 + 0.06 Ma of the late stage felsic rocks in
the northern part of the Mwenezi monocline (Mutandawhe pluton) confirms that the Karoo-LP
magmatism took place over a protracted period, and likely ended around 6.5 Ma later than the Karoo

basin magmatic event. Based on high-predision data, the onset of the Karoo-LIP magmatism seems to
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have occurred around 183.36 + 0.17 Ma and likely postdates the extinction pulses of Pliensbachian-
Toarcian boundary although some part of the Karoo LIP remains undated (e.g., Mashikiri nepheli n-
ites) and might be older. Nevertheless, this age agrees with the onset of the T-OAE event. We thus
support the idea that Karoo-LIP magmatism caused the T-OAE and eventually also the contempora-

neous early Toarcian warming.
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Figure 1: Simplified overview of the Karoo-LIP during mid-Gondwana age following Luttinen (2018)
with sample locations and naming of different regions. The inset illustrates the close geographical
relationship between the Karoo and the Ferrar large igneous provinces.
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Figure 2: Interpretation and weighted means of Th-corrected *°°Pb/***U ages of analyzed baddeleyite
and zircon grains. Filled bars indicate analyses that are used for the calculation of the mean age. Age
errors are shown as x/y/z (internal only/ internal + spike calibration / internal +spike calibration +
decay constanterrors).
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Figure 3: Hafnium isotopic compositions (given as € Hf) of zircon and baddeleyite (indicated with *)
grains vs. the estimated age of their host rock (see supplementary Tables S5 and S6) from Karoo-LIP
rocks. Small blue dots are individual grains; orange large dots are mean values = 2SD. One individual
zircon grain, shown as a pale blue dot, has been omitted for calculations. Arrow with question mark
illustrates that the age of sample MK492 is uncertain and could be older than 180.42 +0.47 Ma (see

text for further discussion).
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Figure 4: Carbon and oxygen isotope trends in sediments across the Pliensbachian-Toarcian (P-T)
boundary and the Toarcian oceanic anoxic event (T-OAE) combined with the probability density dis-
tribution of high-precision U-Pb ages for Ferrar-LIP rocks and sill complex in the Karoo basin. Mag-
matism associated with these two events occurred over short time intervals and around 460’000 years
apart. (1), (2) and (3) are the oldest three of six extinction events in the late Pliensbachian to early
Toarcian following Caruthers etal. (2013). (A) and (B) illustrate the extinction pulses over the P-T
boundary (Dera etal., 2010) and at the beginning of the T-OAE (Joral et al., 2011). Age of P-T
boundary and T-OAE are from Ruhl etal. (2016) and Sell etal. (2014), respectively. While magma-
tism of the Karoo basin sill complex occurs contemporaneously with the T-OAE suggesting causality
between these two events, it postdates earlier extinction pulses and thus cannot be their trigger. a: Bur-
gess etal. (2015), b: Sell etal. (2014). Oxygen isotope trend is an estimated average value after Korte
etal. (2015) and C isotope curve is from Ruebsam et al. (2019). Ammonite zones in italic are after
Sell et al. (2014); tenuic. is tenuicostatum and falcif. is falciferum.
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