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Along the >650 km long southern margin of the Karoo Basin in South Africa, we traversed four evenly spaced stratigraphic
transects and collected 22 samples of volcanic, air-fall tuffs thought to be distal deposits derived from the Permian–Triassic
Southern Gondwanan volcanic arc. We present 469 new U-Pb zircon ages determined by sensitive high-resolution ion
microprobe reverse geometry (SHRIMP-RG) at the Stanford–USGS Microanalytical Center in order to constrain the
maximum depositional ages for the southern Karoo Basin strata. Weighted means of these youngest coherent zircon
populations were selected to maximize the number of analyses while minimizing the mean square weighted deviation
(MSWD) to increase the robustness and decrease the influence of Pb-loss and inheritance in determining the maximum
depositional age. Maximum depositional ages for the marine Ecca Group range from 250 to 274 Ma, whereas in the
conformably overlying terrestrial Beaufort Group maximum depositional ages ranged from 257 to 452 Ma. Across the
southern Karoo Basin, the Ecca Group tuffs produce maximum depositional ages that young upward; however, the Beaufort
Group tuffs yield maximum depositional ages that are geochronologically out of sequence. Furthermore, maximum
depositional ages of the Beaufort Group tuffs are consistently older than ash ages within the underlying marine strata.
Our results are supported by previously published U-Pb tuff zircon geochronology in the Karoo Basin and demonstrate that
the presence of out-of-sequence, older tuff ages are repeatable in Beaufort Group tuffs along the southern margin of the
basin. We propose that tuffs in the Karoo Basin are correlative with tuffs in southern South America, and that the age spectra
of these tuffs were influenced by magmatic crustal recycling. We use these data to highlight the complexity of U-Pb zircon
datasets from tuffs, address the use of U-Pb zircon ages to provide absolute age controls, and discuss the implications of
these new age controls on the Permian-Triassic Karoo strata.

Keywords: geochronology; zircon; volcanic tuff; Karoo basin; Gondwanan volcanism

Introduction

The depositional age of clastic sedimentary strata is inher-
ently difficult to date directly, since radiometric ages for
clastic detritus reflect the age of the sediment source and
not the depositional age of the sediment. Biostratigraphic
ages can often be used to obtain relative geologic ages by
correlating strata of interest to a Global Stratotype Section
and Point (GSSP). GSSPs are defined by fossil assemblage,
which precludes the direct correlation of sections between
marine and terrestrial sediments. Biostratigraphic correla-
tions, therefore, typically rely on lithostratigraphic classifica-
tion, although sedimentary deposits are commonly time
transgressive. Recent advances in sedimentary geochronol-
ogy have demonstrated the tenuous nature of biostratigra-
phy-based ages and have shown that correlating strata to
global events is tenuous without absolute age controls
(Surpless et al. 2006). One approach for resolving the

maximum depositional age of sedimentary strata is through
radiometric dating of syneruptive minerals found in volcanic
tuffs preserved as interbeds in sedimentary basin fill strata.
Zircon U-Pb geochronology is the most frequently employed
tool for estimating the eruptive age of a volcanic ash, which
is a proxy for the depositional age of the encasing strata
(Bowring and Schmitz 2003). This method requires the
assumption that zircon within the ash is co-eruptive, and
does not contain (1) older, inherited magmatic grains; (2)
detrital zircon from sedimentary reworking and contamina-
tion of the ash; and (3) damaged grains that have undergone
alteration and Pb-loss. U-Pb zircon data from tuffs do not
always demonstrate a well-defined, single population. This
suggests that tuffs might contain multi-age zircon popula-
tions. Therefore, the traditional assumption that zircon grains
within tuffs are dominantly co-eruptive is at times flawed.
Within the Karoo Supergroup of South Africa, multiple U-Pb
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zircon studies have resolved complex spectra of ages (Coney
et al. 2007; Fildani et al. 2007, 2009; Lanci et al. 2013;
Rubidge et al. 2013), leading to conflicting age interpreta-
tions for the absolute, maximum depositional age of the
strata. This problem makes the Karoo strata ideal to test
commonly held assumptions that zircon within volcanic
tuffs is dominantly co-eruptive and that these ages represent
the depositional age of sedimentary strata.

The Karoo Supergroup is in part composed of the
marine Ecca Group and the conformably overlying, terres-
trial Beaufort Group (Veevers et al. 1994a). The Upper
Beaufort Group has long been thought to contain the
Permian–Triassic boundary, which was interpreted from
biostratigraphic correlations (Smith and Ward 2001). A
paucity of fossils, however, limits biostratigraphic controls
within the Permian-to-Triassic Ecca and Beaufort Groups
(Smith 1995). To circumvent limited biostratigraphic age
controls with large uncertainties for the depositional age of
the Karoo strata, recent studies have attempted to constrain
the absolute age of the vertebrate fossil-defined Permian–
Triassic boundary within the Karoo Supergroup strata
using U-Pb geochronology on zircon from interbedded
volcanic tuffs (Coney et al. 2007; Fildani et al. 2007,
2009), similar to the approach used to define the age
of the GSSP Permian–Triassic boundary from tuffs
within fossiliferous marine strata in southern China
(252.28 ± 0.08 Ma; Shen et al. 2011). Fourteen volcanic-
ash zircon U-Pb ages from the Beaufort Group in the
central and southwestern Karoo Basin have yielded wholly
Permian maximum depositional ages ranging from 266 to
252 Ma (Coney et al. 2007; Rubidge et al. 2013; Lanci
et al. 2013). Zircons from 16 tuff samples from the under-
lying Ecca Group exposed in the southwestern Karoo
Basin contain 12 Triassic and 193 Permian grains and

yield maximum depositional ages ranging from 275 to
250 Ma (Fildani et al. 2007, 2009). The presence of the
latest Permian zircon is also documented in detrital zircon
ages from sandstones in the Ecca Group from the south-
western Karoo Basin (Vorster 2013). Thus, in spite of the
geographically and stratigraphically restricted nature of
existing tuff zircon U-Pb ages, it appears that the radio-
metric ages from interbedded tuffs in the Upper Ecca
Group are younger than tuffs in the overlying Beaufort
Group, which is not consistent with the upsection young-
ing trend expected for ash deposits.

To address this apparent contradiction of older U-Pb
zircon ages in the overlying Beaufort compared to younger
ages in the underlying Ecca, we performed a regional
study to sample tuffs from both the Ecca and Beaufort
Groups across the southern Karoo Basin (Figure 1). We
present 469 new U-Pb zircon single-grain ages to deter-
mine maximum depositional ages for 22 air-fall tuffs. Our
results include the first age controls for deposition of the
Ecca Group in the eastern Karoo Basin along with age
controls throughout the entire Ecca Group and Lower
Beaufort Group for four stratigraphic sections spaced
across the southern Karoo Basin margin. These results
demonstrate that tuffs from the Beaufort Group consis-
tently yield zircon with U-Pb ages that overlap or are
older than zircon from the tuffs in the underlying Ecca
Group. Maximum depositional ages for the Ecca Group
range from 274 to 249 Ma and are coeval across the
southern margin of the basin. The maximum depositional
ages from the overlying Beaufort Group however range
from 274 to 255 Ma. In each of the four stratigraphic
sections, the youngest maximum depositional age of the
Beaufort Group tuffs is consistently older than the young-
est maximum depositional age of the underlying Ecca

Figure 1. (A) Geology of Southern Gondwana (modified after Zeigler et al. 1983; Lawver et al. 1992; López-Gamundi and Rossello,
1998; Fildani et al. 2007) showing the relative locations of the Gondwanide Magmatic Province, Fold Thrust Belt, and Foreland Basin
(i.e. Karoo Basin). (B) Geologic map of the Karoo Basin, South Africa (adapted from Catuneanu et al. 2002). Sample localities shown:
Tanqua, Laingsburg, Central Basin, and Ripon depocentres.
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Group. This relationship could be satisfied by three inter-
pretations: (1) Ecca Group strata that crop out along the
southernmost Karoo Basin are younger than the Beaufort
Group strata exposed to the north, which would require a
fundamental revision of the regional stratigraphic and/or
structural framework; (2) the volcanic tuffs in the Beaufort
Group do not contain syneruptive zircon that reflects the
true depositional age; or (3) cryptic Pb-loss has selectively
affected zircon in tuffs in the uppermost Ecca Group
across the 650 km long southern margin of the basin,
while not affecting zircon in Lower Ecca or overlying
Beaufort Groups. We consider these competing hypoth-
eses and examine the implications to explore the Permian–
Triassic evolution of southern Gondwana.

Geologic background

The Ecca and Beaufort Groups of the late Carboniferous-
Jurassic Karoo Supergroup accumulated as a flysch-to-
molasse style succession within the Karoo Basin, a tectoni-
cally subsiding basin developed in the Gondwanan cratonic
interior (Catuneanu et al. 2002; Tankard et al. 2009; Holt
et al. 2015). The northeast–southwest elongate basin is
bounded by the Cape Fold Belt to the west and south
(Figure 1) that contains three clastic depositional areas: the
Tanqua, Laingsburg, and Ripon depocentres. The Karoo
Supergroup includes the basal fluvioglacial Dwyka Group
(Crowell 1978), the overlying Ecca Group, and the Beaufort
Group. Following deposition of the Dwyka Group, deep-
water basinal environments shoaled upward into shallow-
water, marginal marine environments during deposition of
the Ecca Group. The lowermost Ecca Group is mudstone-
dominated at the base (Prince Albert, Whitehill, Collingham,
Vischkuil, and Tierberg formations) and is overlain by basin-
floor, sandy turbidite strata (Skoorsteenberg, Laingsburg,
and Ripon formations; Bouma and Wickens 1994;
Catuneanu et al. 2002). The upper Ecca Group consists of
submarine slope channel/levee systems (Fort Brown
Formation; Hodgson et al. 2011) and shelf-edge and shelf
clastics (Kookfontein and Waterford formations; Wild et al.
2009; Flint et al. 2011; Jones et al. 2013) that record dia-
chronous filling of the basin (Rubidge 2000). The Beaufort
Group records the transition to terrestrial deposystems and
evolution of terrestrial vertebrates and macroflora
(Groenewald and Kitching 1995; Smith 1995; Gastaldo
et al. 2005). Interbedded throughout the Ecca and Beaufort
strata are numerous air-fall volcanic tuffs thought to have
been produced by a late Palaeozoic Gondwanan magmatic
arc, the remnants of which are locally preserved as the
Choiyoi and Puesto Viejo magmatic suites in South
America (Veevers et al. 1994a; López-Gamundí 2006;
Kleiman and Japas 2009; Rocha-Campos et al. 2011;
López-Gamundí et al. 2013). Choiyoi and Puesto Viejo
magmatism dates from ~276 to ~234 Ma and is responsible
for air-fall ash deposits in the Paraná (Rocha-Campos et al.

2011) and Cuyo basins (Spalletti et al. 2008) in South
America, in addition to the Karoo Basin in South Africa
(Figure 1B), based on palaeogeography and geochemistry
(López-Gamundi et al. 2006). The Choiyoi and Puesto Viejo
magmatic suites, which are separated by a ~251–240Ma tuff
gap (Veevers et al. 1994b; Veevers 2004; Spalletti et al.
2008; Kleiman and Japas 2009), contain distinct zircon
populations. The Permian Choiyoi Group contains an abun-
dant Permian zircon population (Domeier et al. 2011; Rocha-
Campos et al. 2011) with some mixing of mid-Permian
(>260 Ma) and late Permian (250–260 Ma) zircon in late
Permian tuffs (Rocha-Campos et al. 2006). The Triassic
Puesto Viejo Group is dominated by recycled Permian
(>260 Ma) zircon with few co-eruptive zircons (Spalletti
et al. 2008; Domeier et al. 2011), interpreted to be due to
assimilation of Permian country rocks during Triassic mag-
matic assent (Domeier et al. 2011). Weighted mean U-Pb
ages for the Puesto Viejo Group range from ~260 Ma to
~230 Ma (Spalletti et al. 2008; Domeier et al. 2011; Ottone
et al. 2014), even though it is generally accepted that Puesto
Viejo magmatism occurred between 241 and 230 Ma
(Kleiman and Japas 2009; Domeier et al. 2011).

U-PB methods and analyses

Twenty-two tuffs were sampled from four transects
through formations of the Ecca and Beaufort Groups
exposed along the southern Karoo Basin (Figure 1). Five
samples were collected from the Tanqua depocentre in the
western Karoo Basin and were integrated with previously
published results from Fildani et al. (2007, 2009) and
Lanci et al. (2013). Four new samples were collected
from the southwestern Laingsburg depocentre to augment
previously published data in the Laingsburg area (Fildani
et al. 2007, 2009). In the eastern Ripon depocentre, 10
samples were collected along a single, continuous north-
dipping transect. Three samples were collected from the
Ecca Group in a mudstone-dominated, condensed section
in the central Karoo Basin between the Laingsburg and
Ripon depocentres (~22.5°E; Figure 1). Zircon grains
were separated from samples using mineral separation
techniques, including the use of a Franz magnetic separa-
tor to remove high U zircon that may yield discordant
results (Sircombe and Stern 2002). Samples yielded
between 0 and >200 zircon. Size, morphology, and inclu-
sion density were not considered when selecting zircon for
analysis in an effort to characterize the entire zircon popu-
lation of an ash and not bias results toward prismatic,
acicular, euhedral zircon populations. Catholuminescence
images (Figure 2A) were used to target intermediate
U (100–1000 ppm) and oscillatory zoned grain rims and
avoid complex cores, when present. Sensitive high-resolu-
tion ion microprobe reverse geometry (SHRIMP-RG) ana-
lyses of zircon grains were conducted at the Stanford
Microscopic Analytical Center under analytical conditions
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similar to those of Barth and Wooden (2006). SHRIMP-RG
results were calculated with reference to the R33 zircon
standard (Black et al. 2004) and results were reduced using
the SQUID2 software (Ludwig 2009).

Ages reported are from common-Pb corrected
206Pb/238 U ratios. Of the 469 total single-grain analyses,
353 were accepted on the basis of low common-Pb concen-
trations, low uncertainty (<3%), and concordance. Grains
were determined to be concordant if 238U/206Pb and
207Pb/206Pb ages overlapped within uncertainty.
Anomalously old zircon grains (>300 Ma) were interpreted
as inherited, xenocrystic, or detrital grains, while anoma-
lously young, high-U or high common-Pb (�~250 Ma) are
dismissed as having been affected by Pb-loss or common-Pb
contamination. Kernel density estimate (KDE) plots
(Figure 2B) were used to interpret recycled, inherited zircon
from likely autocrystic/co-eruptive zircon populations.
Zircon age populations were identified to determine tuff
maximumdepositional ages, which if zircon grains are syner-
uptive autocrysts should equal the eruption age of the tuff.
Population ages were then calculated from the weighted
average of a coherent zircon population (n ≥ 3) using
Isoplot 3.75 (Ludwig 2008). Although calculating maximum
depositional ages from coherent age populations commonly
produces higher uncertainty compared with using the young-
est single-grain age from a sample, it is viewed as a more
robust age given the greater reproducibility. A table of analy-
tical results and concordia diagrams are provided in
Appendix B (see http://dx.doi.org/10.1080/00206814.2015.
1008592). Maximum depositional age interpretations are
reported in their sampled stratigraphic locations with numer-
ical age interpretations (Figure 3) and schematically with
associated errors (Figure 4) to demonstrate stratigraphic
trends in tuff ages.

U-PB results and interpretation

Analysis of 22 ash samples from the marine Ecca and
terrestrial Beaufort groups of the lower Karoo Supergroup
yielded 116 pre-Permian, 223 Permian, and 14 Triassic

concordant zircon ages of 469 total analyses. In many sam-
ples, zircon produced a dispersed range of ages (>20 Ma).
While this age range could be due to mixing of different age
domains within individual zircon grains during analysis,
analytical uncertainty, or Pb-loss (Castiñeiras et al. 2010),
magma system evolution is complex and commonly recycles
older zircon into later eruption/emplacement events and some
individual plutons have been resolved to be emplaced over a
period of >10 Ma (Coleman et al. 2004; Miller et al. 2007;
Schwartz et al. 2014). The suspected volcanic sources, the
Choiyoi and Puesto Viejo igneous suites, are known to have
large populations of recycled zircon (Spalletti et al. 2008;
Domeier et al. 2011; Ottone et al. 2014). We therefore
interpret this range to represent mixing of the zircon
age population based on (1) high MSWD (1.6–17) of the
weighted mean for Permian/Permo-Triassic zircon popula-
tions (Miller et al. 2007; Compston and Gallagher
2012); (2) lack of inherited cores interpreted from catholu-
minescence images; (3) the reproducibility of ages between
several grains (s ≥ 3); (4) concordance of the analyses; and
(5) known history of the volcanic system. In order to avoid
introducing bias toward inherited/recycled zircon age popu-
lations, maximum depositional ages are calculated from the
weighted mean of the youngest, concordant zircon popula-
tion (P1) of three or more analyses as identified by kernel
density plots to minimize the risk of producing an age
affected by Pb-loss (Dickinson and Gehrels 2008)
(Appendix B). Inherited zircon population ages (P2) were
interpreted using the same approach as on older, concordant
zircon populations. This approach decreases the total number
of analyses, which could negatively affect the uncertainty in
the weighted mean age. The result, however, more likely
represents the eruption age of the ash and in most cases
produces higher precision ages and a lower MSWD. This
approach differs from the method used by Lanci et al.
(2013), where interpreted ash ages were calculated from all
zircons between 300 Ma and 250 Ma and included all ages
within a dispersed range of up to 20 million years. Results
from previous geochronology studies on tuffs within the
Karoo Supergroup (Coney et al. 2007; Fildani et al. 2007,

Figure 2. (A) Catholuminescence image of a zircon grain from a tuff in the Ecca Group showing zircon rim and core growths. (B)
Kernel density estimate of sample 12ZA07. Populations between 230 and 300 Ma are identified with an asterisk.
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2009; Lanci et al. 2013; Rubidge et al. 2013), tuffs within
correlative basins (Rocha-Campos et al. 2006, 2011; Spalletti
et al. 2008; López-Gamundi et al. 2013; Domeier et al.
2011), and Permo-Triassic crustal plutonic rocks (Pankhurst
et al. 2014) in South America contained populations of
inherited grains. Based on this known inheritance, indiscri-
minately including these older zircons in weighted age cal-
culations is not a favourable approach to obtain reasonable
maximum depositional ages for the Karoo tuffs. Therefore,
our ages are presented as weighted averages of the youngest
zircon population to avoid introducing statistical bias toward
dominant inherited populations when determining tuff ages.
These results are shown in stratigraphic order, with uncer-
tainties reported at a 95% confidence level (Figure 3). Also
provided are previously reported ages for the Karoo strata
and reported ages of comparable South American volcanic
suites.

Tanqua depocentre

Ecca Group

Three tuffs were sampled from the Ecca Group to augment
the existing five tuff ages from Fildani et al. (2007, 2009)
(location on Figure 1B). Results from samples collected from
the Tanqua depocentre are described in ascending strati-
graphic order. While tuffs are common throughout the sec-
tion and the samples presented here represent only a small
fraction of the tuffs in the Karoo strata, no volcanic deposits
were found in the interval between sample 12ZA07 in the
Ecca Group and 12ZA16 in the Beaufort Group.

Sample 12ZA10

The lowermost sample in the Tanqua depocentre is
12ZA10, which was collected from an ~3 cm-thick, green,
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PRT1 = 239.7 ± 2.1 Ma H

PRT2 = 230.3 ± 1.9 Ma H

CH-5 = 252.0 ± 2.7 Ma J

CH-4/9 = 264.8 ± 1.8 Ma J

Ottone = 235.8 ± 2 Ma G

EXPLANATION
n = number of grains used for age estimate

C SHRIMP ages from Fildani et al. (2009)

† U-Pb zircon SHRIMP ash ages (this study)

E CA-ID-TIMS ages from Rubidge et al. (2013).

D LA-ICPMS/SHRIMP ash ages from Weislogel et al. (2011)

B SHRIMP ages from Fildani et al. (2007)

A ID-TIMS ages from Coney et al. (2007) Lower Ecca (L.E.)

Mass Transport Complex

F SHRIMP ages from Lanci et al. (2013).

Central Basin (~22°E)

G SHRIMP ages from Domeiera et al. (2011).
H SHRIMP ages from Spalletti et al (2008).
I SHRIMP ages from Ottone et al. (2014).
J SHRIMP ages from Rocha-Campos et al. (2011).

12ZA07 = 250.3 ± 4.9 Ma †

12ZA18 = 260.6. ± 8.9 Ma †

12ZA05 = 274 ± 5.0 Ma †

SUTH = 264.9 ± 1.9 Ma †

BLOU = 276.4 ± 2.3 Ma †
13ZA72A = 255.3 ± 2.0 Ma †

12ZA45 = 271.0 ± 2.0 Ma †

13ZA75A = 270 ± 15 Ma †
13ZA76 = 260.4 ± 2.8 Ma †

No Tuffs

No Tuffs

No Tuffs

13ZA93 = 269 ± 2 Ma †

acc
E

Figure 3. Chronostratigraphic correlation between the Karoo Supergroup and South American volcaniclastic strata (Puesto Viejo
volcanics or equivalents). Karoo Supergroup ages are from Coney et al. (2007), Fildani et al. (2007, 2009), Weislogel et al. (2011),
Lanci et al. (2013), Rubidge et al. (2013), and this study. South American volcanic ages are from Domeier et al. (2011), Spalletti et al.
(2008), Rocha-Campos et al. (2011), and Ottone et al. (2014). Maximum depositional ages from this study are reported with the
associated 95% confidence uncertainties at the sampled stratigraphic interval. The interval where tuffs were not present is identified by a
striped pattern where observed in the Tanqua, Laingsburg, and Ripon depocentres. Sample locations are reported in Appendix A (see
http://dx.doi.org/10.1080/00206814.2015.1008592). The individual analyses can be found in Appendix B. Karoo and South American
Volcanics both show trends upsection where latest Permian volcanics yield ages that are younger than the overlying volcanic deposits.

International Geology Review 397

D
ow

nl
oa

de
d 

by
 [

21
6.

10
9.

20
.1

11
] 

at
 1

0:
08

 1
6 

Ju
ly

 2
01

5 

http://dx.doi.org/10.1080/00206814.2015.1008592


clay-textured tuff interbedded with mudstones in the lower
Skoorsteenberg Formation of the Ecca Group. Of 13 total
analyses, four were rejected based on high discordance.
Nine individual zircon analyses yielded concordant U-Pb
ages that range from 275 to 255 Ma. The youngest popula-
tion consists of four grains that range from 264 to 255 Ma
and yield a weighted average of 262.8 ± 3.8 Ma
(MSWD = 0.49); the older population consists of five
grains that range from 275 to 268 Ma and yield a weighted
average of 271.6 ± 3.0 (MSWD = 0.40).

Sample 12ZA08

Sample 12ZA08 was collected ~175 m upsection from
12ZA10, from a ~1 cm thick, light green, clay-textured tuff
interbedded in mudstones in the middle Skoorsteenberg
Formation of the Ecca Group. Of 16 total analyses, 10
analyses yielded concordant ages. Carboniferous ages (309,
311 Ma) were produced from two discordant analyses, while
the youngest ages were concordant and Permian–Triassic in

age (270–252 Ma). The youngest population consists of five
grains that range from 265 to 253 Ma and yield a weighted
average of 256.5 ± 5.8 Ma (MSWD = 1.3). An older popula-
tion of five grains ranges from 270 to 267Ma and produces a
weighted average of 267.8 ± 2.6 (MSWD = 0.22).

Sample 12ZA07

Sample 12ZA07 is from a 5 cm-thick, tan-to-green/grey tuff
interbedded in mudstones near the base of the Kookfontein
Formation of the Ecca Group, which conformably overlies the
Skoorsteenberg Formation. Sample 12ZA07 is ~225 m strati-
graphically above sample 12ZA08. Of the 18 zircon grains
analysed, five were rejected due to discordance. From the 13
concordant ages, two anomalously old ages (539 and 294Ma)
were dismissed as inherited outliers, while 11 Permo-Triassic
grains ranged from 273 to 237 Ma. The youngest five grains
form a coherent population range from 254 to 237 Ma that
produces a weighted average of 250.3 ± 4.8 Ma (MSWD =
1.0). An older population of six grains ranges from 273 to
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Figure 4. Maximum deposition ages, based on U-Pb zircon, from Figure 3, shown schematically, with associated error. In all four
studied sections, maximum depositional ages young upsection in the lower and middle Ecca. Proceeding upsection, an interval is
encountered with few to no tuffs. Above this tuff-free interval, U-Pb zircon-based maximum depositional ages are chaotic and older than
in the underlying strata.
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259 Ma and yields a weighted average of 267.8 ± 5.9
(MSWD = 2.9).

Beaufort Group

Two tuffs were sampled from the Adelaide Subgroup of
the Beaufort Group to augment four tuff ages from Lanci
et al. (2013).

Sample 12ZA16

Sample 12ZA16 is from a 5 to 10 cm-thick, white, chalky
tuff interbedded within mudstones in the lower
Abrahamskraal Formation (Adelaide Subgroup) of the
Beaufort Group. Of the 16 total analyses, 11 yielded con-
cordant ages ranging from 291 to 256 Ma. One analysis
yielded an age of 291 Ma and is considered to be an
outlier, since it is 17 million years older than the next
youngest age. The youngest coherent population of zircon
yields a weighted average of 264.7 ± 2.5 Ma
(MSWD = 0.86) from seven grains, with an older
>270 Ma population of three grains that yields a weighted
average of 271.8 ± 2.4 Ma (MSWD = 0.25).

Sample 12ZA18

Sample 12ZA18 is from a 45 cm-thick, white-to-green tuff
in the upper Abrahamskraal Formation (Adelaide
Subgroup) of the Beaufort Group, approximately ~50 m
above 12ZA16. From 37 total analyses, 28 concordant
ages were produced. Inherited, pre-Permian grains dom-
inate the sample, with 17 concordant analyses ranging
from 2607 to 359 Ma. Permian age grains range from
290 to 238 Ma. The two oldest Permian grains (286,
290 Ma) are dismissed as inherited outliers. The youngest
populations of four grains range from 267–255, which
yields a weighted average of 260.6 ± 8.9 (MSWD =
7.4). An older population of five grains ranges from 278
to 272 Ma and produces a weighted average of 274.5 ± 3.9
(MSWD = 1.4). Two older, Permian grains (286, 290 Ma)
may represent a minor population, but are considered
significantly older, inherited outliers. Two Triassic ages
(238, 239 Ma) form a small population, but both analyses
have elevated common Pb values.

Laingsburg depocentre: southwest basin

Because the Ecca Group tuffs were well characterized by
Fildani et al. (2007, 2009), we sampled tuffs in the
Adelaide Subgroup of the Beaufort Group from the
Laingsburg subbasin (Figure 1B) and report four new
tuff ages. Like the Tanqua section, tuffs are common
throughout the strata; however, no tuffs were identified
between the samples presented by Fildani et al. (2007,
2009) and 12ZA05.

Sample 12ZA05

Sample 12ZA05 was collected from an ~ 30 cm-thick,
well-lithified, light-brown tuff within the upper Fort
Brown Formation of the Ecca Group in the Laingsburg
subbasin. Out of 18 total analyses, 14 grains produced
concordant ages. Older, >300 Ma grains dominate this
sample, since 13 of 14 concordant ages ranged from
2139 to 304 Ma. Only one analysis yielded a concordant
Permian age of 274.3 ± 4.6 Ma.

Sample BLOU

Sample BLOU was collected from a well-lithified tuff
interbedded in the Abrahamskraal Formation (Adelaide
Subgroup) of the Beaufort Group. Of 26 total analyses,
22 grains produced concordant U-Pb ages. The tuff was
dominated by older, >300 Ma grains, with 14 grains
between ~3.2 Ga and 372 Ma. Of eight Permian grains
ranging from 289 to 272 Ma, six grains were interpreted to
form a coherent population ranging between 279 and
272 Ma that produced a weighted mean of 276.4 ± 2.3
(MSWD = 0.69).

Sample SUTH

Sample SUTH was collected from a well-lithified tuff inter-
bedded in the Abrahamskraal Formation (Adelaide
Subgroup) of the Beaufort Group. Of 32 total analyses, 22
grains produced concordant ages. An older group of eight
concordant ages ranged between 1750 and 468 Ma, while 14
concordant Carboniferous–Permian ages ranged from 301 to
260 Ma. Two populations are interpreted from Permian
ages: the youngest coherent population of six ages that
range from 267 to 260 Ma and yields a weighted mean of
264.9 ± 1.9 Ma (MSWD = 1.17); an older, coherent popula-
tion of four grains ranges from 276 to 270 Ma and yields a
weighted mean age of 271.7 ± 2.3 Ma (MSWD = 1.17).

Sample 13ZA93

Sample 13ZA93 was collected from an ~25 cm-thick tuff
interbedded between mudstones in the upper Abrahamskraal
Formation (Adelaide Subgroup) of the Beaufort Group.
Only eight zircon grains were separated and U-Pb analysis
reveals that the zircon grains are largely recycled, since six
of eight are >300 Ma. No coherent zircon population was
interpreted from the two Permian grains (269, 280 Ma)
present and the youngest grain, 269 Ma, is reported in
Figure 4.

Prince Albert transect: south-central basin

Three samples were collected from the Lower Ecca
Group in the central basin (Figure 1B), near Prince
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Albert, Western Cape. This location is between the
Laingsburg and Ripon subbasins. The strata here repre-
sent a condensed section, and no tuff gap is reported for
this composite section, however this region has not been
fully logged or studied in detail. These data augment
work by Rubidge et al. (2013), who reported ID-TIMS
zircon U-Pb ages from tuffs within the Adelaide and
Tarkastad Subgroups of the Beaufort Group ~100 km to
the north.

Sample 12ZA19

Sample 12ZA19 was collected from a light-green ash
~8 m above the base of the Prince Albert Formation of
the Ecca Group. Of 19 zircon grains that were analysed,
11 concordant ages were produced. Concordant, inherited
zircon ages were 526, 542, and 642 Ma, while eight
Permian, concordant zircon ages range from 281 to
272 Ma. Two populations of zircon are interpreted from
concordant ages with the youngest population of six
grains that range from 277 to 272 Ma and yield a
weighted average of 273.7 ± 2.7 Ma (MSWD = 0.37),
with two older ~280 Ma grains (280, 281 Ma) treated as
outliers.

Sample 12ZA22

Sample 12ZA22 was collected from a brown, fissile ash
near the base of the Ripon Formation of the Ecca Group.
This ash yielded zircon that produced 13 concordant ages
from 18 analyses. Concordant, inherited zircon ages ran-
ged from 432 to 1018 Ma (n = 7), while six Permian-
Triassic, concordant zircon ages range from 266 to
248 Ma. Two populations of zircon are interpreted from
concordant ages: the youngest population of four grains
ranges from 259 to 248 Ma and yields a weighted average
of 255.1 ± 4.5 (MSWD = 0.76) Ma. An older ~265 Ma
population is represented by two grains (266, 264 Ma) that
are treated as outliers.

Sample 12ZA23

Sample 12ZA23 was collected from a soft, green, clay-
rich ash in the Ripon Formation of the Ecca Group. Of 34
grains analysed, 30 analyses yielded concordant, Permian-
Triassic ages that range from 249 to 283 Ma. A single,
concordant 470 Ma age was also produced. Based on a
histogram of concordant Permo-Triassic ages, age spectra
peaks occur at ~282 Ma, ~271 Ma, ~266 Ma, 258 Ma, and
250 Ma. A population of seven zircon grains has concor-
dant age ranges from 249 to 257 Ma and yields a weighted
average of 251.1 ± 2.5 Ma (MSWD = 1.07). Grouping of
the 20 older Permian analyses results in a weighted aver-
age of 267.3 ± 1.3 (MSWD = 0.91).

Ripon depocentre: eastern basin

Nine samples were collected from the Ripon depocentre
in the eastern Karoo Basin: four from the Ecca Group and
five from the Adelaide Subgroup of the Beaufort Group.
All nine samples are from a single continuous, N-dipping
section exposed in roadside outcrops and represent the
first geochronology in the eastern basin (Figure 1B). No
volcanic deposits were found in the interval between
sample 12ZA61 in the upper Ecca Group and 12ZA46
in the Lower Beaufort Group. The rest of the strata
contained numerous tuff beds interbedded throughout
the strata.

Sample 12ZA54

Sample 12ZA54 was collected from a brown, clay-rich
ash about 1.5 m below the top of the Collingham
Formation of the Ecca Group. Of 16 total zircon ana-
lyses, 10 grains yielded concordant ages. The oldest ages
(458, 456, 431 Ma) were produced from concordant
analyses, while the youngest, concordant, Permian–
Triassic ages range from 277 to 257 Ma. A coherent
population of five zircon grains ranges from 269 to
257 Ma and produces a weighted average of
263.1 ± 6.4 Ma (MSWD = 1.4). Two inherited Permian
grains of 271 and 277 Ma are treated as outliers.

Sample 12ZA55

Sample 12ZA55 was collected from a green, clay-rich ash
approximately 6 m above the base of the Collingham
Formation. From 18 total zircon analyses, nine grains
produced concordant ages. A single inherited zircon pro-
duced a concordant age of 341 Ma, while eight grains
produced concordant, Permian ages that range from 291
to 259 Ma. One population of zircon is interpreted from
six concordant ages that range from 269 to 259 Ma and
yields a weighted average of 268.0 ± 3.2 Ma
(MSWD = 1.4).

Sample 12ZA60

Sample 12ZA60 was collected from a clay-rich, white-to-
tan ash within the Ripon Formation of the Ecca Group. Of
16 total zircon analyses, 14 concordant ages were pro-
duced. The oldest ages (450, 351 Ma) were produced
from concordant analyses, while the younger, concordant,
Permian ages (n = 12) range in age from 295 to 257 Ma.
Two populations of zircon are interpreted from concordant
ages; the youngest population of five grains ranges from
264 to 257 Ma and yields a weighted average of
262.5 ± 3.0 Ma (MSWD = 0.21), while an older popula-
tion of six grains yields a weighted average age of
268.7 ± 1.8 (MSWD = 0.92).
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Sample 12ZA61

Sample 12ZA61 was collected within a clay-rich ash
within the Lower Fort Brown Formation of the Ecca
Group. Of 25 total analyses, 21 zircon grains produced
concordant ages. Older, inherited ages (516, 520,
1108 Ma) were produced from concordant analyses,
while younger, Permian–Triassic, concordant ages range
in age from 274 to 232 Ma. A significant late Permian to
middle Triassic population was resolved in this sample;
however three of the analyses have high uncertainties,
making them less reliable than high-precision analyses
but still meaningful. Two populations of zircon are inter-
preted from concordant ages; the youngest population of
eight grains ranges from 257 to 232 Ma and yields a
weighted average of 251.6 ± 3.9 Ma (MSWD = 2.8),
while an older population of 10 grains ranges from 274
to 257 Ma and produces a weighted average of 264.7 ± 3.2
Ma (MSWD = 1.9).

Sample 12ZA46

Sample 12ZA46 was collected from an ash within the
Koonap Formation (Adelaide Subgroup) of the Beaufort
Group. Only 11 zircon grains were recovered from this
sample. All 11 grains were analysed, however only nine
produced concordant ages. Older, inherited ages (325,
464, 478, 523 Ma) were produced from concordant ana-
lyses, while younger, Permian concordant ages range
from 285 to 253 Ma, excluding a concordant 229 Ma
analysis with high common-Pb. One population of zircon
is interpreted from concordant ages that range from 260
to 253 Ma and yields a weighted average of
257.3 ± 4.3 Ma (n = 4), with a single 285 Ma grain
treated as a statistical outlier.

Sample 13ZA75A

Sample 13ZA75 was collected from a brown, gritty ash
within the Koonap Formation (Adelaide Subgroup) of the
Beaufort Group. Of 15 total analyses, only eight grains
yielded concordant ages. Older, inherited ages (431, 469,
505, 584, 1112 Ma) were produced from concordant ana-
lyses, while three younger, concordant Permian ages are
scattered at 265, 270, and 278 Ma. No distinct zircon
population is interpreted from this sample, and a
weighted mean age of the three Permian zircon is
270 ± 15 Ma.

Sample 13ZA76

Sample 13ZA76was collected from awhite, chalky ashwithin
the upper Koonap Formation. Of 40 total analyses, 31 grains
produced concordant ages. Inherited, pre-Permian grains
range from 1721 to 326 Ma (n = 6). Two populations are

interpreted from Permian ages, with the youngest population
of eight grains producing an age of 260.4 ± 2.8 Ma
(MSWD = 1.9), while a 267.6 ± 1.5 Ma age
(MSWD = 0.84) is interpreted as an inherited population.

Sample 12ZA45

Sample 12ZA45 was collected from an ash interbedded in
a mudstone-rich interval of the uppermost Koonap
Formation of the Beaufort Group. Only nine zircon grains
were recovered from this sample, all of which were ana-
lysed. Six grains produced concordant ages. Additional
analysis was hampered due to a low abundance of zircon
in this sample. Older, inherited concordant ages (445, 454,
455, 457, 522, 1098 Ma) dominate the zircon population,
with the only younger age (271 Ma) excluded due to high
discordance. The four Ordovician zircon grains form a
tight cluster, and yield a 452.5 ± 9.5 Ma (MSWD = 2.7)
weighted average age.

Sample 13ZA72A

Sample 13ZA72 was collected from a white, chalky-
textured ash within the Middleton Formation (Adelaide
Subgroup) of the Beaufort Group. Of 32 total analyses, 28
grains produced concordant ages. Concordant, pre-Permian
ages (n = 11) range from 1102 to 334 Ma, and concordant
Permian zircon grains range between 282 and 252 Ma
(n = 17). Two coherent populations are interpreted: the
youngest population of four grains ranges from 258 to
252 Ma and produces a weighted mean age of 255.3 ± 4.0
(MSWD = 1.3), and the older, inherited population of five
grains yields an age of 267.8 ± 3.6 Ma (MSWD = 1.4).

Discussion

Tuff distribution and composition-Gondwanan tuff gap

The abundant tuffs interbedded throughout the Karoo
Supergroup strata provide the opportunity to assess U-Pb
zircon ash ages from numerous stratigraphic horizons over
an ~2–3 km thick section and offer insight into the Karoo
Basin evolution. Based on field observations, the three major
depocentres, Tanqua, Laingsburg, and Ripon, all contain a
stratigraphic interval where tuffs are not present. We note
that the textural character of air-fall tuffs is, in general, differ-
ent above and below this observed gap in tuff deposition.
Below the gap, tuffs are green, clay-rich, and typically
<10 cm. In contrast, above the gap, tuffs are distinctly either
white and chalky or light brown and gritty/sandy with thick-
nesses varying from 5 cm up to 40 cm. We speculate here that
this ‘tuff gap’ is similar to the ‘tuff gaps’ reported throughout
southern Gondwana (New Zealand, Australia, and
Antarctica), where volcanic tuffs are rare to absent within
otherwise ash-rich strata (Veevers et al. 1994b). It remains
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unclear whether those tuff gaps are related to a hiatus in
volcanic activity or dilution and lack of preservation in a
terrestrial depositional environment (Retallack and Krull
1999; Veevers 2004); these gaps, however, are thought to be
synchronous across Gondwana (Veevers 2004). We propose
herein an unidentified tuff gap in the Karoo strata that is
present in a variety of depositional environments, recorded
in deep-to-marginal marine (Ecca Group) and terrestrial
(Beaufort Group) sediments across the basin (Figures 3 and
4). Although the cause of the tuff gap is still poorly understood
and the mechanism responsible for the evolution from clay-
rich to chalky and gritty/sandy tuffs is unknown, these obser-
vations provide a distinct framework with three distinct ash
regimes: green, clay-rich tuffs; ash absent altogether (i.e. tuff
gap); and chalky/gritty tuffs.

The appearance and character of the Karoo tuffs might
be due to either (1) a change in weathering conditions; (2)
dilution of tuffs with clastic detritus; or (3) evolution of
the volcanic ejecta from glass-dominated tuffs preserved
as clay-rich tuffs to lithic deposits, manifesting as chalky
or gritty/sandy tuffs. Since tuffs occur above this tuff gap,
in both marginal marine and terrestrial strata deposited in
both high- and low-energy environments, it is unlikely the
ash regimes are due to clastic dilution. Additionally, the
tuff gap is typically present in deep to marginal marine
low-energy depositional environments where dilution
would be unlikely. Tuffs above the gap also generally
contain smaller zircon populations (<100 zircons kg–1)
than tuffs below (�100 zircons kg–1). During mineral
separation, the heavy mineral composition of chalky and
gritty tuffs was found to commonly contain dark, lithic
grains, while clay-rich tuffs yielded few to no lithic grains
and were dominated by mineral grains in the heavy
mineral separates. This suggests that tuffs below the tuff
gap may have been crystal-rich vitric tuffs, while the
overlying volcanics are likely zircon-sparse, lithic tuffs.

Maximum depositional ages from U-Pb zircon analyses

Based on these new U-Pb zircon SHRIMP results, inte-
grated with previously published data (Coney et al. 2007;
Fildani et al. 2007, 2009; Lanci et al. 2013; Rubidge et al.
2013), (Figures 3 and 4) strata of the Ecca Group below
the regional tuff gap appear coeval across the southern
margin of the basin based on ash ages, with the base of the
Ecca Group ~275 Ma, and consistent younging upward
stratigraphically across the basin (Figure 5A) to the base
of the ash gap at ~250 Ma, above which volcanic tuffs
become rare to absent for ~300–600 m. Tuffs in the
Beaufort Group above this interval consistently yield
ages older than the underlying strata and do not display
a younging-upward trend (Figure 5B). Fildani et al. (2007,
2009) and Lanci et al. (2013) presented tuff ages based on
extensive SHRIMP datasets (N = 16, n = 205 and N = 4,
n = 111, respectively) to address the absolute age of the
strata. Fildani et al. (2007, 2009) only presented ages from
the Ecca Group, while Lanci et al. (2013) only presented
data from the overlying Beaufort Group. When compared
to limited data that were available at the time, Coney et al.
(2007) and Fildani et al. (2009) observed a discrepancy in
the ages of the Ecca and Beaufort Groups and used those
ages to present a model for time-transgressive filling
across the basin. Lanci et al. (2013) suggested that the
robust single crystal age data presented by Fildani et al.
(2007, 2009) were erroneously young due to Pb-loss. The
ages presented in this study are based on zircon age
populations (n ≥ 3) to estimate ash ages, greatly minimiz-
ing the chances of the age being affected by Pb-loss
(Saylor et al. 2012), but corroborate, support, and repro-
duced the age estimates produced by Fildani et al. (2007,
2009), Coney et al. (2007), Weislogel et al. (2011), Lanci
et al. (2013), and Rubidge et al. (2013). It is not likely that
the zircon ages presented in this study have been affected

Figure 5. Youngest grain age (Ma) vs. weighted mean age (Ma) plot (left) shows a younging upsection of U-Pb zircon tuff ages in the
Ecca Group. In the Beaufort Group (right), no trend is observed. Two samples (13ZA72A-Middleton Fm, 13ZA76-Upper Koonap Fm) in
the Middle Beaufort produce ages that are within error one of the lowest stratigraphic samples (12ZA46-an ash located directly above the
‘tuff gap’ in the Lower Koonap Fm). No younging-upward trend however is observed in the Beaufort Group tuffs.
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by Pb-loss because (1) only concordant analyses were
considered; (2) ash ages are based on concordant age
populations and weighted averages; (3) individual results
are repeatable (Fildani et al. 2007, 2009; Lanci et al. 2013;
Rubidge et al. 2013); and (4) the observed age inversion is
present in both this study and previous studies (Fildani
et al. 2007, 2009; Coney et al. 2007; Weislogel et al.
2011; Lanci et al. 2013; Rubidge et al. 2013) using a
variety of analytical techniques (SHRIMP, TIMS, LA-
ICPMS) and consistently occurs across the basin directly
above the proposed tuff gap. No relationship between U
concentration and age was observed, further suggesting
that Pb-loss from U-decay, lattice damage, and diffusion
has not affected concordant zircon ages (Kryza et al.
2012). If Pb-loss is attributed to be the cause of the
observed contradictory ages, then it must be more signifi-
cant and pervasive in the Ecca Group than in the Beaufort
Group, which would require a stratigraphically selective
Pb-loss mechanism that disturbed the isotopic systems of
some tuffs, while leaving others in the overlying strata
effectively unaltered. Therefore, we interpret the weighted
mean U-Pb zircon ages to represent a maximum deposi-
tional age of the air-fall ash and will explore the implica-
tions of these new age controls across the >600 km-long
southern margin of the Karoo Basin.

The abrupt appearance of older ages is restricted to the
strata above the observed tuff gap. Possible mechanisms
that could cause these older, seemingly anomalous tuff
ages include the following: (1) structural juxtaposition
of older strata (fluvial) over younger (marine); (2) time-
transgressive facies tracts producing synchronous marine
and terrestrial deposition; (3) detrital reworking and con-
tamination in high-energy, terrestrial environments; and
(4) lack of co-eruptive zircon in early-to-mid Triassic tuffs.

No field evidence by any workers in the Karoo Basin
has been observed or reported to identify tectonic struc-
tures that could render older-over-younger strata over
thousands of square kilometres to cause inversion of zir-
con ages in the tuffs. Tanqua depocentre strata are flat
lying and undeformed and Beaufort and Ecca Group strata
in the Laingsburg and Ripon depocentre are deformed by
broad, upright folds; any repetition of mapped strata is
locally isolated.

Alternately, time-transgressive facies deposition could
create the observed age inversion. Previous models for
basin infilling based on palaeoflow and provenance analy-
sis concluded that sediment was transported into the basin
mainly from the south; this model would predict strati-
graphic younging of ash beds northward (Veevers et al.
1994a; Rubidge 2000; Flint et al. 2011). However, this
scenario appears to conflict with the observed older zircon
ages in Beaufort Group tuffs that lie to the north of the
younger Ecca Group ash samples. Fildani et al. (2009)
suggested diachronous filling of the basin from east to
west, with terrestrial deposition in the east being coeval

with deep marine conditions in the west. The new results
from the Ripon depocentre indicate contemporaneous mar-
ine deposition over >600 km across the southern margin of
the Karoo Basin and do not support this scenario unless
we hypothesize a highly segmented basin. Recent studies
of the Beaufort Group (Lanci et al. 2013; Wilson et al.
2014) report consistent palaeocurrents to the northeast,
supporting a sediment dispersal pattern for the whole
deep water to fluvial section. For diachronous filling to
produce the observed age inversion, marine conditions in
the southern basin would need to be coeval with or post-
date fluvial deposition to the north. While no evidence in
the stratigraphic record has been directly identified to
support either of these scenarios, more age constraints
from across the basin are required to better understand
basin-wide sedimentation patterns.

Here, we consider the possibility that some tuffs within
the Karoo Supergroup do not contain coherent populations
of terminal-phase, co-eruptive zircon. In this scenario, a
terminal-phase zircon population may be present, but is
diluted by older zircon due to (1) sedimentary reworking
of older ash or clastic material within younger ash depos-
its; (2) inclusion of older xenocrystic or comagmatic zir-
con residing within the magmatic system; or (3)
incorporation of older lithic volcanic material from the
volcanic carapace during eruption. One Beaufort Group
ash sample (12ZA46) showed signs of detrital contamina-
tion, with 5 of 10 zircon grains being significantly older
(>280 Ma) than the youngest coherent population
(257.3 ± 4.3 Ma; n = 4). Air-fall tuffs deposited in fluvial
depositional environments, such as the Beaufort Group
depositional system, are particularly prone to reworking
and detrital mixing by overland flows, pedogenesis, and
bioturbation. While it is difficult to assess the role of
clastic dilution and terrestrial reworking without resolving
the detrital zircon populations of adjacent siliciclastic
units, tuffs within the Beaufort Group retain an ash lithol-
ogy and show no physical signs of detrital reworking. If
tuffs were significantly contaminated with detrital zircon,
that would require significant reworking with a large
volume of clastic material such that the ash lithology
would not be retained.

In addition, with nine ash ages for the Beaufort from
this study and four tuffs from Lanci et al. (2013), 113
grains yield a Permian age, yet only four moderately
concordant Triassic grains have been recovered (12ZA18
shown in Figure 6G), compared to 253 concordant
Permian grains and 26 concordant Triassic grains in the
13 age tuffs within the Ecca Group from this study and
eight tuffs from Fildani et al. (2007, 2009). Of the 26
concordant Triassic ages in the Ecca Group, 18 were
obtained from tuffs just below the presumed tuff gap
(12ZA07, CVX12, 12ZA23, 12ZA61). These four sam-
ples all yield ~250–251 Ma weighted mean ages, which
coincides with the basal age of the tuff gap (~251 Ma)
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elsewhere in Gondwana (Veevers et al. 1994b). Since the
base of the tuff gap is approximately the boundary
between the Permian and Triassic, ages just below this
interval would be expected to straddle the boundary, with
a range of ~249–254 Ma ages, which is observed in Ecca
tuffs and is compatible with our age interpretation.
Furthermore, the absence of a large, Triassic zircon popu-
lation in Beaufort tuffs suggests limited availability of
co-eruptive, autocrystic zircons in the Beaufort Group.
Magmatic recycling is also compatible with the observa-
tion of shared recycled populations within the weighted
averages of ash zircon populations, where seven tuffs in

this study contained an ~267–268 Ma tuff population (P1
of 12ZA16, 12ZA55, SUTH, and P2 of 12ZA23, 12ZA60,
13ZA72, 13ZA76) and seven tuffs contained an ~261–
264 Ma tuff population (P1 of 12ZA10, 12ZA18,
12ZA54, 12ZA60, 13ZA67, 13ZA76, and P2 of
12ZA61). These inherited populations likely represent zir-
con crystallization events in the magmatic source of the
tuffs and may be present in any subsequently erupted ash.
A similar observation has been made in proximal volcanic
deposits in the Southern Pyrenees, where distinct zircon
crystallization events are represented in subsequent erup-
tion events (Pereira et al. 2014). Recycling is further

Figure 6. Correlation of KDE plots from the Puesto Viejo (A, B, C) and Choiyoi (D, E, F) volcanic suites to comparable KDE
signatures in interbedded tuffs of the Karoo Supergroup. Beaufort Group (G, H, I) samples show similar KDE signatures to the Puesto
Viejo volcanics, while the underlying Ecca Group samples (J, K, L) match the stratigraphic trend observed in the Choiyoi Group. The
uppermost Choiyoi samples contain peaks at 253 and 263 Ma, compared to 253 and 264 Ma in the Ecca Group directly below the base of
the tuff gap.
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suggested by the dominance of 25 concordant Ordovician
xenocrysts in Karoo tuffs from this study alone, which is
most evident in sample 12ZA45, where the only coherent
age population (n = 4 of 6 concordant analyses) consisted
of ~453 Ma grains.

Recycling of antecrystic and xenocrystic zircon in late
Permian–Triassic volcanics is recognized in correlative
volcanics in South America (Spalletti et al. 2008;
Domeier et al. 2011). Two successive magmatic suites in
South America, the Permian Choiyoi Group and Triassic
Puesto Viejo Group, record the same volcanism responsi-
ble for tuffs in the Karoo Supergroup. The Permian
Choiyoi Group yields well-defined U-Pb zircon age
peaks between 280 and 253 Ma (Figure 6D–F) with
signs of zircon recycling restricted to the uppermost
Upper Choiyoi Group. A tuff from the Upper Choiyoi
was found to be dominated by ~276 Ma zircon (SM-1;
Rocha-Campos et al. 2006) and also contains a distinct
subpopulation of ~253 Ma zircon (n = 4; Rocha-Campos
et al. 2006). This ~253 Ma age reflects the age of the last
phases of Choiyoi volcanism (Kleiman and Japas 2009).
Zircon recycling intensifies within the Triassic Puesto
Viejo Group, which contains more complex zircon popu-
lations (Figure 6A–C). Published U-Pb zircon from the
lowest Puesto Viejo Group (PV06 of Domeier et al. 2011;
PRT0 of Spalletti et al. 2008; from the Potrerillos Fm, a
coeval, stratigraphic equivalent of the Puesto Viejo Group
[Ottone et al. 2014]) shows that samples contain dominant
~260–280 Ma populations with few to no Triassic grains.
40Ar/39Ar feldspar ages for the same intervals range
between 239 and 235 Ma, suggesting a >20 million-year
discrepancy between U-Pb zircon and 40Ar/39Ar feldspar
geochronology systems. Samples from the mid-to-upper
Puesto Viejo Group contained significantly more Triassic
grains (PRT1, PRT2 of Spalletti et al. 2008; Ottone et al.
2014), yielding weighted mean ages of 239–230 which are
within error of correlative 40Ar/39Ar feldspar ages. The
high proportion of Permian grains and discrepancies
between U-Pb zircon and 40Ar/39Ar ages in the lowest
Puesto Viejo Group led Domeier et al. (2011) to suggest
that these volcanics were dominated by recycled, xeno-
crystic zircon. These observations were further used to
propose that the Puesto Viejo magma chamber was volu-
metrically too small to generate new zircon grains
(Domeier et al. 2011).

When U-Pb zircon spectra from Karoo Supergroup tuffs
(Figure 6G–L) are compared to age-equivalent volcanics in
South America (Figure 6A–F), the impact of zircon recycling
on tuff geochronology can be observed. Lower Choiyoi
volcanic samples (Figure 6E–F; Rocha-Campos et al.
2011) contain a single, cohesive zircon population, which
was resolved in samples from the lower–middle Ecca Group.
Samples from the uppermost Upper Choiyoi (PV01d from
Domeier et al. 2011; CH-05 fromRocha-Campos et al. 2011;
SM-1 from 2006-data unpublished), however typically

contain a late Permian zircon population (~253 Ma) that is
distinct from older middle-to-late Permian populations
(~263–273 Ma). The KDE for available data from the upper-
most Upper Choiyoi volcanics (Figure 6D) is remarkably
similar to Upper Ecca Group tuffs (Figure 6J), with local
maxima at ~253 and ~263 Ma. Comparison of U-Pb zircon
and 40Ar/39Ar ages (Figure 6B, C) for the Lower Puesto
Viejo volcanics demonstrate that Early to Middle Triassic
volcanics do not contain dominant, co-eruptive zircon popu-
lations, but are rich in older, mid-Permian zircon (Figure 6C).
This trend is observed in samples from the Lower Beaufort
(Figure 6H, I). In subsequent Puesto Viejo volcanics, small,
coherent populations of co-eruptive zircon become observa-
ble (Figure 6A, B), which can also be observed in zircon
populations from Lower Beaufort tuffs (Figure 6G). Based
on the similarity of zircon population distributions, weighted
mean ages, and stratigraphic position relative to the over-
lying magmatic/tuff gap, we propose several age correlations
(Figure 7).

(1) Lowest Ecca Group tuffs (within the Prince Albert,
Whitehill Formations) are age equivalent to the
early–middle Permian Lower Choiyoi Group
(>265 Ma).

(2) Mid-Ecca Group tuffs (within the Collingham,
Vischkuil, Skoorsteenberg, Laingsburg, Ripon
Formations) are age equivalent to the upper,
Lower Choiyoi and lowest Upper Choiyoi Group
rocks (~265–255).

(3) Upper Ecca Group tuffs (Kookfontein, Fort Brown
Formations) are age equivalent to the late Upper
Choiyoi Group (253 Ma).

(4) The overlying Lower Beaufort Group tuffs are
dominated by recycled zircon grains, which sug-
gest they are age equivalent with Puesto Viejo
volcanism (241–235 Ma).

(5) The tuff gap proposed in this study (Figures 3, 4,
7) could represent magmatic quiescence between
Choiyoi and Puesto Viejo magmatic activity
(252–241 Ma).

Implications for magmatism in southern Gondwana

Zircon is known to be present in variable concentrations
in different tectonographic terranes (discussed as ‘zircon
fertility’ in Moecher and Samson 2006). Therefore a
zircon-rich terrane would be overrepresented in any
zircon geochronology study compared to a zircon-
sparse or zircon-poor terrane. This is most commonly
applied to understand the geologic bias in detrital zircon
provenance studies. The same mechanism, however,
may create bias in the study of a magmatic system if
certain magmatic systems produce few to no zircon,
while others generate large volumes of zircon. The
Southern Gondwanan magmatic system as recorded in
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South America and the Karoo Basin appears to have
consisted of three distinct pulses of magmatism: (1)
zircon-rich, subduction and orogenic collapse driven
magmatism that erupted crystalliferous, vitric tuffs
prior to ~252 Ma; (2) magmatic and volcanic quiescence
from 252 to 241 Ma; and (3) renewed magmatism

driven by extensional rifting that resulted in recycling
of older crustal materials and eruption of lithic tuffs.
Crystalline basement rocks from the Antarctic Peninsula
(Riley et al. 2012), which would have been tectonically
adjacent to South Africa within Gondwana (Figure 1A),
provide further insight into zircon crystallization over
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time (Figure 8). Permian–Cretaceous basement from the
Antarctic Peninsula contains co-emplacement and recycled
igneous zircon, as well and metamorphic zircon that records
Permian–Triassic metamorphism.When considering only low
U/Th (<10; n = 62), which likely represents igneous zircon
(Hoskin and Black 2000), there is a distinct pattern that is
strikingly similar to the zircon trends observed in South
America and South Africa. There are two Permian spikes of
zircon represented in the Antarctic samples at ~272 and
~255 Ma. They roughly correlate to the Lower (290–
265 Ma) and Upper (270–250 Ma) Choiyoi Group volcanic
suites and the latter pulse with the tuffs of the Ecca Group.
Only one zircon lies within the range of the tuff gap, but this
grain also is within error or the ~255Ma peak; therefore, there
are effectively no zircon grains produced during this interval,
which likely reflects magmatic quiescence. The Antarctic
Peninsula samples only yield three grains that correlate with
Puesto Viejo magmatism (240–220 Ma). Despite known vol-
canism during this time, the sparse presence of such a small
population suggests that very few zircon grains were crystal-
lized during this period. These observations, along with the
lack of co-eruptive zircon in South American andKaroo Basin
volcanics, strongly suggest that zircon production in Southern
Gondwana was subdued in the Early Triassic across the wes-
tern half of the margin. The lack of co-eruptive zircon, there-
fore, may be a super-regional phenomenon that might affect
more areas throughout Gondwana, particularly in the Early
Triassic, thereby hindering U-Pb zircon geochronology in
Early Triassic volcanics.

Summary

Using 469 new single-grain analyses, we used coherent age
populations to determine 22 U-Pb zircon tuff ages in four
stratigraphic sections of the lower Karoo Supergroup across
the Karoo Basin. Regionally, tuffs within the terrestrial
Beaufort Group consistently produce ages that are older than
the underlying marine Ecca Group, which can be observed in
multiple studies (Coney et al. 2007; Fildani et al. 2007, 2009;
Lanci et al. 2013; Rubidge et al. 2013) using different analy-
tical techniques (SHRIMP, TIMS, LA-ICP-MS). The repro-
ducibility of tuff ages in the marine section and internally
consistent age for the base of the tuff gap suggests that tuffs
below a proposed regional tuff gap may provide reliable
chronostratigraphic control, while tuffs above the tuff gap
yield chaotic ages that predate deposition (Figure 5). We
propose that post-depositional reworking combined with a
lack of terminal phase, volcanic zircon in distal air-fall tuffs
within the Beaufort Group may be responsible for the inver-
sion of U-Pb zircon ages. Zircon recycling is observed in
correlative proximal volcanic tuffs in Permo-Triassic basins
of SouthAmerica corroborating this hypothesis. The zirconU-
Pb ages from tuffs in the Beaufort Group should therefore be
considered as constraints on maximum depositional ages, not
as a representation of the actual depositional age (i.e. ‘golden
spike’ ages). Our proposed explanation brings together data
considered thus far puzzling and contradictory, and is compa-
tible with recent observations in other long-lived arc to post-
orogenic systems that show protracted zircon recycling
(Pereira et al. 2014). Our observations support recent evidence
from South America that the absolute ages assigned to
Gondwanan biozones may be erroneously old (Ottone et al.
2014). Our new data are in agreement with all recently pub-
lished ages (Fildani et al. 2007, 2009; Lanci et al. 2013;
Rubidge et al. 2013) and demonstrate the importance of con-
sidering the magmatic history of a volcanic source when
interpreting U-Pb zircon datasets from tuffs to estimate max-
imum depositional ages. These new data illustrate how tuff
geochronology can, at times, be ambiguous when using a
limited dataset. By compiling a regionally extensive study
and understanding the nature of volcanism, however, the
ambiguity might be reduced, resulting in more competent
stratigraphic age controls.
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