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The emplacement of Large Igneous Provinces (LIPs) is commonly correlated with global climate change, 
and environmental and biological crises. To establish this complex causative link, chemical proxies 
from marine sedimentary sections must be temporally tied to LIP activity through high-precision 
geochronology. The temporal link is often ambiguous, especially as periods of environmental change are 
commonly shorter than the full duration of magmatic and volcanic activity in a LIP. Most importantly, 
temporal relations need to be established through precise and accurate U-Pb geochronology; however, 
mafic rocks are often undersaturated in zircon or baddeleyite. New U-Pb age determinations of pegmatitic 
pods from Karoo LIP dolerite sills into the Ecca Group of the Karoo Basin yield single crystal dates with 
uncertainties below 50 ka, which allow for a new, detailed assessment of this intrusive event. These 
samples yield complicated age spectra and Hf geochemistry, which indicate that localized assimilation 
of sedimentary rocks enabled zircon saturation within these mafic melts. Zircon crystallization age 
interpretations from these data indicate that sill emplacement within the Ecca Group was coeval across 
the basin within uncertainty of U-Pb dating, and therefore represents a period of particularly high magma 
flux. Since the Ecca Group is locally exceptionally rich in organic matter, the widespread and rapid 
sill-related contact metamorphism generated a significant volume of thermogenic volatiles. Given the 
temporal overlap of the emplacement of sills between 183.147 ± 0.059 Ma and 183.187 ± 0.133 Ma and 
the timing of the global Toarcian Oceanic Anoxic Event (TOAE), our data support a causal link between 
this discrete period of high flux emplacement of Karoo sills into the Ecca Group and the global climate 
change that took place during the Early Jurassic.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Large igneous provinces (LIPs) are composed of massive vol-
umes of lava flows and extensive plumbing systems including 
sills and dikes, commonly driven by deep mantle processes (e.g., 
Bryan and Ernst, 2008). Many of these voluminous events in 
Earth’s history have also been commonly associated with extinc-
tion events and perturbations in global climate (e.g., Bond and 
Wignall, 2014), leading to an abundance of research investigating 
these ties through geologic time. The degassing of these volu-
minous magmas during ascent and crystallization can contribute 
an abundance of mantle-derived volatiles to the atmosphere (e.g., 
CO2, SO2, HCl, HF; Capriolo et al., 2020). Volatile release can in-
duce global warming depending on the fluxes, volumes and atmo-
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spheric residence times of these gases, and subsequent weathering 
of basalt results in long term cooling due to CO2 fixation into alter-
ation minerals (e.g., Self et al., 2014). Workers have recognized that 
the release of “thermogenic” CH4, CO2, SO2 and CH3Cl from con-
tact metamorphosed carbon-rich or evaporitic sedimentary rocks 
is an important process to explain global climate change contem-
poraneous to LIP magmatism (e.g., Svensen et al., 2007; Aarnes et 
al., 2010). Thus, the injection of large volumes of both magmatic 
and thermogenic isotopically light carbon can explain the observed 
negative carbon isotope excursions, which provide the causal link 
between LIPs and global climatic and environmental change.

Recent high-precision geochronology studies have suggested at 
least partial decoupling of LIP activity and periods of extreme car-
bon cycle variations (e.g., De Lena et al., 2019), while the syn-
chronicity of LIPs and environmental perturbations have been con-
firmed in other examples (e.g., Burgess et al., 2015; Schoene et al., 
2019; Kasbohm et al., 2021). In addition, LIPs are incredibly large 
in scale, commonly over 1 Mkm3, and therefore the development 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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of robust, high-precision geochronology datasets are necessary to 
truly characterize these relationships. The durations of climate per-
turbations and related extinction events are far shorter than the 
observed lifespan of individual LIPs, and as result any connection 
between the two is likely due to discrete periods of high magma 
flux during LIP emplacement (e.g., Burgess et al., 2017; Schoene 
et al., 2019). Therefore, new and precise geochronology data are 
required to better explore the potential causality of LIPs for envi-
ronmental change.

The intrusive component of the Karoo LIP, in large part em-
placed in Late Carboniferous to Early Jurassic sedimentary strata 
of the Karoo Basin in South Africa, serves as an excellent case 
study to investigate the connections between LIPs and climate 
change, as the subvolcanic domain is well-exposed and drilled. Pre-
vious geochronology has indicated this magmatic activity as coeval 
with the presumably global Toarcian Oceanic Anoxic Event (TOAE; 
e.g., Svensen et al., 2012; Sell et al., 2014; Burgess et al., 2015; 
Corfu et al., 2016; Greber et al., 2020). Recent advances in U-Pb 
geochronology allow a temporal resolution (±2σ ) of as low as 
50,000 years for individual zircon in this age range. Therefore, our 
ability to temporally correlate the release of thermogenic volatiles 
into the atmosphere during sill emplacement with marine anoxia 
has improved significantly. The Ecca Group contains organic-rich 
sedimentary rocks across the basin and is suggested to represent 
the main carbon source behind the Toarcian carbon cycle pertur-
bations (Svensen et al., 2007). Contact metamorphism and sub-
sequent degassing through hundreds of pipe structures may have 
released more than 7,000 Gt CO2 to the atmosphere, with an upper 
range of above 50,000 Gt (e.g., Svensen et al., 2007; Aarnes et al., 
2010; Galerne and Hasenclever, 2019; Svensen et al., 2020). While 
existing geochronology from the Karoo Basin has already shown 
concurrence between the LIP emplacement and the Early Jurassic 
climate change, more high-precision geochronology is needed to 
gain a better understanding of the timing and the tempo of sill em-
placement and subsequent contact metamorphic volatile release.

We dated dolerite sills emplaced in the Ecca Group of the Ka-
roo Basin, and present geochemical and textural data of zircon and 
baddeleyite to test for a causal relationship with the TOAE. Our 
new data show that the crystallization of zircon within mafic LIP 
sills can be far more complicated than simple fractionation of a 
silicic melt from differentiation of mafic melts, but instead records 
a history of incorporating sedimentary host rocks through melt-
ing and pore fluids into crystallizing magma. The incorporation 
of xenocrystic zircon at the emplacement level, combined with 
unmitigated Pb-loss due to elevated U concentrations, generates 
complicated U-Pb age spectra; however, these spectra can yield age 
plateaus representative of crystallization age. We interpret these 
ages to reflect coeval emplacement of mafic sills throughout the 
Ecca Group within analytical uncertainty, indicating they caused 
a rapid injection of massive volumes of basin-derived carbon into 
the atmosphere. Given that these ages are all within uncertainty 
of the TOAE, we support that the devolatilization of shales in the 
Ecca Group may have been causative for global climate perturba-
tions within the Toarcian.

2. Geological setting

The Karoo LIP includes extrusive and intrusive rocks spread 
across southern Africa and western Antarctica (e.g., Duncan et al., 
1997), with the main volume focused on the Karoo basin and em-
placed during a brief time interval in the Jurassic (e.g., Svensen et 
al., 2012; Greber et al., 2020). The intrusive component is charac-
terized by an extensive sill and dike network within the clastic 
sedimentary rocks of the Karoo Basin, covered by the Drakens-
berg Group flood basalts. While the Dwyka, Beaufort and Storm-
berg groups are composed predominantly of siltstones and sand-
2

stones, the Ecca Group is the only portion of the Karoo Basin with 
abundant organic-rich shales (Fig. 1). The LIP sills currently com-
prise approximately 30% of the Karoo Basin’s thickness, exposed as 
saucer-shaped (e.g., the Golden Valley sill), nested intrusions in the 
upper part of the stratigraphy (Fig. 1; e.g., Neumann et al., 2011; 
Svensen et al., 2014). The sills in the Ecca Group are predominantly 
extensive (>200 km) planar sheets, emplaced concordantly within 
the sedimentary host rocks, and are the thickest sills in the basin. 
These sills represent 160,000 km3 of the estimated 340,000 km3

of intrusions emplaced within the basin (Svensen et al., 2012).
While many early studies of Karoo geochronology utilized Ar-

Ar techniques (e.g., Duncan et al., 1997; Jourdan et al., 2008), 
recent efforts on understanding the timing of the Karoo Basin in-
trusions have focused on U-Pb dating of zircon, either separated 
from coarse-grained intrusions found in the upper stratigraphy, or 
from pegmatitic pods within fine-grained intrusions (Svensen et 
al., 2012; Sell et al., 2014; Burgess et al., 2015; Greber et al., 2020). 
An exhaustive zircon U-Pb study from pegmatites indicated that 
the sills were emplaced from 183.0 ± 0.5 to 182.3 ± 0.6 Ma, with 
little temporal dispersion within individual samples (Svensen et al., 
2012).

The emplacement of dolerite sills in the Karoo Basin caused 
widespread volatile release from contact metamorphism and pore 
fluid heating, leading to phreatic and phreatomagmatic activity 
(Svensen et al., 2006, 2007). Within the Ecca Group, the fluid re-
lease led to fracturing and brecciation, and the formation of breccia 
pipes and clastic dikes (Svensen et al., 2010, 2020). Previous work 
on the contact areoles around sills in the Ecca Group indicated that 
the degassing and volatilization of shales could have released sig-
nificant volatiles into the atmosphere, and due to the shale-rich 
nature of the Ecca Group, it is the most significant potential con-
tributor of thermogenic gas from the Karoo basin (e.g., Svensen 
et al., 2007; Aarnes et al., 2010; Galerne and Hasenclever, 2019; 
Svensen et al., 2020).

3. Methods

Samples for geochronology were collected during fieldwork in 
2008, targeting pegmatitic patches in dolerite sills in quarries and 
road cuts across the basin. Additional coarse sill samples were col-
lected from the QU1/65 borehole at the core library of the Coun-
cil for Geoscience in Pretoria, South Africa. The QU1/65 borehole 
contains ten sills (representing 22% of the drilled strata), includ-
ing nine emplaced within the Ecca Group (Svensen et al., 2014). 
All samples were crushed in a tungsten mill, sieved to less than 
300 μm, and then concentrated to heavy minerals using a Wil-
fley table, Frantz magnetic separation and heavy liquids. Backscat-
ter electron (BSE) and cathodoluminescence (CL) images were ac-
quired using a JOEL JSM7001F Thermal Field Emission SEM (Schot-
tky electron gun) at the University of Geneva. Mineral inclusions in 
zircon were identified using energy dispersive spectroscopy (EDS). 
These techniques were used to characterize the internal textures 
and the inclusions within the crystals, in order to understand po-
tential growth processes.

Baddeleyite and zircon were prepared and analyzed for ID-TIMS 
U-Pb geochronology using the methods detailed in Appendix Text 
1. Reported 206Pb/238U dates were corrected for initial 230Th dis-
equilibrium. Earthtime 100 Ma standard solution analyzed during 
the period of these analyses yielded a 206Pb/238U date of 100.176 
± 0.006 Ma (MSWD = 2; n = 22), within uncertainty of the 
recently reported inter-laboratory calibrated value of 100.173 ±
0.003 Ma for this solution (Schaltegger et al., 2021).

Detailed methods for Hf isotope measurements can be found 
in Appendix Text 2. Data reduction to obtain the 176Hf/177Hf ra-
tio included on peak zero baseline correction, correction for mass 
bias induced by the mass spectrometer measurement, correction 
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Fig. 1. Geological map (A) and cross section (B) of the Karoo Basin, showing the sampling sites of sills in the Ecca group dated in this study. The line defined by A-A′ on the 
map represents the cross section shown in Fig. 1B. Map and cross section modified from Svensen et al. (2012). (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)
of isobaric interferences of 176Lu and 176Yb on 176Hf and an off-
set correction by adjusting the 176Hf/177Hf ratio of the sample 
for the observed difference between the measured (0.272167 ±
0.000019, n = 46) and preferred value of the JMC475 Hf standard 
(i.e. 0.282160; Nowell et al., 1998). Due to the low analyte mass of 
zircon following chemical abrasion, Hf signal intensity was com-
monly low, and therefore the uncertainty on individual analyses 
varies, with some low abundance samples yielding higher uncer-
tainties. The average 176Hf/177Hf ratio of all measured Plešovice so-
lutions during the period of sample analyses is 0.28248 ± 0.00002 
(n = 22), which translates to a εHf value of −3.2 ± 0.8 (2SD) 
at an age of 336.79 Ma (Widmann et al., 2019). This is identical 
within error to the proposed value in literature of εHf = −3.5 ±
1.5 (Sláma et al., 2008). All εHf uncertainties discussed in the text 
and shown in figures are reported at the 2σ uncertainty level.

4. Results

4.1. Zircon from pegmatites in the Ecca Group

Samples were collected from pegmatitic pods within dolerite 
sills throughout the Ecca Group, including several samples pre-
viously dated by Svensen et al. (2012) (QU1-2, K08-13, K08-16, 
K08-34), based on past success in isolating zircons from these 
textures. Previous studies were able to isolate zircon from coarse-
3

grained portions of sills in other stratigraphic groups from the 
Karoo Basin (e.g., Svensen et al., 2007, 2012; Burgess et al., 2015; 
Greber et al., 2020), but this was not possible for the Ecca Group 
sills. The challenge of finding zircons in dolerite is illustrated by 
our new work: only two out of the eighteen bulk dolerite sam-
ples newly processed for this study yielded zircon or baddeleyite. 
The dolerites were sampled in a targeted field campaign where 
only pegmatoids were collected. Zircon from the pegmatitic pods 
within the Ecca formation is more abundant, but is of poor qual-
ity. The grains commonly display fractures, inclusions and altered 
domains (Fig. 2). Representative grains imaged using SEM com-
monly host inclusions, including apatite, amphibole, and feldspar. 
Both samples K08-13 and K08-16 had zircon with abundant fluid 
inclusions. Faint zonation was observed in the BSE imagery. In 
CL-imagery, grains did not yield strong cathodoluminescence, and 
therefore only minor zoning was observed and no obvious cores 
were observed in the grains (Fig. 2). Suppressed cathodolumines-
cence in zircon is commonly associated with decay-damage related 
metamictisation.

4.2. ID-CA-TIMS U-Pb geochronology

Chemical abrasion on zircon is commonly done as a partial dis-
solution of thermally annealed grains for 12 hours at 210 ◦C, to 
remove defect domains of zircons which have undergone Pb-loss 
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Fig. 2. Representative zircon imagery from samples QU1-2 (A, C) and K08-13 (B, D, E), showing optical (A & B), secondary electron microscope (SEM; D) and cathodolumi-
nescence (CL; C & E) textures for zircon from pegmatitic pods in dolerite sills emplaced in the Ecca Group of the Karoo Basin. Scale bars are 200 μm for Fig. 2A & B, 20 μm 
for D, E and F. Only few zircon crystals imaged in this study yield significant cathodoluminescence, which is common among metamict zircon. Zircon from samples K08-13 
and K08-16 commonly host abundant fluid inclusions within the grains, which do not appear to be associated with fractures or post-crystallization alteration (D).
or contain inclusions (e.g., Widmann et al., 2019). Unfortunately, 
the zircons in this study rapidly dissolved, with many zircons un-
dergoing complete dissolution in less than 6 hours, pointing to 
elevated U concentrations and a metamict state of the crystal lat-
tice. Therefore, the data presented in this study are from grains 
that have undergone only 6 hours of chemical abrasion at 210 ◦C. 
This duration was chosen as a compromise to at least partly mit-
igate Pb-loss, while retaining enough residual zircon material to 
date.

Individual 206Pb/238U dates of each sample span a consider-
able range and include normally discordant ages both older and 
younger than the main clusters of ages, as well as significant scat-
ter among concordant dates (Fig. 3; Table A.1). A borehole sample 
of the 158 m thick sill intruding along the Ecca-Beaufort contact 
4

(QU1-2) represents the structurally highest intrusion in the Ecca 
group and was sampled at a core depth of 275.5 m. Zircon from 
this sample split into two populations, with two grains dated at 
approximately 184 Ma, and the remaining five grains overlapping 
at approximately 183.2 Ma. Sample QU-65 from a sill in the same 
borehole, 1,398.4 m from the surface, also yielded zircon. Fifteen 
grains were concordant with a large age range (�t = 13.54 Ma), 
from 183.06 to 196.60 Ma and one normally discordant grain at 
194.05 Ma, with a cluster of grains at approximately 183.2 Ma. 
A final drill core sample (674-423) yielded few zircon grains, the 
only grain surviving chemical abrasion yielded a normally discor-
dant 207Pb/206Pb age of 2679.1 Ma. A sample of the upper Ecca 
Group (K08-16) from the eastern margin of the Karoo Basin (Fig. 1) 
yields a large range of single zircon dates (�t =3.15 Ma), without 
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Fig. 3. 206Pb/238U ages for individual zircons for samples from sills in the Ecca group of the Karoo Basin. Vertical bar height is 2σ analytical uncertainties. As a result of these 
complicated age spectra of individual analyses, no sample age is estimated for the several samples (K08-16 and K08-25). For the remaining samples, we present the weighted 
mean and uncertainty for the plateau of grains which overlap within uncertainty (horizontal bars and boxes, respectively). Unfilled boxes represent normally discordant zircon 
analyses, all other analyses are concordant. The gray line across the entire figure represents the age of the TOAE (Sell et al., 2014). The weighted means for all interpreted 
samples overlap in age with the TOAE. See text for discussion.
a significant cluster of ages. Data from K08-13, a sill from the base 
of the Ecca Group at the eastern margin of the basin, have a large 
spread in dates (�t =8.32 Ma), with a cluster of five grains at ap-
proximately 183.2 Ma. A pegmatitic enclave from the upper Ecca 
Group (K08-34) was sampled in the northwestern portion of the 
Karoo Basin. Zircon crystals from this sample had a more limited 
age range in concordant analyses (�t = 458 ka) centered around 
183.2 Ma, with one older, normally discordant grain. Finally, the 
farthest western sample in this study, K08-25, yielded few grains 
and most dissolved completely during a 6-hour chemical abrasion. 
The two grains which survived chemical abrasion yielded normally 
discordant ages of 188.4 and 182.9 Ma.

In two samples, we obtained additional 206Pb/238U dates from 
baddeleyite in addition to zircon (K08-16 and QU1-2; Fig. 4; Table 
A.2). Four grains from K08-16 are concordant and have ages rang-
ing between 182.64 to 181.68 Ma, with one normally discordant 
younger grain at 122.7 Ma (not shown in Fig. 4). Sample QU1-2 
yielded six concordant baddeleyite grains, with ages ranging from 
182.95 to 180.72 Ma, all younger than zircon.

4.3. MC-ICPMS zircon Hf isotope geochemistry

There is significant variability between the Hf isotope compo-
sition of zircon from different samples, and in several cases, be-
tween grains of the same sample (Fig. 5; Table A.3). Analyses from 
samples K08-13 and K08-16 span a considerable range, with εHf 
ranging from approximately −15 to −25, with an outlier at 0, and 
the isotope composition does not correlate with 206Pb/238U age. 
Nine zircon analyses from sample K08-34 overlap at approximately 
εHf = 2, with one slightly more radiogenic outlier at 5.1 ± 2.7. 
Seven grains from sample QU1-2 overlap at approximately εHf =
1.7, with outliers at −2.8 and 6.1. Zircon from sample QU-65 have 
εHf compositions ranging from −6.0 to 5.7, and there is no trend 
between age and composition. There were no observed differences 
5

Fig. 4. Comparison of 206Pb/238U age spectra from zircon and baddeleyite grains 
from samples QU1-2 and K08-16 from pegmatitic pods in dolerite sills within the 
Ecca group, highlighting that unmitigated Pb-loss in baddeleyite likely yields inac-
curate, younger ages within these samples. Analyses with white boxes are normally 
discordant.

between the Hf compositions of baddeleyite and zircon grains an-
alyzed from the same sample (K08-16 and QU1-2).

5. Discussion

A detailed reevaluation of zircon geochronology from dolerite 
sills emplaced in the Ecca Group yields new insight into the sys-
tematics of zircon crystallization in mafic sills of LIPs. Evaluation of 
the SEM imagery, U-Pb geochronology and Hf isotope geochemistry 
indicates that zircon within these mafic horizons is unlikely to 
have formed through a closed-system fractionation. Instead, based 
on zircon geochemistry and geochronology we suggest it is more 



S.P. Gaynor, H.H. Svensen, S. Polteau et al. Earth and Planetary Science Letters 579 (2022) 117371

Fig. 5. Hf isotope composition of baddeleyite and zircon from Karoo LIP dolerite sills in the Ecca Group of the Karoo basin, compared to (A) 206Pb/238U age and (B) Th/U 
ratio. Insets B and D show kernel density estimates for the distribution of ages and Th/U compositions respectively, and include all samples analyzed in this study, including 
some not analyzed for Hf composition. See text for further discussion.
likely that the assimilation of clastic sedimentary wall rocks and 
the subsequent volatile generation and partial melting were nec-
essary to form the pegmatitic segregations, which allow for the 
potential for high precision geochronology of this mafic LIP. Based 
on this scenario, we can interpret our highly complex data set in 
terms of emplacement and solidification of the sills within the 
Ecca Group. Our results yield overlapping ages between 183.147 
± 0.059 Ma and 183.187 ± 0.133 Ma for the sills in the Ecca 
Group, calculated using the grains interpreted to accurately reflect 
crystallization of the sills (Fig. 3). Our interpreted emplacement 
ages of these sills are identical within uncertainty to the age of 
the TOAE, based on previous geochronology of ash beds bracket-
ing the carbon isotope excursion (183.22 ± 0.25 Ma; Sell et al., 
2014), which supports that sill emplacement and subsequent de-
gassing of sedimentary rocks presents a causal link to the global 
carbon cycle perturbation and climate change. Overall, these re-
sults suggest that future geochronological research on LIPs requires 
careful investigation and interpretation, as the combination of Pb 
loss from high-uranium zircon together with inheritance of old Pb 
components from detrital zircon in the clastic sediments can yield 
geologically inaccurate ages for emplacement.

5.1. How did zircon crystallize in dolerite sills in the Karoo Basin?

Dolerite sills within the Karoo Basin solidified within 100-1,000 
years following emplacement depending on sill thickness and em-
placement depth (e.g., Svensen et al., 2012). Previous geochemical 
studies indicate that these melts should not have saturated an-
6

tecrystic zircon prior to crystallization at the emplacement level 
(e.g., Borisova et al., 2020). Therefore, if zircon crystallized from 
an intercumulus residual melt during fractionation of the do-
lerite magma, the geochronological dispersion within the zircon 
data from these sills should be well below the analytical abil-
ity of temporal resolution for a lower Jurassic age (0.1-0.02% of 
a 206Pb/238U date, i.e. 180,000 to 36,000 years). Consequently, all 
analyzed grains from an individual sample should be coeval in age 
within analytical error. Such data sets have resulted from previ-
ous geochronology research on Karoo dolerite dikes and sills, either 
generated from lower precision measurements of zircon from peg-
matitic pods, or from coarse-grained sills (e.g., Svensen et al., 2007, 
2010; Sell et al., 2014; Burgess et al., 2015; Greber et al., 2020). 
In addition, if zircon were crystallizing from an in-situ magmatic 
segregation, there should be minimal heterogeneity in Hf iso-
tope compositions. Previously published Hf isotope compositions of 
bulk-separated zircon and baddeleyite grains from coarse-grained 
sills have been fairly homogeneous, with CHUR-like values, consis-
tent with a mantle-derived magma genesis (Greber et al., 2020).

This model of zircon crystallization does not fit the observations 
from the pegmatoids in this study. While new analyses of samples 
previously dated in Svensen et al. (2012) are within uncertainty 
of previous data, these new analyses have significantly decreased 
uncertainty, and it is not possible to consider these samples as 
yielding single, overlapping age populations (Fig. A.1). Therefore, 
it is highly likely that these grains reflect more complex crystal-
lization processes than previously ascribed to zircon within Karoo 
dolerites. These processes must be able to account for the follow-
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ing observations within this data set and past work on the Karoo 
dolerite pegmatite-hosted zircons: (1) the presence of inheritance 
within zircon age spectra; (2) heterogeneities within the Hf com-
positions of zircons found within a single hand sample (e.g., K08-
13; Fig. 5); (3) nonradiogenic Hf compositions; and (4) extremely 
high [U] in zircon (up 22,000 ppm; Svensen et al., 2012).

In order to crystallize zircon in pegmatitic pods in fine-grained 
dolerite sills in the Karoo, we suggest that the pods formed as a 
result of localized assimilation of sedimentary wall rock, including 
the possibility that thermogenic volatiles extended the presence 
of melt by lowering the solidus. In this model, rapid dissolution of 
fragmented sedimentary wall rock introduces silica and xenocrystic 
zircon material into the crystallizing dolerite melt, fundamentally 
changing melt composition towards more silicic conditions, and in-
ducing zircon saturation. This would lead to heterogeneous nucle-
ation of newly crystallizing zircon and overgrowth on pre-existing 
xenocrysts; this process would not necessarily involve every zir-
con, and the ratio of xenocrystic vs. autocrystic material would 
be variable from grain to grain. While the mafic composition of 
the dolerites is undersaturated relative to crystallization of zir-
con and would dissolve zircon in the melt, it is unlikely there 
was complete dissolution of xenocrysts during the brief period 
of cooling before solidification. The process is best traced by the 
variation in εHf, with very non-radiogenic compositions present in 
∼183.15 zircons even without any visible inherited cores (Figs. 2, 
5). This parallels a trend in Th/U in zircon, where samples with 
more radiogenic Hf compositions tend to have higher Th/U ratios 
(Fig. 5). Zircon crystals in evolved residual melts from the Cen-
tral Atlantic Magmatic Province (CAMP) have elevated Th/U ratios 
due to subordinate earlier crystallization of Th-scavenging miner-
als (Schaltegger and Davies, 2017). From this we deduce that Karoo 
samples with higher εHf and Th/U crystallized from a less con-
taminated magma. In addition, the Karoo melt pods must have 
contained sediment-derived fluids, as indicated by the abundance 
of fluid inclusions in zircon (Fig. 2). We therefore conclude that 
contamination was a continual process during emplacement and 
sill solidification. This connection between contamination and the 
presence of zircon is further supported by geochemical studies of 
the Golden Valley sills, which show evidence of fractionation and 
melt evolution marked by increased Si and Zr concentrations, but 
do not host zircon (e.g., Neumann et al., 2011).

The addition of basin-derived fluids may have introduced ad-
ditional U and caused the growth of zircon extremely rich in U, 
and the high U concentrations and U/Th in dolerites in the Ka-
roo Basin have previously been interpreted as the result of con-
tamination from stratiform uranium ore bodies (Neumann et al., 
2011). This additional of U-rich fluids during zircon crystalliza-
tion would explain the abundance of likely Pb-loss in zircon from 
samples K08-13 and K08-16, which crystallized in more contami-
nated dolerite melts based on εHf and Th/U compositions. These 
fluids would also have further contaminated the pods, but likely 
are not directly responsible for the nonradiogenic Hf compositions 
observed in those samples, due to the low abundance of Hf in hy-
drothermal fluids. Furthermore, in the presence of fluid-saturated 
conditions, pegmatitic crystallization can occur at orders of mag-
nitudes higher than normal igneous crystallization (Phelps et al., 
2020). This observation may help explain why zircons were capa-
ble of growing larger than 100 μm along the elongate axis in spite 
of the rapid solidification timeframes of these sills.

A similar model of zircon crystallization via contamination was 
recently proposed by Davies et al. (2021), where assimilation of 
wall rock shales is a crucial factor in the crystallization of zir-
con within sills of the Central Atlantic Magmatic Province (CAMP). 
However, this work insinuated that the isolated melt pods were 
largely a function of solidification of an evolved liquid from frac-
tionation of basaltic melt, which also incorporated assimilation of 
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wall rock disseminated throughout the melt. While assimilation 
of high silica, upper crustal material can certainly help facilitate 
zircon saturation, the paucity of zircon in the surrounding fine-
grained dolerite and considerable compositional variability among 
individual pegmatitic-pod zircon crystals suggests that assimilation 
was a far more localized process in the Karoo case, or that the pods 
represent a localized, greater contribution from assimilation of wall 
rock. Furthermore, the short timescales of sill solidification suggest 
that melting and complete mixing of molten wall rock material 
with mafic magma is unlikely prior to final solidification of these 
sills at the emplacement level, especially as assimilation thermo-
dynamically induces crystallization of the host magma (Glazner, 
2007). Therefore, it is hard to support widespread, well-mixed con-
tamination of LIP intrusions at the emplacement level with the 
data presented in this study.

5.2. Interpretation of U-Pb zircon & baddeleyite ages

As a direct consequence of the processes described above, U-
Pb results presented here are quite complicated, with many sam-
ples demonstrating age spectra that are unlikely to be the result 
of crystallization from a rapidly cooling and solidifying magma. 
While some of these age spectra show significant dispersion of 
the 206Pb/238U dates, several populations include statistically rel-
evant sub-populations (“clusters”), which we argue are equivalent 
of the high-precision crystallization age for the respective samples. 
The presence of inheritance is quite clear in many of the samples, 
given how anomalously older ages are commonly normally discor-
dant, and best highlighted by the 2.679 Ga 207Pb/206Pb age of a 
zircon sampled from sample 674-423. Therefore, older zircon dates 
are likely a function of the volumetric mixture of new autocrys-
tic zircon growth and inherited xenocrystic components from the 
partial melting of sedimentary material. The degree of discordance 
would then depend on the age offset relative to the precision of 
the individual data point.

It is rather common to dismiss the impact of Pb loss on zir-
con age spectra, because the thermal annealing–chemical abrasion 
technique employed in most labs (as well as in this study) has 
proven highly effective at removing volumes of zircon damaged 
by radioactive decay (Schaltegger and Davies, 2017; Widmann et 
al., 2019). The analytical procedures in Svensen et al. (2012) did 
not utilize chemical abrasion as a means for removing zircon do-
mains with damaged lattice, but instead used mechanical air abra-
sion. The analyzed material consisted of coherent zircon grains 
that could be weighed, and therefore the authors were able to 
indicate the concentrations of U and Th of dated zircon. Values 
up to 20,000 ppm U indicate that many of the grains have un-
dergone significant α-decay damage, leading to aperiodic crystal 
regions with multiple overlaps of displacement cascades accumu-
lating damage beyond the second percolation threshold (Murakami 
et al., 1991) that acted as fast pathways for Pb-loss (Fig. A.2; 
e.g., Pidgeon, 2014). This interpretation is in agreement with the 
suppression of cathodoluminescence, as well as the rapid dissolu-
tion of these zircon during experimental chemical abrasion (e.g., 
Krogh and Davis, 1975). Given this situation, chemical abrasion at 
210 ◦C for six hours may not be totally effective as pretreatment, 
and therefore we interpret that the young tails on some of the 
zircon age spectra are the result of unmitigated Pb-loss. This in-
terpretation is furthered by the presence of a 182.71 Ma normally 
discordant zircon analysis from K08-16, indicative of open system 
U-Pb behavior. This open system behavior is more apparent in this 
dataset rather than past work due to increased precision (Fig. A.1). 
Furthermore, for previous analyses of zircon from the Karoo, grains 
with lower Th/U compositions are more likely to have significant 
α-dose values, and therefore heavy contamination during crystal-
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lization may coincide with the growth of high-U zircon unfavorable 
for total mitigation of Pb-loss (Fig. A.3).

While several samples in this study did not produce enough zir-
con and/or have coherent age plateaus (K08-16, K08-25, 674-423) 
and therefore fail to indicate a reliable age, we suggest that other 
samples reliably date crystallization and solidification of the sills 
(QU1-2, QU-65, K08-13, K08-34). Taking a weighted mean of these 
plateaus yields unacceptably high MSWD values, up to 5.9, indica-
tive that the observed plateaus do not represent a single age pop-
ulation. Calculating a weighted mean value using a subset of each 
plateau can yield acceptable MSWD values, but doing so could 
bias the age towards inaccuracy due to the inherent complexities 
of these zircon. As a result, we instead calculate weighted mean 
ages using the entire overlapping plateau, and then use a conser-
vative, larger estimate of uncertainty using half of the difference 
between the oldest and youngest grains in the plateau in order to 
best maintain accurate age calculation (Fig. 3). Using the criteria 
outlined above and this method of uncertainty calculation, we in-
terpret that QU1-2 crystallized at 183.147 ± 0.059/0.086/0.229 Ma 
(n = 5), QU-65 at 183.182 ± 0.029/0.056/0.20 (n = 8), K08-13 at 
183.187 ± 0.133/0.159/0.313 Ma (n = 5), and K08-34 at 183.182 
± 0.073/0.103/0.249 Ma (n = 6; all errors at 2σ ; Fig. 3). Given 
the uncertainty of these analyses and the geographic spread of 
the samples, these data indicate that sill emplacement throughout 
the Ecca Group was synchronous at the ∼100 ka level of preci-
sion. Thermal models indicate that individual sills cooled to solidus 
likely in significantly less than 10,000 years depending on the sill 
thicknesses (e.g., Svensen et al., 2012), and therefore sill emplace-
ment may not have been perfectly coeval, however our new data 
place a far more precise temporal constraints on Ecca intrusions 
than previously available. The process of contact metamorphism 
and devolatilization will in any case start immediately following 
emplacement and proceed throughout the sill cooling period.

Recent work has begun to highlight that within the lifespan of 
LIPs, discrete periods may host far more rapid and voluminous in-
trusions and eruptions (e.g., Burgess et al., 2017; Schoene et al., 
2019). Using these new zircon age interpretations, magma fluxes 
of intrusions into the Ecca Group range from 0.63 km3/a to an in-
stantaneous magma emplacement of 160,000 km3, based on the 
uncertainty of these zircon age interpretations and previously es-
tablished volumetric estimates for sills in the Ecca Group (Svensen 
et al., 2012). While comparable high-precision geochronology for 
the remainder of the intrusions throughout the basin is not cur-
rently available, the average magma flux for LIP intrusions in the 
Karoo Basin was previously estimated at 0.78 km3/a (Svensen et 
al., 2012), and therefore sills in the Ecca Group may reflect a period 
of increased magma flux during the injection of the sub-volcanic 
component of the LIP.

Finally, the baddeleyite dated in this study does not yield co-
herent age spectra. We interpret these dates to represent variable 
degrees of Pb-loss, as mitigation via chemical abrasion does not 
work on baddeleyite (Rioux et al., 2010). While baddeleyite may 
be an active recorder of magmatic processes, these results suggest 
that further work may be required to obtain accurate dates from 
this mineral.

5.3. Implications for the contamination of Large Igneous Province 
intrusions

The effects of lower crustal assimilation on the geochemistry of 
asthenosphere-derived magmas in LIPs are well documented (e.g., 
Luttinen, 2018), and recent work has emphasized the potential ef-
fects of upper crustal assimilation in intrusions (e.g., Heimdal et al., 
2019; Davies et al., 2021). However, the data from pegmatitic pods 
within dolerites in the Ecca Group indicates that the contamina-
tion and assimilation of crustal material into the mafic melts may 
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locally produce unique geochemical and geochronological condi-
tions. This contamination is variable and local, and likely requires 
specific emplacement processes to facilitate contamination, as the 
more fractionated sills elsewhere in the Karoo Basin do not neces-
sarily form these pegmatitic pods (e.g., Neumann et al., 2011).

Zircon ID-TIMS U-Pb geochronology has been key in under-
standing the construction of silicic batholiths and eruptions be-
cause of its high precision and accuracy (e.g., Gaynor et al., 2019; 
Szymanowski et al., 2019), and therefore has been a highly pur-
sued technique in LIP systems as well. In several cases, zircons 
from pegmatitic pods have yielded uniform age distributions, with 
this zircon interpreted as crystallized via advanced magma frac-
tionation (e.g., Burgess et al., 2015). However, new data from this 
study and several recent studies on the CAMP and the Deccan 
Traps suggest that zircon within LIPs may crystallize due to mag-
matic contamination, enabling the ability to generate U-Pb zircon 
geochronology on these magmas. Unfortunately, this style of crys-
tallization may also initially limit zircon’s accuracy as an absolute 
geochronometer of magma crystallization without additional con-
text. Recent work on CAMP sills in Brazil indicates that upper 
crustal assimilation, particularly of shales, helped drive crystalliza-
tion of zircon within the mafic magmas, due to increased silica 
and water concentrations in the crystallizing melts. Those sam-
ples commonly yielded protracted age spectra beyond their ex-
pected cooling history (Davies et al., 2021). Both the Deccan Traps 
and Columbia River basalt flows rarely contain zircon, but a re-
liable, high-precision age models have been established almost 
entirely from zircon grains from oxidized volcaniclastic material 
and felsic ash beds interbedded between basalt flows (Kasbohm 
and Schoene, 2018; Schoene et al., 2019). These uncontaminated 
basalt flows may not have been capable of reaching zircon satu-
ration, but alkalic intrusions temporally associated with the Dec-
can Traps do include zircon in many cases. Among those sam-
ples, many yielded protracted U-Pb age spectra and significantly 
non-radiogenic Hf compositions, indicative that zircon specifically 
recorded contamination (Basu et al., 2020). These datasets from the 
CAMP and Deccan Traps LIPs are similar to the data from the Ka-
roo, wherein the basaltic lava stacks are largely devoid of zircon, 
only some coarse-grained sills and pegmatitic pods contain zircon, 
and zircon-bearing pegmatitic pods may be the result of magma 
contamination. Further work is needed to better understand the 
scale and modalities of contamination in LIP magmas, and how 
this process may be recorded by U-Pb geochronology.

5.4. Was the emplacement of sills in the Ecca Group correlative with the 
Toarcian Oceanic Anoxic Event?

Based on the four samples which yielded high-precision data 
corresponding to an emplacement age, basin-scale emplacement 
of sills within the Ecca Group occurred over a time period rang-
ing between instantaneous intrusion to over 254 ka, based on the 
minimum and maximum age ranges possible from the uncertain-
ties of the interpreted ages. These samples are hundreds of km 
from each other and are from different structural levels within the 
stratigraphy; therefore, our age model likely reflects the full em-
placement of the 160,000 km3 sill complex within the Ecca Group. 
Based on previous estimates of thermogenic CO2 degassing from 
the Ecca Group (e.g., Svensen et al., 2007; Aarnes et al., 2010; 
Galerne and Hasenclever, 2019; Svensen et al., 2020; Heimdal et 
al., 2021), degassing was as low as 0.028 Gt CO2/a over a period 
of 254 ka, or as fast as the instantaneous release of >50,000 Gt of 
CO2. This amount of thermogenic degassing represents a plausible 
source for the observed negative carbon isotope excursions asso-
ciated with the TOAE (Heimdal et al., 2021). These values do not 
account for the mantle-derived CO2 inputs from magma ascent and 
sill crystallization, which have been shown to contribute large vol-
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Fig. 6. Correlation of environmental proxies with a kernel density estimate of high-precision U-Pb ages from Karoo basin intrusions, highlighting the coeval timing of the 
onset of the Toarcian oceanic anoxic event (T-OAE), and the diachronous timing of the Pliensbachian-Toarcian boundary (P-T) with Karoo Basin magmatism. Oxygen isotope 
curve is an estimated average value from Korte et al. (2015), and the carbon isotope curve is from Ruebsam et al. (2019). Geochronology of the Karoo LIP from Sell et al. 
(2014), Burgess et al. (2015), Corfu et al. (2016), Greber et al. (2020) and this study. Ammonite zones are from Guex et al. (2012). Modified from Greber et al. (2020).
umes to the atmosphere in the case of the CAMP (Capriolo et al., 
2020). Therefore, emplacement in the Ecca Group between 183.147 
± 0.059 Ma and 183.187 ± 0.133 Ma would lead to a geologically 
rapid, voluminous volatile generation, which is required to explain 
global environmental change and its proxy record, including the 
TOAE (Svensen et al., 2007; Heimdal et al., 2021).

A correlative, and potentially causative relationship between in-
trusive magmatism within the Karoo Basin and the TOAE has been 
long examined, especially in the context of a growing geochrono-
logic database (e.g., Svensen et al., 2007, 2012; Sell et al., 2014; 
Burgess et al., 2015; Greber et al., 2020; Kasbohm et al., 2021). The 
early Jurassic is characterized by a series of environmental and bi-
otic overturning events that most commonly are traced by mostly 
negative excursions of stable carbon and oxygen isotopes (Fig. 6) 
indicating thermal optima, partial oceanic anoxia and changes in 
the global biomass. These peaks coincide with biotic events of ex-
tinction and radiation on species and family levels (e.g., Danise et 
al., 2015) pointing to a driver for environmental change of global 
impact. The most prominent ones are the “late Pliensbachian even-
t” (e.g., Korte and Hesselbo, 2011) which occurred before 184.02 
± 0.05 Ma (De Lena et al., 2019); at the Pliensbachian/Toarcian 
boundary at 183.8 ± 0.4 Ma (e.g., Ruhl et al., 2016; Rita et al., 
2019) and in the early Toarcian at the base of the Falciferum 
ammonite zone, the TOAE dated at 183.22 ± 0.25 (e.g., Sell et 
al., 2014). Our new ages of 183.147 ± 0.059 Ma to 183.187 ±
0.133 Ma for the sill intrusion emplaced in the Ecca Group fur-
ther strengthens the temporal coincidence with the TOAE and 
strengthens an argument for causality between LIP emplacement, 
and global environmental and biotic disturbance (Fig. 6).

6. Conclusions

New geochronology and isotope data from zircon and badde-
leyite from pegmatitic pods within dolerite sills of the Karoo LIP 
emplaced in the Ecca Group indicate that they crystallized in re-
gions of localized assimilation of clastic wall rock between 183.147 
± 0.059 Ma and 183.187 ± 0.133 Ma. This melt contamination 
enabled the crystallization of uraniferous accessory phases that 
are essential for high-precision geochronology; however, the com-
position and crystallization history of these crystals complicated 
the age spectra. Interpreting the age spectra of individual samples 
based on overlapping clusters of dates yields coeval, high-precision 
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ages for sills in the Ecca Group throughout the Karoo Basin. These 
sills were therefore emplaced during a period of particularly high 
magma flux of Karoo LIP intrusive magmatism, relative to previous 
estimates. This sudden influx of magmas released a large volume 
of thermogenic gas from the basin, and due to the coeval timing 
of these intrusions and the TOAE, we suggest these sills were the 
trigger for this period of global climate change.
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