% UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Periodicity of Karoo rift zone magmatism inferred from zircon
ages of silicic rocks : Implications for the origin and
environmental impact of the large igneous province

Luttinen, Arto

2022

Luttinen , A, Kurhila, M, Puttonen , R , Whitehouse , M & Andersen , T 2022 , ' Periodicity
of Karoo rift zone magmatism inferred from zircon ages of silicic rocks : Implications for the
origin and environmental impact of the large igneous province ', Gondwana Research , vol.
107, pp. 107-122 . https://doi.org/10.1016/j.gr.2022.03.005

http://hdl.handle.net/10138/342836
https://doi.org/10.1016/].gr.2022.03.005

cc_by
publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Gondwana Research 107 (2022) 107-122

Contents lists available at ScienceDirect

Gondwana Research

journal homepage: www.elsevier.com/locate/gr

Periodicity of Karoo rift zone magmatism inferred from zircon ages of N
silicic rocks: Implications for the origin and environmental impact of the | %
large igneous province

Arto Luttinen ®*, Matti Kurhila®, Riina Puttonen ¢, Martin Whitehouse ¢, Tom Andersen ¢’

2 Finnish Museum of Natural History, P.0. Box 44, 00014 University of Helsinki, Finland

b Geological Survey of Finland, P.0. Box 77, 02151 Espoo, Finland

¢Vita Laboratoriot Oy, Laivakatu 5 F, 00150 Helsinki, Finland

d Department of Geosciences, Swedish Museum of Natural History, P.0. Box 50007, 10405 Stockholm, Sweden

€ Department of Geosciences, University of Oslo, P.O. Box 1047, N-0316 Oslo, Norway

fDepartment of Geology, University of Johannesburg, PO Box 524 Auckland Park, 2006 Johannesburg, South Africa

ARTICLE INFO ABSTRACT

Article history:

Received 26 May 2021

Revised 7 February 2022
Accepted 12 March 2022
Available online 16 March 2022
Handling Editor: F. Pirajno

New U-Pb ages for zircons constrain the duration of silicic magmatism and timing of coeval mafic mag-
matism across the main rift zone of the Karoo large igneous province in Mozambique. Our 190 + 2 Ma,
188.4 + 0.9 Ma, 181.7 + 1.0 Ma, 180 + 3 Ma, 178 + 2 Ma and 172 * 2 Ma ages support periodicity of
Karoo magmatism previously inferred from “°Ar/>°Ar age data. The ~ 190-188 Ma ages confirm early
onset of magmatism and the ~ 182-178 Ma ages correlate the bimodal volcanic successions of the
Lower Zambezi and the Movene Formation with widespread silicic magmatism across the rift zone.
The ~ 172 Ma age corresponds to waning magmatic activity. The age range and Hf isotopic compositions
of zircons indicate up to ~9 Ma lifespan for the Jurassic silicic magma chambers and suggest that

ﬁ%‘év%rfgng the ~2700-400 Ma xenocrysts represent crustal sources of the host rocks. The available chronological
Hf isotopes data indicate that the ~183 Ma main phase magmatism was largely confined within the main Karoo
Flood basalt and Kalahari basins and that the preceding and subsequent phases were mainly associated with the
Degassing Karoo rift zone. Judging from geochemical literature, different kinds of magmas were erupted during

Mozambique
Southern Africa

the successive magmatic phases. We calculate from published geochemical data that the mafic main
phase magmas were relatively poor in CO, and SO, and the lava stacking patterns point to low eruption
rates, which suggests that degassing of sedimentary wall-rocks of intrusions probably triggered the coe-
val Pliensbachian-Toarcian extinction. In contrast, the mafic late phase magmas were rich in CO, and SO,
and at least some of the lavas indicate high eruption rates. We propose that efficient degassing from
widespread mafic magmatism and explosive eruption of over 30,000 km® of silicic magmas in the
Karoo rift zone linked the ~182-178 Ma late phase magmatism with contemporaneous global biosphere

crises.
© 2022 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction evolution, and environmental influences (e.g. Kasbohm et al.,

2021). The Early to Middle Jurassic rocks of the Karoo and Ferrar

Many large igneous provinces (LIPs) show geochemical, geo-
physical, and structural evidence of heterogeneous mantle sources
and complex feeder systems and magmatic development (e.g.
Columbia River Basalt Group, Ethiopian Traps, Parand; Garland
et al., 1996; Pik et al., 1999; Camp and Hanan, 2008). Comprehen-
sive chronological data are critical to understanding their origin,
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LIPs represent a vast magma system that formed along the paleo-
Pacific margin of Gondwana before the breakup of the superconti-
nent (Fig. 1). High-precision isotope-dilution thermal ionization
mass-spectrometry (ID-TIMS) U-Pb zircon and baddeleyite single
grain ages indicate rapid emplacement of thick low-Ti dolerite sills
across the main Karoo Basin, along the Transantarctic Mountains,
and in Tasmania at ~ 183-182 Ma, and prove that a sizeable peak
of magmatism coincided with the Pliensbachian-Toarchian
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Fig. 1. U-Pb and “°Ar/>°Ar ages in the Karoo large igneous province. Previous U-Pb and “°Ar/>°Ar plagioclase plateau dating localities are indicated by white and blue circles,
respectively, and new U-Pb dating localities by white stars. (a) Seaward-dipping volcanic successions, coast-parallel dike swarms, the Okavango dike swarm, and the Lower
Zambezi comprise the Karoo rift zone (Burke and Dewey, 1973). (b) Karoo rock types and U-Pb age locations in northwestern Mozambique. (c) Karoo rock types and U-Pb age
locations in southern Mozambique. (d) Karoo rock types and U-Pb and “°Ar/*°Ar age locations in southern Vestfjella, Antarctica. PWS is proto-Weddell Sea basin. Age
determinations: 1- Svensen et al., 2007; 2012; 2- Encarnacion et al., 1996; 3- Sell et al., 2014; 4- Luttinen et al., 2015; 5- Burgess et al., 2015; 6- Manttdri, 2008; 7-11- Jourdan
et al., 2004, 2005, 2007b, c, 2008; 12- Ware et al., 2018; 13- Jones et al., 2001; 14- Zhang et al., 2003; 15- Luttinen, 2021; 16- Moulin et al., 2017; 17- Greber et al., 2020; 18 -
Vuori, 2004. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mass-extinction (Svensen et al., 2012; Sell et al.,
et al., 2015; Ivanov et al., 2017; Greber et al., 2020).

However, most of the mafic and ultramafic rock types of the
Karoo LIP are rapidly cooled basalt lavas and dikes that lack zircon
and baddeleyite suitable for U-Pb dating. Consequently, the dataset
of “°Ar/3°Ar plagioclase plateau ages is regionally and geochemi-
cally more representative (Fig. 1). Comparison between the U-Pb
ages and the “°Ar/*°Ar ages (section 5) shows that, on one hand,
the lavas of the Lesotho Formation, the main Karoo Basin, can be
readily correlated with the geochemically similar ~ 183-182 Ma
dolerite sills (Jourdan et al., 2007b; Moulin et al., 2017; Ware
et al,, 2018; Neumann et al,, 2011; Galerne and Neumann, 2014),
but, on the other hand, the range of “°Ar/*°Ar ages (~190-
174 Ma; e.g., Jourdan et al,, 2004, 2005, 2007b, 2008; Luttinen
et al., 2015; Moulin et al., 2017) suggests magmatism continued
after and, in some places, significantly predated the ~ 183 Ma cli-
max. Specifically, Jourdan et al. (2005) have proposed an episodic
magma emplacement history for the Karoo LIP and Moulin et al.
(2017) associated four magmatic phases at ~ 190 Ma, ~183 Ma,
~181 Ma, and ~ 178-174 Ma with recurrent Pliensbachian and
Toarchian climate and biodiversity fluctuations (e.g. Korte and
Hesselbo, 2011; Caruthers et al., 2013).

When evaluating the age data for Karoo magmatism, it is
important to keep in mind that the geochronological (e.g.
Jourdan et al., 2007b; Luttinen et al., 2015) and paleomagnetic
(e.g. Hargraves et al., 1997) evidence for long-lived ~ 190-174 M
a igneous activity mainly comes from the main Karoo rift zone,
i.e. the conjugate African and Antarctic rifted margins and the

2014; Burgess

108

associated failed rift arms, the Okavango dike swarm and the
Lower Zambezi Basin (Burke and Dewey, 1973; Reeves, 1978;
Jourdan et al., 2006) (Fig. 1). The up to nine kilometer thickness
of the preserved strata (e.g. Hjelle and Winsnes, 1972; Luttinen
and Furnes, 2000; Klausen, 2009), and results of thermochronology
(Sirevaag et al., 2018) and the recognition of the magnetically
defined dipping reflectors of the Antarctic rifted margins as Karoo
flood basalts (Jokat et al., 2003), indicate that the Karoo rift zone
was a volumetrically non-trivial part of the Karoo LIP (White,
1997). Numerous studies have concluded that the geochemically
diverse igneous rock types of this rift structure and the notably
geochemically uniform low-Ti tholeiites of the main Karoo and
Kalahari basins represent genetically different subprovinces of
the Karoo LIP. Given that these subprovinces were generated in
diverse tectonic settings and were derived from contrasting mantle
sources (Duncan et al., 1984; Marsh et al., 1997; Jourdan et al.,
2007a; Luttinen et al., 2010; Ellam, 2006; Heinonen et al., 2010b;
Harris et al., 2015; Luttinen, 2018; Turunen et al., 2019), neither
age results nor genetic models should be applied across all parts
of the Karoo LIP. The contrasting views of rapid versus prolonged
and possibly episodic magmatism and the roles of different mantle
sources represent a critical controversy in the assessment of the
dynamic evolution of the Karoo LIP and its environmental impacts
(Jourdan et al., 2005; Svensen et al., 2012; Ivanov et al., 2017;
Moulin et al., 2017).

Here we report the first reliable age data for Karoo volcanism in
Mozambique. Our study correlates Karoo rift zone magmatism in
Mozambique with igneous activity elsewhere in the Karoo LIP by
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U-Pb dating of zircons in silicic rocks and evaluates the relation-
ships of the dated zircons and the magma sources using Lu-Hf iso-
topes. The great spread of ~ 190-172 Ma ages supports periodicity
of Karoo magmatism previously inferred from “°Ar/>°Ar age data.
Published geochemical data indicate the parental magmas and
the flux of magmatic volatiles varied considerably during different
periods of volcanism.

2. Silicic rocks of the Karoo LIP

Silicic igneous rocks make up ~ 1 vol% of the Karoo LIP (Cleverly
et al., 1984; White, 1997). Their occurrences are effectively con-
fined to the African (Eales et al., 1984) and Antarctic rifted margins
(Harris and Grantham, 1993; Harris et al., 2002; Vuori and
Luttinen, 2003) where they comprise a significant component of
the bimodal rift zone succession (Cleverly et al., 1984; Manninen
et al., 2008; Melluso et al., 2008) (Supplementary Data S1), and
mainly represent extrusive units at relatively high stratigraphic
position or relatively small intrusions. Most of the silicic rocks
are rhyolites, but the compositions range to dacitic types in most
areas (Miller and Harris, 2007; Melluso et al., 2008; Manninen
et al., 2008).

2.1. Lebombo monocline

The Lebombo monocline represents a seaward-dipping, north-
south trending volcanic-intrusive succession which contains vari-
ably enriched low-Ti and high-Ti tholeiitic basalts and picrites,
alkaline mafic rocks, and the main volume of silicic rocks associ-
ated with the Karoo LIP (Cleverly et al., 1984). The volume of the
Lebombo rhyolites has been estimated to be at least 30,000 km>
(Cleverly et al., 1984). The Sabie River Basalt Formation, which
dominates the basal part of the lava pile across most of the mono-
cline, is overlain by a widespread and thick suite of rhyolitic and
minor dacitic rocks that constitute the Jozini Formation (Miller
and Harris, 2007). In the central part of the monocline, the Jozini
rhyolites give way to the rhyolitic and minor dacitic rocks of the
Mbuluzi Formation (Melluso et al., 2008; Manninen et al., 2008;
Fig. 1). The uppermost units of the Mbuluzi Formation are
interbedded with mafic lavas belonging to the capping Movene
Formation (Miller and Harris, 2007). The Jozini and Mbuluzi rhyo-
lites are composed of numerous up to 200 m thick cooling units
which mainly represent variably welded ash-flow tuffs (Cleverly
et al., 1984; Manninen et al., 2008).

A distinctive rhyolite ridge, the Sica Beds (Pequenos Limpopos),
overlies the Movene mafic lavas and is the youngest preserved sili-
cic unit of the Lebombo monocline (Melluso et al., 2008). An under-
lying hydrothermally altered paleo-laterite implies a considerable
hiatus may coincide with the basalt-rhyolite contact (Manninen
et al., 2008). The Sica Beds include variable types of rhyolites and
the up to 100-150 m thick cooling units show typical features of
densely welded ash-flow tuffs (Manninen et al., 2008). Addition-
ally, minor rhyolitic units are found as intercalations within the
Sabie River Basalt Formation (Olifants Beds, Twin Ridge Beds,
Mkutshane Beds, Cooeyana Beds, and several intrusive granophyre
sheets; Eales et al., 1984). Several minor silicic intrusive and extru-
sive units are also found in the Mwenezi triple junction area, at the
intersection of the Lebombo and Sabi monoclines (Fig. 1).

The eruption age of the Jozini rhyolites has been established
at ~ 180 Ma (180.42 + 0.47 Ma U-Pb ID-TIMS age for a chemically
abraded single zircon grain by Greber et al., 2020; 179.6 + 0.7 Ma
49Ar/>°Ar age by Jourdan et al., 2007b). Additionally, a large gra-
nophyre sill at the contact of the Sabie River Basalt Formation
and the Jozini Formation and a rhyolite boulder from a broadly
similar stratigraphic position have yielded ID-TIMS U-Pb ages for
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chemically abraded single zircons, respectively, from ~ 183 to
181 Ma and ~ 181 to 179 Ma (Sell et al., 2014). The authors inter-
preted the ages of the youngest zircons to date the emplacement of
the granophyre at 181.31 + 0.19 Ma and rhyolite at 179.3 + 0.18
Ma. Furthermore, dating of zircons with the sensitive high-
resolution ion microprobe (SHRIMP) yielded a U-Pb regression
age of 180 + 3 Ma for the Olifants Beds (Riley et al., 2004;
Jourdan et al., 2005). Small silicic intrusions (granite, granophyre,
syenite) in the Mwenezi triple junction area have been dated at
176.84 + 0.06/0.2 Ma (U-Pb ID-TIMS; Greber et al, 2020)
and ~ 178 Ma and ~ 176 Ma (“°Ar/>*°Ar hornblende and biotite
ages; Jourdan et al., 2007b). The ages of the Mbuluzi and Sica Beds
rhyolites have not been previously established.

2.2. Lower Zambezi — Lupata trough and Moatize-Luia graben

Silicic rock types have not been reported in the eastern part of
the seaward-dipping Sabi monocline. In the very north-
easternmost part of the Karoo rift zone, however, the Lupata
trough and the Moatize-Luia graben areas are typified by bimodal
volcanic and intrusive suites (Fig. 1b; Manninen et al., 2008). In the
western part of the Moatize-Luia graben, thin rhyolitic to minor
dacitic units are intercalated with mafic units and, in places, with
lower-Karoo sandstones (Manninen et al., 2008). In the eastern
part, extensive and thick rhyolites cap mafic lavas and dip 10-
35° to southwest. The units typically represent variably welded
ash-flow tuffs and include volcanic breccias, lapilli tuffs, and mas-
sive flow-banded lava-like rocks (Manninen et al., 2008). Some of
the massive units probably represent lava flows and some may
be subvolcanic intrusions. In the Lupata trough, the horseshoe-
like exposure of Karoo volcanic rocks also records compositional
bimodality. In the southwestern part of the trough, silicic rocks
form a north-trending ridge over 30 km long and up to 4 km wide
(Fig. 1b; Manninen et al., 2008). The eastward dipping rhyolites
comprise a silicic interbed between mafic lavas. The silicic rocks
typically are massive, but, in places, the thick units record flow-
banding and brecciated structures. Silicic units also occur together
with mafic lavas along the eastern flank of the Lupata trough, but
the stratigraphy is not defined in detail. Our field observations sug-
gest the silicic units form relatively thin intercalations within a
predominantly mafic volcanic succession.

Two bimodal intrusive complexes are associated with the Karoo
volcanic rocks in the area. The Rukore Intrusive Suite at the south-
ern border of the Moatize-Luia graben (Fig. 1b) is mainly composed
of quartz and feldspar porphyritic microgranite (Barton et al.,
1991; Manninen et al., 2008). Between the Lupata trough and east-
ern Sabi monocline, the Gorongosa Intrusive Suite is dominated by
a core of medium-grained alkalifeldspar granite-syenite which
shows intrusive relation to the enclosing gabbro body (Manninen
et al., 2008) (Fig. 1b). Both intrusive suites are associated with
bimodal dolerite and quartz-feldspar porphyry dike swarms
(Manninen et al., 2008).

The volcanic rocks of the Lupata and Moatize-Luia have not
been previously dated. Mdnttari (2008) reported a U-Pb ID-TIMS
zircon concordia age of 181 + 1 Ma for a syenite from the Goron-
gosa intrusive suite and constrained the age of the Rukore granite
intrusion in the Moatize-Luia graben to be within 195-180 Ma.

2.3. Antarctic rifted margin

At the Antarctic margin, silicic Karoo extrusive rocks are not
exposed. In the Jutulstraumen rift area, three small nepheline
syenite and syenite plutons and geochemically similar dikes have
been dated at 207-170 Ma using Rb-Sr whole rock and mineral,
K-Ar whole rock, and “°Ar/>*Ar hornblende, plagioclase, and whole
rock methods (Allen, 1991; Grantham et al., 1998; Harris et al.,
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2002; Curtis et al., 2008) (Fig. 1). Overall, the age data for these sili-
cic intrusive rocks are inconclusive or inadequately documented,
but they are compatible with onset of silicic magmatism well
before the ~ 183 Ma main stage of Karoo magmatism (e.g. Curtis
et al., 2008). In Vestfjella, at the conjugate margin of the Lebombo
monocline, silicic rocks are rare. A ~ 2 m wide granite dike
crosscuts the 1822 + 09 Ma West Muren gabbro dike
(?°6pb/?38U ID-TIMS, Luttinen et al., 2015) and several narrow sili-
cic dikes crosscut the 181.2 + 0.5 Ma Utpostane layered intrusion
(*°Ar/*°Ar, Zhang et al., 2003; Vuori and Luttinen, 2003). An unpub-
lished academic thesis included U-Pb ID-TIMS concordia ages of
181.1 £ 0.7 Ma and 180.0 + 0.9 Ma for two zircon fractions from
a granophyre dyke at Utpostane (Vuori, 2004). Additionally,
another academic thesis (Romu, 2019) reports a 2°°Pb/?38U SIMS
zircon age of 165 = 1 Ma for a Jurassic granite xenolith in one of
the ~ 162 Ma (“°Ar/>*°Ar phlogopite, Luttinen et al., 2002) ultra-
potassic lamproite dikes of southern Vestfjella.

3. Rationale, samples, and methods
3.1. Rationale

The great majority of Karoo mafic igneous rocks lack zircon and
baddeleyite suitable for U-Pb dating due to rapid cooling. Further-
more, subsolidus alteration hampers “°Ar/*Ar plagioclase dating
of the extrusive and intrusive mafic rocks of the main-rift zone
as the predominance of relatively thin and vesicular lava flow units
and the high abundance of cross-cutting dikes have promoted cir-
culation of hydrothermal fluids. Previous geochronological studies
have also shown that even visually unaltered plagioclase phe-
nocrysts frequently have disturbed Ar-spectra due to excess “°Ar,
40Ar-loss, 3°Ar-recoil, and, possibly, due to secondary K-bearing
micropores (e.g. Zhang et al., 2003; Luttinen et al., 2015).

Silicic interbeds between flood basalt lavas allow U-Pb zircon
dating of the lava successions. Furthermore, the generation of sili-
cic melts in within-plate settings is very likely triggered by intru-
sion of mantle-sourced magmas into the crust (e.g. Huppert and
Sparks, 1988; Bryan and Ferrari, 2013), which means that age data
for silicic rocks can be used to identify periods of mantle as well as
crustal melting. However, numerous studies have demonstrated
that zircons formed in silicic magma systems frequently record
long and complex histories. For example, crystallization age ranges
of up to ~ 9 Ma have been reported for silicic rocks due to incorpo-
ration of zircon antecrysts from previously formed parts of long-
lived plumbing systems into moving magmas (e.g. Frazer et al.,
2014). Moreover, zircon populations in silicic volcanic rocks may
be dominated by inherited grains due to dissolution of liquidus zir-
cons during thermal rejuvenation of crystal mush prior to major
eruptions (Miller et al., 2007), and zircon xenocrysts derived from
crustal magma sources and wall-rocks are likely to survive in silicic
magma chambers. Pyroclastic units also tend to sample mixed zir-
con populations. Our aim is to constrain the ages and duration of
magmatic activity in the Karoo rift zone using zircons from silicic
rocks and cast light on the sources of silicic magmas. We have
studied the Karoo silicic rocks using in situ U-Pb dating that helps
to avoid analysis of metamict material and inclusions and facili-
tates representative sampling of complex zircon populations typi-
cal of silicic igneous rocks. In situ Lu-Hf isotopic analyses provide
valuable information on compositional variability of the dated
crystals and the sources of the silicic parental magmas.

3.2. Samples

Our samples belong to the collection of the Finnish Museum of
Natural History and they were collected by the first author during
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field campaigns in 1998 (Antarctica), 2006 (Lebombo), and 2012
(Lower Zambezi). The sample locations are illustrated in Fig. 1
and detailed descriptions of petrographic features and studied zir-
cons are reported in Supplementary Data S1.

3.2.1. Lebombo monocline — Mbuluzi rhyolites and Sica beds

Our samples of the Mbuluzi Formation represent two silicic
units intercalated with basalts close to the base of the Movene For-
mation (Fig. 1c¢). Samples 17446 and 17447 are vitrophyric rhyo-
lites that may well represent rheomorphic lava (cf. Miller and
Harris, 2007). Sample 17447 is stratigraphically older (Fig. 1c).
Sample 23192A from the Sica Beds is vitrophyric rhyolite that
probably represents rheomorphic lava. The Mbuluzi and Sica Beds
rhyolites have small, prismatic, mostly elongate but in some cases
stubby zircons. The zircons are quite homogeneous in backscat-
tered electron images, but a cathodoluminescence image of sample
17446 reveals that the grains with lower U and Pb contents typi-
cally are internally homogeneous, whereas the grains with higher
U and Pb contents exhibit well-developed zoning.

3.2.2. Lower Zambezi - Lupata and Moatize-Luia rhyolites

Samples D005B, D006B, T035, and T037 (AL-DO05B-12, AL-
D006B-12, AL-T035-12, AL-T037-12) represent silicic rocks of the
Lupata trough and the Moatize-Luia graben in the Lower Zambezi
(Fig. 1a, b). Samples DO05B from the Luenha trough and T037 from
the Moatize-Luia graben are pyroclastic rocks and we interpret
them to be lithic tuffs. Sample DO0O5B represents the interior of
a > 5 m thick silicic unit, whereas sample T037 is a lithic tuff col-
lected from a field of ~ 1 m silicic boulders. The lithic tuffs are
characterized by colorless, transparent, prismatic but variably bro-
ken low-U zircons that are fractured and contain variable amounts
of inclusions. Zircons in sample DO05b typically are stubby and
homogeneous. In the case of sample T037, many of the zircon
grains are fractured and contain many inclusions. Zoning is vague
and irregular. Sample T035 represents ~ 2 m boulder of a sanidine
porphyritic massive rhyolite on the apron of a rhyolite ridge. Sam-
ple TO35 has mainly zircons that are colorless and mostly pris-
matic, but many of the grains are fragments. Dark inclusions are
rare. The analyzed grains are intensely cracked and often display
oscillatory or sector zoning. Sample DOO6B is a peperite-type com-
posite of volcanic rock fragments within silty matrix. The lava frag-
ments are opaque vitrophyric, vesicular rhyolite. The peperite unit
has a notably heterogeneous zircon population of prismatic and
anhedral grains. The grains can be divided into a colorless trans-
parent type, a light brown transparent type, and a brown cloudy
type. They frequently are altered and show variable zoning and
core-rim structures.

3.2.3. Antarctic margin - Granite xenolith in lamproite dike

A small suite of ~ 162 Ma lamproite dikes cuts through the
flood basalt lava succession in the Kjakebeinet area, southern Vest-
fjella (Luttinen et al., 2002). Some of the dikes contain abundant
xenoliths that represent diverse crustal rock types. Most of the
xenoliths are 1.3-1.1 Ga granitoids which can be correlated with
the Precambrian basement of western Dronning Maud Land,
Antarctica (Romu, 2019). Sample KBM6 (AL-KBM6-98) is fine-
grained and equigranular granite xenolith. The granite xenolith
has fairly large (>300 pm), euhedral, stubby low-U zircons. We
included sample KBM6 in our study for the purpose of Hf isotopic
analyses. In addition to new Lu-Hf data, we present a re-
interpretation of the U-Pb results originally reported by Romu
(2019).
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3.3. U-Pb dating

The SIMS analyses were performed at the Nordsim laboratory,
Swedish Museum of Natural History, Stockholm. We processed
2-3 kg of each sample in a jaw crusher and ground the chips into
grain size of < 350 pm using a swing mill. In order to avoid exces-
sive pulverization, we only used the outer grindstone in the swing
mill and kept the run times within about thirty seconds. Fine dust
was removed using a sieve and, finally, by careful washing of the
zircon-bearing fraction. The heavy minerals were further extracted
with di-iodomethane (d ~ 3.3 g/cm?) and divided into magnetic
and non-magnetic fractions with a Frantz isodynamic magnetic
separator using 1.4 A current with a slope of 8° and a tilt of 4°.
The recovered non-magnetic fraction was then separated using a
series of Clerici’s solution up to 4.3 g/cm? in order to obtain zircon
concentrates.

A range of zircon crystals, representative of the whole sample,
was selected under the microscope and mounted in epoxy, pol-
ished, and gold-coated. Backscattered electron images were taken
of the mount surface and the selection of the zircon crystals to
be dated was mainly based on the textures seen on these images
(Supplementary Data S1). Cathodoluminescence imaging was lim-
ited to samples 17,446 and KBM6 (Supplementary Data S1) due to
potential detachment of small zircons from the mount under the
required high acceleration voltage. The ion microprobe analyses
were performed using Cameca IMS 1270 and Cameca IMS 1280
instruments during three analytical sessions. The spot diameter
for the primary O2~ ion beam (nominal beam current 5nA)
was ~ 25 um and oxygen flooding in the sample chamber was used
to increase the production of Pb + ions. Three or four counting
blocks, each including four cycles of the Zr, Hf, Pb, Th, and U species
of interest, were measured from each spot. The mass resolution
(M/AM) was 5300 (10%).

The data were calibrated against a zircon standard 91500
(1065 Ma; Wiedenbeck et al., 1995) and corrected for modern
common-Pb (T = 0; Stacey and Kramers, 1975). The procedure
was essentially similar to that described in detail by Whitehouse
et al. (1999) and Whitehouse and Kamber (2005). Plotting and cal-
culation of the weighted average ages were done with the Isoplot
415 Excel Add-in (Ludwig, 2012) All uncertainties are plotted
and the calculated age errors are reported at 2c level, unless other-
wise indicated. Decay constant errors are ignored.

Because the U-contents of many zircon grains are low, espe-
cially in the Lebombo samples, and due to the young ages of these
rocks, extremely low Pb count rates proved to be somewhat prob-
lematic. As the low Pb concentrations often lead to common-Pb
overcorrection (because of Hg interference and the assumed mod-
ern origin of the common Pb), we prefer the 207-corrected
206pp 238 ages for SIMS data. Here, the age is the concordia inter-
cept of a line passing through an assumed common-Pb isotopic
composition of the common-Pb (Stacey and Kramers, 1975) and
the measured 238U/2%°Pb ratio on a Tera-Wasserburg diagram.
With this approach, we can utilize also those measurements where
the corrected signal of 2°/Pb did not exceed the background. For
comparison, we also calculated the concordia ages with uncor-
rected 2%°Pb/?38U and 2°’Pb/2%6Pb ratios, when possible.

We rejected data points that have an extremely high common-
Pb (2%6Pb/294Pb <100). Because of the very low overall Pb concen-
trations of many zircon grains, we did not want to employ a stricter
cut-off value. Those points that have discordance of > 10% (to clos-
est 1o limit), calculated from uncorrected 2°7Pb/?*°U and
206pp /238 ratios, were excluded from the age calculations. When
errors for 2°7Pb/?3%U ratios were unavailable, an alternative discor-
dance check using the 2°°Pb/?38U and 2°7Pb/?°°Pb ratios was per-
formed. Usually, 2°’Pb/?°°Pb ages are only used for discordance
calculations of Precambrian ages, because the 2°7Pb/2°Pb age
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becomes very imprecise towards younger ages. When the results
were discordant even with the huge range of the 2°’Pb/2%Pb ages,
we considered those data as meaningless and rejected them.

3.4. Lu-Hf isotopic analysis

The Lu-Hf analyses were performed with a NU Plasma HR mul-
ticollector inductively coupled plasma source mass spectrometer
and a Cetac LS213G2 + Nd:YAG 213 nm laser microprobe at the
Department of Geosciences, University of Oslo. For information
on the analytical protocols, the reader is referred to Elburg et al.
(2013). Interference from '7°Yb on mass 176 was corrected using
the measured signal on mass 172 (interference-free '72Yb) and
mass discrimination factors for Yb determined from measurement
of 174Yb/172Yb ratio, after correction for interference from !'7#Hf.
Interference from 7®Lu was corrected from observed ">Lu, using
mass discrimination factor of Hf as a proxy.

The long-term precision based on reference zircons run as
unknowns (errors quoted at the 2-sigma level) is as follows. Mud
Tank: '7SHf/'”’Hf = 0.282504 + 0.000040 (published value:
0.282507, Woodhead and Hergt, 2005), "78Hf/!77Hf = 1.46725 *
0.00012, n = 1598; Temora 2: '7®Hf/'77Hf = 0.282680 * 0.000042
(published value: 0.282686, Woodhead and Hergt, 2005),
178Hf/"77Hf = 1.46726 = 0.00009, n = 51 (initial '7®Hf/'7Hf at
417 Ma: 0.282672 * 0.000042); LV11: 7CHf/""’Hf = 0.282828 +
0.000071 (published solution analysis: 0.282830 + 0.000028,
Heinonen et al., 2010a), 78Hf/'77Hf = 1.46723 + 0.00011, n = 921
(initial '76Hf/'”7Hf at 290 Ma: 0.282812 + 0.000071). The &y values
were calculated using A;zg, = 1.867-1071! a~! (Séderlund et al.,
2004) and CHUR and Depleted Mantle models of Bouvier et al.
(2008) and Griffin et al. (2000, modified to the parameters used),
respectively. We targeted dated parts of zircons in the Hf isotopic
analyses, but, in the case of small crystals, the compositional data
effectively corresponds to the bulk composition of the dated zircon
grains due to the large (~60 um) diameter of the laser beam.

4. Results

The U-Pb age and Lu-Hf isotopic results illustrated in Figs. 2 - 3
and Supplementary Data S2, and full data are listed in Supplemen-
tary Data S3 - S4.

4.1. U-Pb ages

The U-Pb data are listed in Supplementary Data S3. Discordant
(>10%) and high common-Pb results were not included in the cal-
culation of 207-corrected 2°°Pb/?38U ages and are excluded from
the results and discussion. Summarizing, the Jurassic ages of indi-
vidual zircons range from ~ 195 Ma to ~ 160 Ma and the concordia
ages and weighted average 2°°Pb/238U ages of samples typically
coincide (Fig. 2 and Supplementary Data S2). Several samples con-
tain inherited ~ 2722 Ma (2°’Pb/?°°Pb age) to ~ 381 Ma pre-
Jurassic zircons that can be correlated with Archean to Paleozoic
basements of the Kalahari-Kaapvaal craton and adjacent mobile
belts (Fig. 3).

In the lithic tuff DO05b (Lower Zambezi), the zircons yield a
weighted average age and 2c error of 181.7 + 1.0 Ma (Fig. 2a).
One ~ 190 Ma grain was excluded from the average. In the rhyolite
lava T035 (Lower Zambezi), the zircons yield an age of 188.4 + 0.
9 Ma (Fig. 2c), whereas the rhyolite 17447 (Lebombo monocline)
has a weighted average age of 178 + 2 Ma (Fig. 2f) and zircons in
the rhyolite 23192A (Lebombo monocline) provide an age of
172 + 2 Ma (Fig. 2g). The Antarctic granite xenolith KBM6 has
two inherited ~ 469 Ma and ~ 1100 Ma grains, whereas the Juras-
sic grains give an age of 165.0 + 0.9 Ma (2°°Pb/?38U age recalculated
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Fig. 2. Concordant 207-corrected 2°°Pb/2*8U SIMS ages for silicic rocks of the Karoo rift zone. Color coding refers to U-contents. The ages of relatively U-rich (>400 ppm in b;
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from Romu, 2019; Fig. 2h). One of the ~ 165 Ma grains has
a ~ 186 Ma old core that was excluded from the average.

The tuff sample T037 and peperite sample DO06b (Lower Zam-
bezi), and the rhyolite sample 17446 (Lebombo monocline) have
more complex zircon age distributions. The Mbuluzi rhyolite
17446 contains one inherited ~ 1021 Ma zircon and the ages of
the Jurassic grains average 181 + 2 Ma, i.e. marginally older than
that of the stratigraphically older rhyolite 17447 (Fig. 1c). Five
grains can be distinguished by their higher U contents, however.
The more U-rich zircons (872-2606 ppm) provide an older average
age of 185 + 2 Ma, whereas the U-poor zircons (<150 ppm) yield an
average age of 179 + 2 Ma that overlaps with the age of the under-
lying rhyolite 17447 (Fig. 2g). In the Lupata peperite sample
DO006b, nine grains are inherited, probably represent the silty
matrix, and have Precambrian 2°7Pb/2°°Pb ages from ~ 2722 Ma
to ~ 1922 Ma. The Jurassic zircons have an average age of
187 + 3 Ma, but, as in the case of sample 17446, the relatively U-
rich grains (437-1776 ppm) provide an older average age of
191 £ 2 Ma than the U-poor grains (70-272 ppm) which are dated
at 184 + 2 Ma (Fig. 2b). Finally, in the Moatize-Luia tuff T037, ten
inherited ~ 906 Ma to ~ 381 Ma grains and one exceptionally
young ~ 168 Ma grain were excluded from the average age of
186 + 3 Ma. The age results show evidence of bimodality (Supple-
mentary Data S2) and the four youngest grains (168 Ma grain
excluded) have an age of 180 + 3 Ma and the nine oldest grains
are dated at 190 + 2 Ma (Fig. 2d).

4.2. Hf isotope data

Lu-Hf isotopic data for the zircons dated using SIMS are listed in
Supplementary Data S4 and shown in an gy vs. age plot in Fig. 3.
The initial Hf isotopic compositions are diverse, but individual
samples have isotopically quite uniform Jurassic zircon popula-
tions. Zircons in the Lebombo monocline samples (17446, 17447,
23192A) have similar radiogenic ey of + 3 to + 7, apart from one
anomalous grain in the Sica Beds sample (ey¢ + 15; not shown in
Fig. 3). Zircons in the Moatize-Luia graben and Lupata trough sam-
ples, Lower Zambezi, exhibit a range of ey from nearly chondritic
(lava T035), through moderately unradiogenic (-11 to -16; lithic
tuffs T0O37 and D005b) to strongly unradiogenic (-23 to -25;
peperite DO06b) values. The Antarctic xenolith (KBM6) has initial
epr of -9 to -11. Crucially, none of the samples records correlation
between initial eyr and ages in the case of Jurassic zircons (Fig. 3).

The inherited pre-Jurassic zircons have nearly chondritic initial
isotopic compositions (~ +6 to —-6) suggestive of significant juve-
nile crustal components and their ages coincide with the ages of
regional rock types reported by Mdnttdri (2008) (Fig. 3).

5. Discussion

We focus our discussion on three general topics: First, we use
our results to address the timing of magmatism and the sources
of silicic magmas in the Mozambican parts of the Karoo LIP. Sec-
ond, we review the chronological evidence for magmatism in the
Karoo basins and rift zone. Third, building on the chronological,
geochemical, petrological, and volcanological information, we
assess the release of mantle-derived volatiles at different phases
and in different regions of magmatic activity in the Karoo LIP. All
cited “°Ar/>%Ar ages are plagioclase plateau ages, unless otherwise
indicated, and are expressed using the “°K decay constants of
Renne et al. (2011), which facilitates direct comparison with U-
Pb age data. The errors are shown at 2-sigma level.
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5.1. Crystallization ages and lifespan of silicic magma systems

The interpretation of our age data is complicated due to geolog-
ical and methodological issues (see section 3.1.). The notable age
dispersion of ~ 4-10 Ma in many of our samples, sometimes in dif-
ferent parts of single crystals, significantly exceeds the 1% repro-
ducibility of the Temora standard at Nordsim. The mean square
weighted deviation (MSWD) values are mainly outside the
expected range of a single age population (Wendt and Carl,
1991), which suggests long crystallization history, reworking of
the U-Pb system, or analytical bias, or a combination of these
factors.

Most of our zircons are concordant and U-poor and the samples
do not exhibit negatively skewed age distribution patterns (Sup-
plementary Data S2) or negative correlation between ages and U-
contents that would suggest significant Pb-loss (Spencer et al.,
2016) (Fig. 4). Overall, we regard that the < 185 Ma average ages
of U-poor zircons have not experienced Pb-loss and correspond
to (possibly prolonged) periods of crystallization within silicic
magma plumbing systems. We suspect, however, that the
single ~ 168 Ma grain (sample T037), which records an anomalous
young age among all zircons from the Lower Zambezi study area,
has been affected by Pb-loss despite its low U content.

The > 185 Ma ages are more problematic. Williams and Hergt
(2000) and White and Ireland (2012) among others have shown
that ion probe dating of U-rich zircons may yield bias to old ages
due to matrix effects and urged cautious interpretation of zircons
with U contents of > 2000 ppm. None of our zircons has a U content
of > 2000 ppm and in most of the grains it is <1000 ppm. However,
due to moderate positive correlation between the U contents and
apparent ages in samples DOO6B (r = 0.73) and 17446 (r = 0.65),
we suspect that the ages of the relatively U-rich grains are subject
to matrix effects; therefore, in these samples only the U-poor
grains provide reliable age data for zircon crystallization (Fig. 4).
It is also possible to address the critical threshold of U contents
that cause matrix effect using “displacement per atom” (Dgpa) val-
ues that provide a quantitative estimate of radiation damage in the
zircon lattice (e.g. Ewing et al., 2003). Gao et al. (2014) examined
the relationship between ages and calculated Dgp, values using
published data on zircon standards and other zircons and proposed
that matrix effects become significant at Dqp, values of > 0.08.
While our dataset is too heterogeneous for us to examine the cor-
relation between ages and Dgp, values in detail, our Jurassic zircons
have Dgp, > 0.08 at U contents of > 1000 ppm. It should be men-
tioned, therefore, that most of the > 185 Ma grains in DOO6B have
<1000 ppm of U. Moreover, the cathodoluminescence images
reveal the U-rich grains in sample 17446 show marked zoning,
whereas the U-poor grains do not (Supplementary Data S1). We
consider that the apparent age differences in these samples could
be real, but do not use age results from these samples in our geo-
logical interpretations.

It is worthwhile to point out that all of our samples from the
Lower Zambezi yielded > 185 Ma old ages. The predominance of
old grains in samples T035 and T037 cannot be readily ascribed
to matrix effects: First, zircons in rhyolite T0O35 show poor correla-
tion between ages and U contents (r = 0.33) and most of the zircons
have U contents of < 1000 ppm. Given that the intercept from lin-
ear regression of U vs. age in Fig. 4 is as old as ~ 187 Ma, we con-
sider that the weighted average age of 188.4 + 0.9 Ma corresponds
to the average zircon crystallization age in the magma chamber
that fed rhyolite TO35. Second, zircons in tuff TO37 are U-poor
and, therefore, their ages are not suspect of Pb-loss or matrix
effects. We interpret the 186.4 + 3.0 Ma age as the average zircon
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Fig. 4. 2°°Pb/?38U ages vs. U concentration diagrams for analyzed zircons in the studied samples. Linear regression equations and correlation coefficients are indicated.

crystallization age in tuff TO37, and we maintain that the age
results for rhyolite TO35 and tuff TO37 prove crystallization of zir-
cons in silicic magmas in the Lower Zambezi several millions of
years before the ~ 183 Ma main pulse of Karoo magmatism.

The results from the Lower Zambezi samples show evidence
for long-lasting silicic igneous activity and the bimodal age distri-
bution is suggestive of two distinctive phases at ~ 190-188 Ma
and ~ 182-180 Ma (Supplementary Data S2). We propose that
the chemically and Hf isotopically similar 190 + 2 Ma and
180 + 3 Ma zircons in tuff TO37 (Figs. 2-3) record formation
and re-activation of a long-lived magma system. Sample DO05B
only has one ~ 190 Ma zircon, but the notably similar bimodal
age distributions and Hf isotopic and chemical compositions in
samples TO37 and DO05B (Figs. 2-4) suggest these tuffs may rep-
resent eruption of pyroclastic material from the same magma
chamber.
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The age results from the Lebombo monocline and Vestfjella are
also suggestive of long-lived silicic magmatism, but the evidence is
more ambiguous. First, the compositionally distinctive but Hf iso-
topically indistinctive ~ 185 Ma zircons in sample 17446 could
reveal an initial phase in the magma source of the Mbuluzi rhyo-
lites, Lebombo area, although the old ages of U-rich zircons are sus-
pect of analytical bias. Second, we interpret the ~ 186 Ma core in
one of the ~ 165 Ma grains to represent inheritance from earlier
silicic magmatism in Vestfjella. We consider that the 165.0 + 0.9
Ma average age of xenolith KBM6 coincides with the emplacement
age of the sampled granite intrusion within error. Third, U-poor
zircons in the Lebombo rhyolites 17447 and 23192B are unlikely
to represent single age populations (<5% probability; Fig. 2) and
we consider their respective 178 + 2 Ma and 172 + 2 Ma ages to
record the average age of zircons formed in the magma chambers
before the eruption of the dated volcanic units. However, the ages
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would be just within the acceptable range of a single age popula-
tion if the oldest grain is excluded from the average, and we inter-
pret the average ages to correspond to the eruption ages of these
units within error.

5.2. The crustal sources of silicic magmas

We envisage that the zircon ages from silicic rocks register peri-
ods of crustal melting and development of silicic magma systems
in response to emplacement of mafic magmas (Huppert and
Sparks, 1988). Judging from our U-Pb ages and Hf isotopic evidence
for long-lived magma storage and transport systems in the Lower
Zambezi, at least some of the silicic magmatism recorded rejuvena-
tion of pre-existing magma chambers, possibly by coeval mafic
magmas. Direct textural evidence of bimodality is recorded, for
example, in the Jozini rhyolites (Misra et al., 2020) and the silicic
volcanic and intrusive rocks in the Lower Zambezi (Manninen
et al., 2008).

Previous studies have emphasized O, Sr, and Pb isotopic similar-
ities between the silicic and mafic rock types of the Lebombo mon-
ocline and have ascribed the origin of the Jozini and Mbuluzi
rhyolites to advanced fractional crystallization of mafic Karoo mag-
mas (Melluso et al. 2008), or to partial melting of juvenile mafic
crust formed by Karoo magmatism (Cleverly et al., 1984; Miller
and Harris, 2007). In contrast, some of the stratigraphically older
silicic units within the Sabie River Basalt Formation (e.g. Mkut-
shane Beds) have Sr and Pb isotopic compositions indicative of Pre-
cambrian crustal sources (Bristow et al., 1984; Cleverly et al,
1984). Recently, Greber et al. (2020) reported Hf isotopic data for
two silicic units from the rift zone. The zircons in their Jozini rhy-
olite have mildly radiogenic initial Hf isotopic composition (eyf + 4
to + 2) consistent with a juvenile crustal source. In contrast, the zir-
cons in a Mwenezi syenite were highly unradiogenic (eyf - 11), but
Greber et al. (2020) nevertheless favored a juvenile source similar
to nearby Mwenezi picrites (eyr — 10; Kamenetsky et al., 2017). Our
data indicate notable Hf isotopic variability in the silicic rocks. On
one hand, the data for the Mbuluzi and Sica Beds rhyolites (ey¢ + 7
to + 2; Fig. 3) add on to the previously established isotopic evi-
dence that links the Lebombo monocline rhyolites to juvenile mafic
crustal sources. On the other hand, our data on zircon xenocrysts
reveal Hf isotopically suitable ~ 2.6-0.9 Ga crustal sources for most
of the studied silicic rocks (eyf at 180 Ma -37 to -4 assuming crus-
tal 178Lu/"77Hf of 0.015; Griffin et al., 2004; Fig. 3). We consider
that, with the possible exception of the Lebombo samples, the sili-
cic rocks in our study are likely to represent partial melting of
Proterozoic to Archean crust. Significant melt contribution from
the isotopically highly variable mafic rocks of the Karoo rift zone
(eyr + 5 to -11 and eng + 9 to — 19; e.g. Hawkesworth et al.,
1984; Sweeney et al., 1994; Riley et al.,, 2005; Jourdan et al.,
2007a; Kamenetsky et al., 2017) cannot be precluded based on just
Hf isotopic compositions, but we point out that the mafic rocks
probably derived their radiogenic Hf isotopic compositions from
crustal wall-rocks during magma ascent (e.g. Neumann et al,
2011; Heinonen et al., 2016).

5.3. Chronology of Karoo magmatism in Mozambique

Karoo-related mafic and silicic rocks are widespread in Mozam-
bique, but they represent one of the least-studied parts of the
Karoo LIP. Our results provide the first reliable age data for
Karoo-related silicic volcanic rocks in Mozambique and constrain
the ages of the associated flood basalts.

In the Lebombo monocline area, the dated Mbuluzi and Sica
Beds rhyolites represent, respectively, intercalations within and a
capping unit atop of the basaltic Movene Formation. In the Mbuluzi
sample 17447 and the Sica Beds sample 23192A, the zircon ages
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are probably statistically indistinguishable from the eruption ages
of these units. We regard that the basalts at the base of the Movene
Formation erupted coevally with rhyolite 17447 at ~ 178 Ma and
the occurrence of a paleolaterite underneath the ~172 Ma Sica Beds
(Manninen et al., 2008) suggests to us that the Movene Formation
as a whole probably formed within a short period of time. Previ-
ously, the Movene Formation has been considered to be signifi-
cantly younger, possibly ~ 140 Ma (Watkeys, 2002), but our
results show they formed shortly after the stratigraphically
underlying ~ 180-179 Ma Jozini rhyolites (Jourdan et al., 2007b;
Sell et al., 2014; Greber et al., 2020), which is consistent with the
geochemical similarity between the Movene and Sabie River
basalts (Manninen et al. 2008; Melluso et al., 2008). The mafic
lavas which overlie the Sica Beds are poorly exposed and little-
studied (Manninen et al., 2008), and, for example, the highly alka-
line lavas may well represent the waning phase of Karoo magma-
tism or significantly younger evolutionary stages of the African
rifted margin.

In the Lower Zambezi area, tuff DOO5B represents a silicic unit
between mafic lavas of the Lupata trough (Fig. 1). The average
181.7 + 1.0 Ma age of Hf-isotopically uniform zircons in tuff
DO05B probably corresponds to the eruption age of this unit and
we interpret this as a feasible estimate of the eruption age of the
Lupata bimodal volcanic succession. In the Moatize-Luia graben,
detailed volcanic stratigraphy has not been established, but tuff
T037 represents the silicic units that appear to cap the suite of
mafic lavas that fill the graben structure (Manninen et al., 2008).
We interpret the younger 180 + 3 Ma population of four zircons
in TO37 to provide the minimum age and a plausible eruption
age estimate for the mafic lavas in the Moatize-Luia graben. Previ-
ous U-Pb ID-TIMS zircon ages of 180.9 + 0.6 Ma and 180.6 + 0.6 Ma
for the Gorongosa syenite intrusion (2°°Pb/2*8U ages recalculated
from Madnttdri, 2008) suggest ~ 182-180 Ma silicic magmatism
was widespread in the Lower Zambezi area (Fig. 1b).

We interpret the 188.4 + 0.9 Ma age of rhyolite TO35 to repre-
sent the formation age of the sampled unit within error. The strati-
graphic position of the rhyolite is unknown, but we suspect it may
represent one of the dikes associated with the nearby Rukore Intru-
sive Suite (Barton et al., 1991; Fig. 1b) for which ID-TIMS dating of
two zircon fractions from a granite has yielded ages of 189 + 1 Ma
and 186 + 1 Ma (2°°Pb/?28U ages recalculated from Manttiri, 2008).
Our tuff sample T037, and possibly the peperite sample DO0O6B,
appear to register coeval early phase silicic magmatism in the
Lower Zambezi, whereas possible mafic age-correlatives of
the ~ 189-186 Ma silicic magmatism have not been reported in
the Lower Zambezi area. However, preliminary °Ar/>*°Ar age data
suggest ~ 186 Ma mafic intrusive activity in the Gorongosa dike
swarm (Fred Jourdan, personal communication, 2019). Overall,
our results prove that (1) some of the earliest manifestations of
Karoo-related magmatism took place in the Lower Zambezi region,
(2) the exposed Lupata and Moatize-Luia rhyolites and the interca-
lated basalts are part of the Karoo LIP rather than correlatives of
Cretaceous alkaline igneous rocks of southern Malawi (e.g. Eby
et al.,, 1995), and (3) the silicic Mbuluzi Formation and mafic
Movene Formation were formed within a few million years after
the underlying volcanic units of the Lebombo monocline.

5.4. Chronology of Karoo magmatism

Here we examine previous and new age data and discuss the
duration and periodicity of magmatism in the Karoo LIP using pre-
sently available concordant U-Pb and “°Ar/*°Ar plagioclase plateau
ages for different parts of the Karoo province (Figs. 5-6). These ages
include results for two Antarctic samples from an unpublished PhD
thesis (Vuori, 2004) and we provide the U-Pb ID-TIMS data in Sup-
plementary Data S5 with the permission from the author.
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Fig. 5. Compiled U-Pb zircon ages and “°Ar/>°Ar plagioclase plateau ages for the
Karoo LIP. The age data are grouped on the basis of geographical and tectonic
settings (i.e. Karoo-related basins vs. segments of Karoo rift zone) and the
geochemical compositions are indicated (low-Ti mafic, high-Ti mafic, undefined
mafic, silicic). Probability distribution plots for the low-Ti rocks of the Karoo basins
and the low-Ti and high-Ti rocks of the Karoo rift zone are shown at the base. The
ages of the studied samples (bold) and units mentioned in the text (e.g. the
Okavango dike swarm, the Shadi-Shadi lava suite, and the Moshesh’s Ford unit) are
indicated. Ages with thick error bars are averages of several samples (see section
5.4.) and the average U-Pb age 182.8 + 0.6 Ma of the main Karoo Basin sills is based
on Svensen et al. (2012), Sell et al. (2014), Burgess et al. (2015), and Greber et al.,
2020. The vertical bands P1-P4 indicate the previously proposed early, main, late,
and waning phases of magmatism (Moulin et al., 2017). The other age data are from
Jourdan et al. (2004, 2005, 2006, 2007b,c, 2008), Jones et al. (2001), Le Gall et al.,
(2002); Zhang et al. (2003), Mdnttdri (2008), Luttinen et al. (2015), Moulin et al.
(2017), Luttinen (2021), Greber et al. (2020); Romu (2019), and Vuori (2004;
Supplementary Data S5). The “CAr/>*°Ar ages are shown relative to the K-decay
constants of Renne et al. (2011). Age error bars correspond to 2G.

The chronological data exhibit a wide spread of ages. Generaliz-
ing, the ages define a negatively skewed and spiked probability
density  distribution pattern around the main peak
between ~ 182 and ~ 183 Ma (Supplementary Data S2). Overall,
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Fig. 6. Variations in Mg-number, TiO,, SO,, and CO, in Karoo basin and rift zone
tholeiites. In a) the Mg-number of Karoo tholeiites is cation ratio 100*MgO/
(MgO + 0.9FeOyora) and the low-Ti vs. high-Ti boundary is after Jourdan et al.
(2007a). The contents of SO, and CO, in b) Karoo basin low-Ti tholeiites and c)
Karoo rift zone low-Ti and high-Ti tholeiites are calculated on the basis of TiO,,
FeOyota, and Nb contents using the equations of Thordarson et al. (2003) and
LeVoyer et al. (2017). Geochemical data for Karoo LIP (n = 819) are from the
compilation of Luttinen (2018).

the maxima at ~ 189 Ma, ~183 Ma, ~181 Ma, ~179 Ma,
and ~ 177 Ma broadly correspond to the periodicity (phases 1-4)
recently proposed by Moulin et al. (2017). Given that the maxima
at ~ 181 Ma, 179 Ma, and ~ 177 Ma represent individual
high-precision U-Pb dates (Sell et al., 2014; Greber et al., 2020),
the purported late phase (P3) and waning phase (P4) cannot be
readily distinguished from the main phase (P2). Separate examina-
tion of the U-Pb dataset highlights the clustering of the ages
at ~ 183-182 Ma on one hand, and the wide scatter of the high-
precision ages on the other hand (Supplementary Data S2). In com-
parison, the “°Ar/*°Ar ages define a normally distributed pattern
around a peak at 182-181 Ma. Bearing in mind the geochemical
provinciality of the Karoo LIP (Fig. 1; Luttinen, 2018), we focus
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our discussion on the chronology of magmatic activity within the
large Karoo basins (main Karoo Basin, Kalahari Basin) and the
Karoo rift zone (African and Antarctic rifted margins, Okavango
dike swarm, Lower Zambezi) (Figs. 1 and 5).

5.4.1. Timing of magmatism in the Karoo basins

The age probability distribution suggest magmatism in the
Karoo basins mainly took place at ~ 183-182 Ma (Fig. 5). Moulin
et al. (2017), however, argued for a distinctive early phase (P1) of
Karoo magmatism on the basis of a single 190 + 2 Ma “°Ar/>°Ar
age for a Moshesh’s Ford low-Ti lava unit at the base of the Barkly
East Formation, Lesotho (Fig. 5). Other examples of early phase
magmatism have not been reported from the Karoo basins, but
the presently available chronological data permit coeval emplace-
ment of some sills in the main Karoo Basin and indicate contempo-
raneous magmatism in the Karoo rift zone (Fig. 5; section 5.4.2.).

High-precision U-Pb ID-TIMS single grain ages indicate
emplacement of dolerite sills across the main Karoo Basin between
1834 + 0.2 Ma and 182.3 = 0.6 Ma, possibly within<0.5 Ma
at ~ 183 Ma (Svensen et al., 2012; Sell et al, 2014; Burgess et al.,
2015; Greber et al., 2020) (Fig. 5). This is widely regarded to repre-
sent the main phase (P2) of Karoo magmatism. Conventional U-Pb
ID-TIMS ages (183.7 + 0.6 Ma and 182.5 + 0.4 Ma; Encarnacion
et al.,, 1996; Svensen et al., 2007) have a similar range, and while
the “°Ar/?°Ar ages for the sills (186 + 2 Ma to 178 + 1 Ma;
Jourdan et al, 2008) show a wider spread, they mainly
overlap within error with the U-Pb data (Fig. 5). The preferred
183.3 + 0.7 Ma (average of 5; Jourdan et al., 2007c) and 181.9 £ 1.
0 Ma (average of 3; Moulin et al., 2017) average “°Ar/>°Ar ages of
the extrusive Lesotho Formation support emplacement of the main
Karoo Basin low-Ti tholeiitic lavas during this time (Fig. 5).
While ~ 183 Ma “°Ar/3°Ar ages are also widespread in the Kalahari
Basin, the °Ar/>°Ar age data for the 800-m-thick Shadi-Shadi low-
Ti basalt succession in the southeastern part of the Kalahari Basin
are indicative of eruption mainly at 180.3 + 0.5 Ma (average of 8;
Jourdan et al., 2005). The young ages from the Kalahari Basin,
and perhaps the single ~ 178 Ma age from the main Karoo Basin
(Fig. 6), thus indicate generation of significant volumes of low-Ti
tholeiites in parts of the Karoo basins during the late phase (P3)
of magmatism (Fig. 5). The widespread occurrence of ~ 183-182
Ma capping high-Ti basalts across the Kalahari Basin (Fig. 5; sec-
tion 5.4.2.; Jourdan et al., 2007a) suggests, however, that eruptions
of late phase low-Ti lavas in the Karoo basins may have been lar-
gely limited to the vicinity of the Shadi-Shadi locality.

5.4.2. Timing of magmatism in the rift zone

The age probability distribution suggest magmatism in the
Karoo rift zone was periodic (Fig. 5). The “°Ar/*°Ar ages of
189 + 2 Ma to 186 * 2 Ma for low-Ti and high-Ti dikes in Vestfjella,
the Dronning Maud Land subprovince (Luttinen et al., 2015), and
our 188.4 £ 0.9 Ma age for rhyolite T035 and the 190 + 2 Ma zircons
in tuff TO37 in Lower Zambezi, and probably the ~ 186 Ma U-poor
zircon core in granite KBM6 from Vestfjella record onset of Karoo
rift zone magmatism during the early phase (P1) (Fig. 5). Broadly
similar “°Ar/?>°Ar ages have been reported elsewhere in the Dron-
ning Maud Land subprovince, but they do not fulfill the criteria
of reliable magma crystallization ages (e.g. Riley et al., 2005,
2009; Curtis et al., 2008) and are excluded from our compiled data.
Bearing in mind the textural evidence of bimodality in the silicic
rocks of Lower Zambezi (Manninen et al., 2008), our new ages indi-
cate the region of early phase (P1) mantle and crustal melting
extended across the entire length of the Karoo rift zone.

The ages for rift zone magmatism peak between ~ 184 Ma and
178 Ma, with narrow spikes at ~ 181 Ma, ~179 Ma, and ~ 177 Ma
representing sparse high-precision U-Pb data (Sell et al., 2014;
Greber et al., 2020) (Fig. 5). Generalizing, relatively few rift zone
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ages correlate with the main phase (P2). However, the
182 + 1 Ma U-Pb ages of two gabbro dikes from Vestfjella (ID-
TIMS; Luttinen et al., 2015) and the 181.7 + 1.0 Ma age of the
Lupata tuff DO0O5B are indistinguishable from the main phase. Fur-
thermore, the “°Ar/>*°Ar data indicate that several high-Ti basalts
and dikes from the Tuli Basin and some of the high-Ti dikes of
the North Lebombo swarm are likely coeval with the main phase
(Fig. 5). Generation of high-Ti magmas during the main phase is
also recorded by the high-Ti capping basalt unit atop of a thick suc-
cession of low-Ti basalts in the Kalahari Basin (Jourdan et al.,
2007a) (Fig. 5). These lavas were probably fed by the coeval first
intrusive stages of the high-Ti Okavango dike swarm.

The giant Okavango dike swarm is currently the best-dated
major structural component of the rift zone; the preferred
181 £ 1 Ma emplacement age of its high-Ti dikes (Jourdan et al.,
2007c¢) is based on fifteen “°Ar/*°Ar ages (Le Gall et al., 2002;
Jourdan et al., 2004, 2005). Evaluation of the “°Ar/*°Ar data reveals
that the ages of the high-Ti tholeiitic Batoka basalts (Jones et al.,
2001) and Kirwanveggen dikes (Zhang et al., 2003) as well as the
low-Ti tholeiitic Utpostane layered intrusion (average of five ages;
Zhang et al., 2003) and Sembberget basalts (Luttinen, 2021) are
indistinguishable from the preferred age of the Okavango dikes
at 181 + 1 Ma (Fig. 5), which indicates a notably widespread pulse
of mafic late phase (P3) magmatism in the rift zone. The high-Ti
Batoka basalts occur outside of the main rift structure (Fig. 1),
but they can be linked to the Okavango dike swarm on the basis
of similar high-Ti compositions (Jones et al., 2001; Jourdan et al.,
2007a) and the WNW magma flow directions in the dike swarm
(Hastie et al., 2014). In Vestfjella, a U-Pb ID-TIMS zircon age of
179.9 £ 0.6 Ma from the Marginal Zone of the Utpostane layered
intrusion (?°°Pb/?38U age recalculated from Vuori, 2004;
Supplementary Data S5) is marginally younger than the 181.2 + 0.
5 Ma “°Ar/*°Ar age of the intrusion interior (Zhang et al., 2003).
This may relate to long-lived evolution of the > 3-km-thick magma
body, or possible Pb-loss from the notably U-rich zircons
(>5,000 ppm). These observations and the predominance
of ~ 181-179 Ma ages in the Tuli Basin and North Lebombo sup-
port correlation of the mafic volcanic and intrusive rift zone rocks
mainly with the late phase (P3).

The 181.7 + 1.0 Ma to 178 + 2 Ma ages of the Lupata, Moatize-
Luia, and Mbuluzi rhyolites add on to evidence of widespread sili-
cic rift zone magmatism. These ages overlap with the 181.3 + 0.2
Ma to 179.3 + 0.2 Ma U-Pb ID-TIMS and “°Ar/*°Ar age range of
the voluminous Lebombo rhyolites (Jourdan et al., 2007b; Sell
et al., 2014; Greber et al., 2020). This result is important for two
reasons. First, it shows that the eruptions of the bimodal volcanic
successions of Lower Zambezi and the Movene Formation,
Lebombo monocline (Fig. 1), were associated with the main (P2)
and late phases (P3) of Karoo magmatism (see section 5.3.). Second,
it indicates penecontemporaneous emplacement of silicic magmas
across the entire length of the rift zone. This is further supported
by the 181.2 + 0.8 Ma and 179.9 + 0.9 Ma ID-TIMS ages for a cross-
cutting granophyre dike in the Utpostane layered intrusion, Vestf-
jella (?°°Pb/?38U ages recalculated from Vuori, 2004;
Supplementary Data S5) (Figs. 1 and 5).

The waning phase (P4) of Karoo-related magmatism is limited
to the Karoo rift zone and has been previously recognized on the
basis of 175.5 + 0.7 Ma to 174 + 2 Ma “°Ar/3°Ar ages of the youngest
Lebombo dolerites, including the Rooi Rand dikes (Jourdan et al.,
2007b), and the ~ 178 Ma and ~ 176 Ma “°Ar/>°Ar (hornblende
and biotite; Jourdan et al., 2007b) and 176.84 + 0.06/0.2 Ma U-Pb
ID-TIMS (Greber et al., 2020) ages for silicic intrusive plugs in the
Mwenezi area (Fig. 5). We consider the 172 + 2 Ma Sica Beds rhy-
olite (23192A) and possibly the 165.0 + 0.9 Ma Vestfjella granite
(KBMBS) to represent the waning stage. The “°Ar/>*Ar chronology
of the Antarctic rifted margin provides further evidence of waning
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magmatic and tectonic activity, i.e. the ~ 162 Ma emplacement of
lamproite dikes (phlogopite ages, Luttinen et al., 2002), ~173-
154 Ma alteration of dolerite dikes (plagioclase alteration plateau
ages, Luttinen et al., 2015), and ~ 154-142 Ma amygdule mineral-
ization (microcline ages, Zhang et al., 2003). We point out, how-
ever, that it is difficult to define whether some of the youngest
events were directly associated with the same geodynamic process
that produced the Karoo province.

5.5. Implications of chronology for the origin and environmental
impact of the Karoo LIP

Igneous rocks related to the Karoo basins and Karoo rift zone
show contrasting geochemical characteristics (e.g. Duncan et al,,
1984; Jourdan et al.,, 2007a; Luttinen, 2018). Consequently, the
periodicity of magmatism inferred from the age data has important
implications for the origin and environmental impact of the Karoo
LIP. Overall, the chronological and geochemical data on the least-
contaminated rock types point to tapping of depleted upper mantle
during the early phase in the rift zone (e.g. Heinonen et al., 2010b;
Luttinen et al., 2015) and different kinds of primitive and enriched
lithospheric mantle or plume sources during the main phase mag-
matism in the Karoo basins and the late phase magmatism in the
rift zone (Ellam et al., 1992; Sweeney et al., 1994; Ellam, 2006;
Jourdan et al., 2007a; Kamenetsky et al., 2017; Howarth and
Harris, 2017; Luttinen, 2018; Turunen et al., 2019; Ashwal et al.,
2021). Here we focus on the implications of compositional variabil-
ity in the different magmatic phases for the environmental impact
of the Karoo LIP.

The formation of LIPs has been associated with major environ-
mental crises and mass extinctions (e.g. Ernst and Youbi, 2017;
Kasbohm et al., 2021) and the rapid emplacement of the main
Karoo Basin low-Ti tholeiites correlates with the Pliensbachian-
Toarcian extinction event at ~ 183 Ma (e.g. Svensen et al., 2007,
2012). Judging from the dispersion of reliable age data (Fig. 5), it
seems possible that the other phases of magmatism could also
have been linked to recurrent Pliensbachian and Toarcian extinc-
tion events dated at ~ 186 Ma, ~184 Ma, ~183 Ma, ~182-
181 Ma, ~181-180 Ma, and ~ 179-178 Ma (Caruthers et al.,
2013). Degassing of volatiles into atmosphere has been recognized
as the main culprit of global climate change and biosphere collapse
during LIP magmatism and the impact of volcanic volatiles
depends on the contents, compositions, fluxes of the released gases
and their atmospheric circulation (e.g. Self et al., 2005). These are
mainly controlled by the mantle sources, emplacement mecha-
nisms, and volumes of the magmas in addition to the duration,
rate, and style of eruptions, and the interactions between magmas
and volatile-rich sedimentary rocks.

In the Karoo LIP, the low-Ti tholeiitic suite of the Karoo basins
and the low-Ti to high-Ti tholeiitic suite of the Karoo rift zone
(Fig. 6) represent of two compositionally, geographically, and
chronologically distinct parts the degassed volcanic edifice (Figs. 1
and 5; Luttinen, 2018).

Here we evaluate the fluxes of SO, and CO, from these Karoo
subsystems. In the absence of direct measurements, we have esti-
mated the mantle-derived volatile contents in undegassed mafic
magmas using the compilation of geochemical data in Luttinen
(2018) (Fig. 6). Based on the Thordarson et al. (2003) equation S
(ppm) = 516 + 5806 x TiO,/FeOt and the calibration of LeVoyer
et al. (2017) for the CO,/Nb (=557 = 79) proxy, the undegassed
SO, and CO, contents of the low-Ti tholeiitic magmas that were
emplaced within the Karoo basins and the Karoo rift zone were rel-
atively low (0.20-0.26 wt% and 0.2-0.5 wt%, respectively). In com-
parison, the undegassed SO, and CO, contents of the high-Ti
tholeiites associated with the rift zone were roughly twice as high
(mainly 0.30-0.50 wt% and 0.5-1.5 wt%, respectively). It is more
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difficult to constrain the original volume of the rocks that under-
went degassing, but the total magmatic volume of the Karoo LIP
has been estimated to be over 10 million km> and the size of the
volcanic edifice may have been up to 5 million km® (White,
1997). Presently, the exposures of Karoo basin low-Ti tholeiites
occur over an area of ~ 500,000 km? (Smith, 1990; Jourdan et al.,
2007a) and, judging from the tight Gondwana reconstruction in
Fig. 1, the area of the main rift zone and the associated Okavango
dike swarm and related lavas was of the same order. The preserved
maximum thickness of the mafic lava pile is ~ 1.5 km in the Karoo
basins (Marsh et al., 1997; Jourdan et al., 2007a) and up to 5 km in
the rift zone (Klausen, 2009; Luttinen, 2021). Based on these con-
straints, we conclude that the erupted volume in the Karoo rift
zone may have been broadly similar to or even larger than in the
Karoo basins. To estimate the scale of magmatic degassing in the
Karoo LIP, we assume the eruptive volumes of the Karoo basin
lavas and the Karoo rift zone lavas were similar and together com-
prised a total of 2.5 million km>. On the basis of the volcanic
stratigraphy of the Lebombo monocline (Sweeney et al., 1994),
we further approximate that the volume ratio of low-Ti relative
to high-Ti tholeiites in the rift zone was 1:1 or less. Using average
density of 2.8 g/cm? for the mafic rocks and 70-80% degassing effi-
ciency of the magmas (cf. Thordarson et al., 1996), these estimates
indicate that the release of SO, from mantle into the atmosphere
due to degassing was ~ 4.9-7.3 Tt in the Karoo basins and
~ 6.1-10.6 Tt in the Karoo rift zone. The corresponding values
for CO, are ~ 4.9-14.0 Tt and 8.6-28.0 Tt, respectively. In compar-
ison, the release of magmatic SO, in the ~ 3 Mkm? Siberian Traps
LIP has been estimated as 12.6-15.6 Tt on the basis of volatile anal-
yses from melt inclusions (Black et al., 2012), which suggests to us
that our values for the mafic Karoo magmatism are realistic.

In the case of voluminous silicic rift zone magmatism, the met-
aluminous to peraluminous compositions of the Lebombo and
Lower Zambezi rhyolites (Miller and Harris, 2007; Melluso et al.,
2008; Manninen et al., 2008) are suggestive of low SO,
(~200 ppm; Scaillet and Macdonald, 2006) and CO, contents
(<500 ppm; Lowenstern and Hurwitz, 2008) in the undegassed sili-
cic magmas. Using these values and average density of 1.22 g/cm®
for the silicic rocks (ignimbrite from Self et al., 2004), we obtain a
potential release of 7.3 Gt of SO, and < 18.3 Gt of CO, just from the
estimated 30,000 km? minimum volume of Lebombo silicic rocks
(Cleverly et al., 1984). Taking into account the occurrence of silicic
rocks in the Tuli, Lower Zambezi, and Dronning Maud Land parts of
the rift zone, we regard that the original volumes of silicic volcanic
rocks and the amounts of released volatiles were probably up to
two times larger.

Our calculations suggest that the overall volumes of magmatic
degassing in the Karoo basins and in the Karoo rift zone were
broadly similar. Our modelling does not take into account the vola-
tile contribution from assimilation of crustal rocks and ‘cryptic’
degassing of shallow intrusions (Armstrong McKay et al., 2014),
but we regard the influence of these processes was uniform across
the Karoo LIP (e.g. Luttinen, 2018). The role of volatiles liberated
from the crustal wall-rocks of the intrusions by contact metamor-
phosis presents a critical unknown in the comparison of volatile
fluxes in the Karoo basins and the Karoo rift zone (e.g. McElwain
et al., 2005). Svensen et al. (2007) proposed potential release of
27 Tt of CO, from the sedimentary wall-rocks of the low-Ti sills
of the main Karoo Basin. Carbon-bearing sedimentary rocks also
occur in the rift zone (e.g. Hjelle and Winsnes, 1972; Bordy and
Prevec, 2015), but their limited exposure renders estimation of
the possible sedimentary CO, reservoirs in the rift zone unfeasible.

The environmental impact of volatiles is highly dependent on
the overall duration of magmatism and the eruption rates and
styles of individual volcanic units which control the atmospheric
circulation of the volatiles (e.g. Self et al., 2005). We consider that
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the greatest part of Karoo LIP was formed during the main and late
phases of magmatism (Fig. 5) and we focus our discussion on them.

The chronological data indicate that the low-Ti tholeiites in the
Karoo basins were mostly rapidly emplaced during the main phase
of magmatism (Svensen et al., 2012), but the volcanic pile of the
main Karoo Basin is composed almost entirely of compound flow
fields of braided-type and tabular pahoehoe (Jay et al., 2018). This
indicates slow effusion rates (Single and Jerram 2004) and release
of volcanic gas into lower atmosphere mainly from lava flow sur-
face (Self et al., 2005), which would have limited the circulation
of volatiles and their environmental impacts considerably.

In the case of the Karoo rift zone, we consider that the clustering
of the ages of widespread high-Ti and low-Ti tholeiites at
181 + 1 Ma (Fig. 5) implies rapid formation of the majority of the
lavas and intrusions during the late phase. Moreover, detailed vol-
canic stratigraphy indicates that the late phase low-Ti lava succes-
sions in Antarctica are typically composed of over 20 m thick
pahoehoe sheets (Harris et al., 1990; Luttinen et al., 2010;
Luttinen, 2021). Many of these lava units have rubbly flow top
breccias indicative of very high eruption rates capable of high fire
fountaining and efficient transport of gases into the atmosphere
(Self et al. 1998; Harris and Rowland 2009; Keszthelyi et al.
2006). While the estimated total volume of SO, and CO, release
from silicic magmas pales in comparison with the likely volatile
release from the mafic magmas, the main body of the silicic rocks
was emplaced within a relatively short period as several large Pli-
nian or Ultraplinian eruptions (Troch et al., 2020), which facilitated
efficient transport of gases into the upper atmosphere (Self et al.
1998; Harris and Rowland 2009; Keszthelyi et al. 2006).

On the basis of the low volatile contents and eruption rates
indicated for the main phase low-Ti magmatism, we concur with
Svensen et al. (2007) in that explosive release of sediment-
derived gases recorded by the abundant breccia pipes associated
with sills in the main Karoo Basin, and probably in the coeval Fer-
rar LIP (e.g. McElwain et al., 2005), may have been the key trigger
of the Toarcian-Pliensbachian global biosphere crisis. We empha-
size that the Karoo rift zone magmas probably also released high
amounts of volatiles into atmosphere. The largest volume of rift
zone magmas appears to have been related to the late phase of
igneous activity that was typified by volatile-rich high-Ti magma-
tism and, at least occasionally, high eruption rates capable of effi-
cient degassing. Combined with repeated explosive release of
volatiles from silicic eruptions, the late phase mafic magmatism
in the Karoo rift zone provides a plausible cause for 182-178 Ma
extinction events (Caruthers et al., 2013). Finally, the high extinc-
tion rates prior to the main phase (Caruthers et al., 2013) implies
to us that the widespread > 185 Ma early phase Karoo magmatism
may have contributed to Pliensbachian extinctions and may well
represent a larger portion of the Karoo LIP than suggested by the
bedrock exposures and presently available chronological data.

6. Conclusions

Our 190 + 2 Ma, 188.4 + 0.9 Ma, 181.7 £ 1.0 Ma, 180 + 3 Ma,
178 £ 2 Ma and 172 + 2 Ma U-Pb ages and Lu-Hf isotopic data on
zircons in silicic rocks support episodic and long-lived magmatism
in the main rift zone of the Karoo LIP. Inherited 2722 - 381 Ma zir-
cons are present in many samples and most of the Jurassic zircons
have negative initial eyf values suggestive of predominant magma
sources in the crustal basement.

The emplacement ages cannot be precisely defined due to rela-
tively low Pb contents, limitations of the dating method, and the
presumably complex and multistage evolution of the silicic intru-
sive and volcanic rocks. Nevertheless, the U-Pb ages make a strong
case for melting of crust at ~ 190-186 Ma, and, by inference, they
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support previous “°Ar/>*°Ar evidence for emplacement of coeval
mantle-sourced magmas during an early phase of Karoo LIP mag-
matism (Luttinen et al., 2015; Moulin et al., 2017).

Our results also add on to evidence of widespread bimodal rift
zone magmatism in the period 182-178 Ma and correlate the
Movene Formation and Lower Zambezi successions with the late
phase. The age ranges of Hf isotopically uniform zircons in several
samples point to formation of long-lived ~ 190-180 Ma magma
transport and storage systems in the Lower Zambezi.

In the Karoo LIP, the geographical distribution of different ages
is generally compatible with shifting of the locus of magmatic
activity from the main Karoo Basin and Kalahari Basin to the rift
zone during the late phase. However, the sparsity of age data for
the African and Antarctic rifted margins still constitutes a critical
uncertainty in the geochronology of the Karoo.

We calculate from geochemical data that the mafic main phase
magmas were relatively poor in CO, and SO, and note that the lava
stacking patterns point to low eruption rates, which supports
degassing of sedimentary wall-rocks of intrusions as the main trig-
ger of coeval Pliensbachian-Toarcian extinction as suggested by
Svensen et al. (2007). In contrast, the mafic late phase magmas
were rich in CO, and SO, and at least some of the lavas suggest
high eruption rates. We propose that the Karoo rift zone was typ-
ified by efficient degassing from widespread mafic magmatism and
explosive eruption of > 30,000 km® of silicic magmas at ~ 182-1
78 Ma, which associates the late phase magmatism with contem-
poraneous global biosphere crises (Caruthers et al., 2013).

The compositional diversity of early, main, and late phase mag-
mas attests to the fact that the Karoo LIP is a profoundly complex
system and models that advocate single sources or contemporane-
ous magma emplacement for the widespread igneous rocks are
unwarranted and oversimplified. Along with further dating and
geochemical research, detailed mapping of lava stacking properties
and direct measurements of magmatic volatiles in different sub-
provinces will be required for quantitative assessment of the ori-
gin, evolution, and environmental impacts of Karoo magmatism.
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