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ABSTRACT

U-Pb Detrital Zircon Geochronology of the Cape Fold Belt/
Karoo Basin System

Justin Raymond Dean

U-Pb detrital zircon geochronology, in addition to sandstone petrography and heavy
mineral analysis are used to constrain the provenance of the Ecca and Beaufort lithologic
Groups within the Tanqua, Laingsburg, and Ripon sub-basins of the southern Gondwanan
Karoo Basin. Zircon ages were acquired using Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS) on 553 grains from seven hand samples. Results show two
major age populations exist in all samples including an abrupt 245-295 Ma population and a
broad 350-750 Ma population. Other minor age populations are present between 300-350 Ma,
850-1200 Ma, and > 2000 Ma in some samples. These age populations coincide with the age
of regional source terranes and tectonic events which consist of: Gondwanide (southern
magmatic arc: 245-290 Ma), Pan African (488-1100 Ma), and Pampean (525-550 Ma)
Orogenies as well as the Cape Supergroup (400-2700 Ma), Dwyka Glacial Group (500-3500
Ma), North Patagonian Massif (235-580 Ma), Deseado Massif (344-521 Ma), Namaqua-Natal
Province (800-2200 Ma), and the Kaapvaal/Kalahari Craton (> 1800 Ma).

U-Pb zircon ages within the Tanqua, Laingsburg, and Ripon sub-basins are relatively
uniform throughout the middle to upper Ecca Group succession. Middle Ecca Group zircon
samples contains the same major age populations as other samples, however, the proportion of
Permian zircons are more prevalent than samples collected in the Upper Ecca and Beaufort
Groups whereas >1000 Ma zircon are rare and only exist as either minor populations or single
grains. The Cambrian to Neoproterozoic age population also varies within samples with an
overall increase in grain abundance upwards into the Beaufort Group.

The CFB-Karoo basin has been identified as a fold-thrust belt/foreland basin system;
however, the Karoo basin sediment composition is inconsistent with derivation from the fold-
belt leading to the hypothesis that the fold-belt may not have existed during Karoo basin
development (300-250 Ma). Thin-section petrography of 18 sandstone samples does not fully
support some previously proposed paleogeographic models. All analyzed samples generally
lie in the mixed affinity and dissected arc QmFLt diagram fields. This is interpreted to indicate
that the Karoo basin fill was sourced by multiple eroding source terranes causing data to plot
as a mixture of multiple contributing sediment sources.

In order to further understand sediment distribution within the Tanqua, Laingsburg
and, Ripon sub-basins based on north-northeast Permian paleocurrent indicators acquired from
previous studies and paleogeographic reconstruction, two primary sediment pathways were
hypothesized. The Ceres syntaxis, which separates the N-S and E-W trending branches, may
serve as a sediment pathway connecting the hinterland and the main depocenter within the
Karoo basin The formation of the Ceres syntaxis is likely responsible for the formation of and
deposition into the Tanqua and Laingsburg sub-basins. The other sediment pathway, the Port
Elizabeth antitaxis, may be associated with convergence of the Deseado Massif and southern
Gondwanna and later associate with the Gulhas-Falkland fracture zone. The formation of this



antitaxis was likely responsible for routing sediment into the Karoo Basin. The north-northeast
paleocurrent direction also allows northern source terranes surrounding the Kalahari Craton
can be eliminated as potential primary sediment sources, therefore grains matching the age of
Kalahari Craton rocks that are found in Karoo basin-fill were likely the result of erosional
recycling of the Cape Supergroup.
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Chapter I: Introduction

1.1 Sediment Origin

Orogenic belts and sedimentary basins form in response to first-order tectonic events,
thus, their physical development is highly dependent on the tectonic environment.
Convergent tectonism is responsible for the formation of most orogenic belts and large basins
generally develop adjacent to these orogenic belts as a result of flexural subsidence
[Beaumont, 1981; McKay et al., 2013]. Flexural subsidence is driven by tectonic load
causing elastic behavior of the rigid plate in which isostatic compensation results in the
expression of flexure. [Busby and Ingersoll, 1995]. Topographically-high orogenic fold-
thrust belts generally serve as the tectonic load and the source for sediment that accumulates
in topographic lows of “foreland basins” such as the South American Andes foreland basin
[Busby and Ingersoll, 1995]. Sediment accumulation rates and distribution in a flexural
foreland basin is therefore commonly dependent on the timing of deformation in the orogenic
belt and magnitude of subsidence in the basin.

Orogenic uplift in convergent tectonic settings is one of the primary driving forces for
basin formation and the provenance of sedimentary basin-fill [Dickinson, 1985].
Sedimentary provenance analysis is used to determine the origin of sediment derived from
older parent rock assemblages [Weltje and Eynatten, 2004]. Different tectonic settings yield
geologically and lithologically different source terranes; therefore, the composition of basin-
fill sediment may be predictable based on the tectonic setting responsible for creating both
the basin and adjacent source rocks [Dickinson, 1985].

Sediment provenance can be determined using several different methods. Thin-

section point-counting of sandstone samples to identify and quantify abundances of



framework grain types can indicate provenance because source terranes typically yield clastic
detritus of predictable composition [Dickinson, 1985]. Dense/heavy minerals can be used as
a tracer to determine provenance as source rocks yield unique assemblages of dense
accessory minerals. Detrital zircon geochronology is a common method used to determine
provenance because zircon is a common accessory mineral in clastic sedimentary rock that
can be dated using U-Pb geochronology to determine crystallization age. Zircons within
clastic rocks generally represent a mixture of ages from an assemblage of rocks present
within the drainage basin of the source area. The ages zircons within basin-fill can be
compared to the zircon ages known in surrounding source terranes to determine sediment
provenance. Provenance of the Karoo basin-fill is poorly constrained and understanding of
the Cape Fold Belt/Karoo basin system evolution is incomplete. This research aims to
determine provenance of Permian-Triassic Karoo Supergroup sandstones in order to identify
source terranes which supplied sediment to the Karoo basin. Previous provenance studies
have been inconclusive because specific source terranes could not be differentiated using
conventional provenance methods [Fildani et al., 2007]. Source terranes supplying sediment
to the Karoo basin could not be differentiated in previous studies in part because of limited
age constraints on basin-fill strata [van Lente, 2004]. Additionally, the immature sediment
composition of Karoo basin-fill is not consistent derivation from the quartzite units that form
the adjacent fold-thrust belt (Cape Fold Belt) ; instead, the abundant feldspar and sedimentary
lithic grains present within the Permian-Triassic Karoo basin-fill indicate a felsic
igneous/continental terrane to the south of the Gondwanan margin as the sediment source, not
the recycled orogenic source of quartzite and phyllite within the Cape Fold Belt [Veevers et

al., 1994; van Lente, 2004]. The prime candidate for such a source would be either the Cape



Granite Suite, the glaciogenic diamictite of the Dwyaka Formation or the Gondwanide
southern magmatic arc.

This thesis presents new U-Pb detrital zircon ages, sandstone petrography data, and
heavy mineral composition to better constrain provenance of Karoo basin-fill in order to
determine the influence of the Cape Fold Belt on the formation of the Karoo basin. U-Pb
detrital zircon data will be used to both constrain the maximum deposition ages of Karoo
basin-fill and compare the age of Karoo zircons to the age of zircons of surrounding source
terranes to constrain the provenance. Sandstone petrographic data will be used to determine
the provenance of Karoo-basin fill based on the composition of regional source terranes.
Dense/heavy minerals are used to determine provenance because source terranes resulting
from different tectonic settings typically yield unique heavy mineral assemblages that can be
differentiated in sedimentary basin-fill. Constraining provenance using these approaches will
allow the timing of deposition, the location of sediment pathways, and approximate location of
regional source terranes to be determined. This information will allow a better overall

understanding of the evolution of the Cape fold belt/Karoo basin system.

1.2 Geologic Background
1.2.1 Panthalassan Margin
The Late Paleozoic Panthalassan Margin was an E-W trending active margin located
along the southern limits of Gondwana. Tectonic activity along this margin can be
characterized by north-vergent subduction of the Panthalassan plate beneath Gondwana,
resulting in the formation of a magmatic arc, fold-thrust belt (Cape Fold Belt) and adjacent

craton-ward sedimentary basins (Karoo basin of South Africa, Parana basin of South America,



Bowen basin of Australia, and the Beacon basin of Antarctica; Fig. 1) [de Wit and Ransome
1992; Veevers et al. 1994; Johnson et al., 1997; Lopez-Gamund1 and Rossello 1998; Turner
1999; Faure and Cole 1999;Catuneanu et al., 2005; Lopez-Gamundi, 2006]. Remnants of
these tectonographic provinces can be found on the continental fragments of Gondwana
dissected during early Mesozoic South Atlantic rifting, and include South America, Africa,
Falkland Islands, Antarctica, and Australia (Fig. 1) [Lopez-Gamundi, 2006]. The Gondwanide
continental collision, as outlined by Pankhurst et al., (2006), can be characterized by the
formation and north vergent movement of the North Patagonian Massif causing a collision
with the southern margin of Gondwanna. This collision resulted in the formation of the
Gondwanide fold-thrust belt and sedimentary basin also known as the Cape Fold Belt and
Karoo basin. The Gondwanide fold-thrust belt and sedimentary basin of South Africa lie along
strike with the Panthalassan margin in most paleogeographic reconstructions.

Although the magmatic arc is no longer preserved in the Karoo basin hinterland, its
location may be inferred assuming the presence of remnant fold-thrust belts along the margins
of continental fragments and craton-ward sedimentary basins are all associated with active
tectonism along the margin [Lopez-Gamundi, 2006]. These fold-thrust belts and sedimentary
basins appear to the east and west of South Africa and lie along strike with the Panthalassan
margin in most paleogeographic reconstructions. Also, the Choiyoi magmatic province of
South America is coeval with and geochemically similar to tuffaceous horizons present within
Karoo basin-fill which strongly suggest a genetic linkage between arc magmatism, continental
collision, and subduction along the Panthalassan margin. (Fig. 1) [van Lente, 2004; Lopez-

Gamundi, 2006; Vorster, 2013].
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Figure 1: Paleogeographic reconstruction of Gondwana during the Permian and Triassic

periods. The red box indicates the focus area of this study and includes the location of the

Cape Fold Belt and adjacent Karoo Basin. Note that the extents of the magmatic arc and
Panthalassan margin are inferred. The margin is thought to have existed along the southern
Gondwanan margin due to the presence of remnant fold-thrust belts and craton-ward
sedimentary basins [from McKay et al., 2012].

1.2.2 Karoo Basin: Structure and Stratigraphy

The Karoo basin of South Africa represents a major Late Paleozoic-Early Mesozoic

Gondwanan depocenter produced by active convergent tectonism along the Panthalassan

margin [Fildani et al., 2007]. The Karoo basin covers an area of ~700,000 km?” and records

tectonically-influenced late Carboniferous-Jurassic sedimentation (Fig. 2) [Johnson et al.,

1997; Fildani et al., 2009; McKay et al., 2013]. The Karoo basin is partially filled by the

Karoo Supergroup, a ~10,000 m thick composite succession of clastic sediments [Johnson et

al., 1996]. The Karoo Supergroup consists of three main stratigraphic groups: the Dwyka,

5



Ecca, and Beaufort groups (Fig. 2 and Fig. 3) [Johnson et al., 1996; Fildani et al., 2009;
Tankard et al., 2009]. The Dwyka Group was deposited in response to late Carboniferous-
early Permian glaciation (Fig 3). The Dwyka Group reaches thicknesses of ~800 m thick in the
southern Karoo basin and is characterized by subaqueous, silt-dominated glacial diamictites
with dropstones that were carried by floating ice rafts [Johnson et al., 1996; Catuneanu et al.,
2005]. Correlation of the Dwyka Group with glacial deposits in South America, Africa,
Antarctica, Australia, and India was used to develop the continental drift theory [Du Toit,
1937].

Deposition of the overlying Permian Ecca Group marked the end of glaciation and
the beginning of marine deposition (Fig. 3) [Johnson et al., 1997]. The Ecca Group contains
~3000 m of offshore mudstone that grade upward into fine-grained turbidites in the lower part,
and shelf and deltaic deposits in the upper part, marking the transition from an underfilled to a
nearly filled basin [Johnson et al., 1996; Tankard et al., 2009]. The Ecca Group is overlain
gradationally by the upper Permian-lower Triassic Beaufort Group. The Ecca-Beaufort
lithologic contact within the Karoo basin is associated with deltaic progradation within a
highstand systems tract, causing diachronous deposition of deltaic deposits across a paleo-
shelf which youngs from south to north. [Rubidge et al., 1999; Rubidge et al., 2000].

The Beaufort Group marks the transition from deltaic deposition in the upper Ecca Group
to fluvial deposition. The Beaufort Group reaches thickness of up to 7000 m in the southern
portions of the Karoo basin and thins to 100-200 m toward the north [Johnson et al., 1996]. The
Beaufort Group consists predominantly of mudstones and siltstones interbedded with lenticular
and tabular sandstones deposited by a variety of fluvial systems [Catuneanu et al., 2005]. The

focus of this study will be on the marine Ecca Group and lower Beaufort Group.
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Figure 2: Simplified geologic map of the Cape Fold Belt and adjacent
Karoo Basin with Cape Fold Belt structures, potential sediment sources, and
paleoflow orientations displayed [After Veevers et al., 1994; McKay et al., 2013].

1.2.3 Sub-basins

The Karoo basins is subdivided into three sub-basins as a result of slightly different
tectonic influences and varying water depths, grain sizes, subsidence rates, and fill patterns
[Wickens, 1992; Wickens, 1994; Fildani et al., 2007]. From east to west adjacent to and along
strike of Cape Fold Belt these sub-basins are the Tanqua, Laingsburg, and Ripon sub-basin. The
Ecca and Beaufort groups are present in all three sub-basins but contain different formation
names for some formations within each sub-basin (Fig. 7 & 8) [Catuneanu et al., 2002]. The
Tanqua and Laingsburg sub-basins occupy the western/southwestern portion of the Karoo basin

and are separated by the Ceres syntaxis (Fig. 7 & 8). The Ripon sub-basin occupies the
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Figure 3: Generalized age-stratigraphic column
of the Karoo Supergroup [Taken from McKay
etal., 2012].

the Tanqua and Laingsburg sub-basins.
These studies emphasized that deposition
of the Ecca and lower Beaufort groups in
the Tanqua and Laingsburg sub-basins were coeval but vertical facies in the Laingsburg sub-
basin appear to be highly variable compared to the Tanqua sub-basin [Grecula, 2000]. This

study will focus on the Permian/Triassic middle Ecca to lower Beaufort Group succession (Fig.

3,4,5,6and 17).

1.2.3.1 Tanqua sub-basin

The Tanqua sub-basin, located approximately 300 km northeast of Cape Town, is
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floor through basin-floor subenvironments to a  [Adapted from Fildani et al., 2007;
McKay pers. comm.].

slope setting in the uppermost fan [Johnson et al.,

2001]. Fans in the Tanqua sub-basin are up to 65 m thick with sharp to gradational tops and

bases and contain complex internal facies distributions [Johnson et al., 2001]. In the Tanqua

sub-basin, interbedded prodelta sandstone and mudstone deposits of the lower Ecca Group

represent the underfilled basin that grade upward into the deltaic Waterford Formation of the



Upper Ecca Group (Fig. 4). The Waterford Formation grades into the fluvial deposits of the
Abrahanmskraal Formation in the lower Beaufort Group which represents a filled basin stage.
Thus the Ecca-Beaufort Group contact mark the transition from an underfilled to nearly filled
basin [Bouma & Wickens, 1994; Johnson et al 1996]. A study conducted by Rubidge et al.
(2000) used marine biostratigraphy and plant fragments to define the Ecca/Beaufort contact in

the southern Karoo basin.

1.2.3.2 Laingsburg sub-basin

The Laingsburg sub-basin is located approximately 300 km northeast of Cape Town
(Fig. 8). The Laingsburg sub-basin is separated from the Tanqua sub-basin by the Ceres
syntaxis to the northwest and from the Ripon sub-basin to the east by approximately 500 km
and slight bends in the Swartburg Range of the Cape Fold Belt. Formations of the lower and
middle Ecca Group (Prince Albert, White Hill, Collingham, Vischkuil, and Laingsburg
Formations) in the Laingsburg sub-basin are similar in composition, architecture, and age to
the correlative units in the Tanqua and Ripon sub-basin due to similar depositional conditions
[Bouma & Wickens, 1994; Flint et al., 2011]. These formations can be differentiated from
sub-basin to sub-basin by varying grain size, spatial extent, and thickness.Laingsburg sub-
basin strata contain an overall coarser grain size and thicker turbiditic succession compared to
the Tanqua sub-basin. The Laingsburg Formation of the Laingsburg sub-basin contains a
series of six sandstone successions interpreted as basin-floor, toe-of-slope, and slope turbidite
complexes that are separated by hemipelagic mudstone [Wickens, 1992; Wickens, 1994,
Grecula et al., 2003a; Grecula et. al 2003b; Sixsmith et al., 2004]. The turbidite fans contain
gradational to sharp upper and basal bed contacts and truncating feeder channels in most fan

successions [Sixsmith et al., 2004]. Overall, sand units in the turbidite fans of the Laingsburg
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sub-basin are structureless with occasion graded bedding and ripple laminations and appear to
be much sandier than the shaley, mud-rich fans of the Tanqua sub-basin [Bouma and Wickens,
1994; Wickens and Bouma, 2000; Vorster, 2013.]. The Laingsburg Formation (750 m) is
thicker than the correlative Skoorsteenberg Formation (450 m) in the Tanqua sub-basin (Fig.
17) [Sixsmith et al., 2004]. The upper Ecca (Waterford Formation) and lower Beaufort
Groups (Abrahanmskraal Formation) of the Laingsburg sub-basin contains a similar transition
as the Tanqua sub-basin in which the basin transitions from underfilled to nearly filled basin
within the gradational Ecca-Beaufort contact [Bouma & Wickens, 1994; Johnson et al 1996].
A variety of trace and invertebrate fossils are present in the Laingsburg formation and can be
used as a good indicator for the Ecca/Beaufort Group contact [Rubidge et al., 2000; Johnson,

2006].
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1.2.3.3 Ripon sub-basin
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thicknesses of hemipelagic muds than the
fans within the Tanqua and Laingsburg
sub-basin (Fig. 17). The Waterford
Formation of the upper Ecca Group and the Koonap Formation of the lower Beaufort Group
contain prodelta and delta deposits which are overlain by fluvial deposits in the Koonap

Formation of the lower Beaufort Group. Various trace fossils are found throughout the middle

12



Ecca through lower Beaufort Groups which are indicative of deep water conditions and
silicified logs with annual rings are common in the lower Ripon Formation [Johnson, 2006;

Johnson and Kingsly, 1993].

1.2.4 Cape Fold Belt

The Cape Fold Belt (CFB) of South Africa is a major remaining structural remnant of
the Cape Orogeny preserved on the African continent and is hypothesized to have been the
topographic load causing subsidence of the Karoo basin [Catuneanu et al., 2008]. The CFB
was uplifted during the Gondwanide Orogeny as a result of compression due to subduction of
the paleo-Pacific plate beneath the Gondwanan supercontinent along the Panthalassan margin
(Fig. 10). The CFB is thought to have formed as a result of multiple compressional events
during the Permian and Triassic periods, as indicated by **Ar/*’Ar ages of syndeformational
micas collected from the southern CFB that reflect major tectonic cooling events at 278, 258,
247,230 Ma [Hélbich et al., 1983]. Basin models produced using airfall ash geochronology to
constrain sediment accumulation rates reveal subsidence phases at 280-276 Ma, 270-258 Ma,
and 246 Ma (McKay et al., 2012) which coincide with the cooling events in the CFB

documented by Hélbich et al. (1983).

The CFB consists of two main segments that are separated by the Ceres syntaxis
[Booth, 2011] (Fig. 8). The eastern segment of the CFB trends east-west and is positioned
along the modern southern South African coast, forming the modern highlands of the Oteniqua
and Swartburg Ranges. The western segment of the CFB is north-northwesterly trending,
forming the modern highlands of the Cedarburg Range. The Ceres syntaxis is a northeast-

southwest oriented structural high that separates the two main segments of the CFB. The axial
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trace of the syntaxis trends into the Karoo basin as the Hex River anticlinorium and separates
the Tanqua sub-basin to the northwest from the Laingsburg sub-basin to the southeast.
Development of this syntaxis was probably the result of right-lateral transpression and north-
vergent compression along the southern Gondwanan margin during the mid-late Permian and
may have served as a sediment pathway for Karoo strata [Tankard et al., 2009; Booth, 2011].
The Ceres syntaxis is also the result of topographic inversion in which the structural high was
incised to create pathway through the Cape Fold Belt [Brezinski, 1989]. Topographic
inversion is a process that occurs in which structural high become topographic low by
fractures forming at the top of an anticlinal fold allowing increased water penetration and

erosion [Brezinski, 1989].

The Port Elizabeth antitaxis lies to the north of Port Elizabeth on the modern South
African coast and formed in response to right-lateral transpression produced by the
Gondwanide Orogeny during the mid-late Permian [Johnston, 2000]. The Ripon sub-basin lies
to the north of the Port Elizabeth antitaxis. It is possible that Port Elizabeth antitaxis
contained sediment pathways around its flanks allowing sediment to be transported from the
active volcanic arc to the Karoo basin based on the north to northwest paleocurrent direction
outline by Veevers et al., (1994). It is also possible that Port Elizabeth antitaxis was the result
of present day tectonic processes associated with the Agulhas Falklands Fracture Zone as
mapped by Johnston, (2000) and had no impact on sediment delivery into the Karoo basin
during the Permian [Booth, 2011]. However, paleomagnetic constraints reveal that until at
least Early Jurassic times the Falkland Islands were still located off the southeastern coast of
Africa suggesting that the fracture zone likely didn’t form until the Late Jurassic to Early

Cretaceous periods [Thomson, 1998]
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The CFB consists of deformed Cape Supergroup strata that were deposited as passive
margin sediments in the early Paleozoic Cape Basin which filled from the north based on
southward-oriented paleocurrent indicators [Veevers et al., 1994; Vorster, 2013]. The Cape
Supergroup consists of three groups, listed in stratigraphic order: the Ordovician-Silurian
Table Mountain Group (480 Ma), Early Devonian Bokkeveld Group (400 Ma), and Late
Devonian Witteberg Group (350 Ma) [Broquet, 1992; Veevers et al., 1994; Shone and Booth,
2005; Thamm & Johnson, 2006; Fourie et al., 2010] (Fig. 7 & 8). The Cape Supergroup is
composed of quartzites interbedded with phyllites that are to 8 km thick to the south in the
Western Cape region and drastically reduced thickness and eventually pinches out on to
crystalline basement to the northeast just south of Lesotho [Cole, 1992; Veevers et al., 1994;
Thamm & Johnson, 2006]. Sediments within Cape Supergroup strata are thought to have been
derived from a northern cratonic source as well as from mobile belts and intrusive igneous
provinces associated with the Neoproterozoic Pan African Orogeny including the Kaapvaal

Craton, Namaqua-Natal Province, and Cape Granite Suite [Johnson, 1991; Vorster, 2013].
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1.3 Subsidence Mechanism
Two competing models exist to explain subsidence of the Karoo basin. The flexural
subsidence model suggests that the Karoo basin subsided due to the load created by the growth
of the CFB. The mantle driven dynamic subsidence model suggests that the Karoo basin was

pulled down via convection cells in the mantle with the absence of the CFB.

1.3.1 Flexural Subsidence

The Karoo basin has been traditionally classified as a retroarc foreland basin which
formed due to lithospheric flexure in response to crustal loading induced by growth of the
CFB (Fig. 10). This model is supported by the syndeformational deposition of Karoo basin
strata adjacent to the Ceres syntaxis. In the area of the Hex River anticlinorium, lower Ecca
Group strata thin over the syntaxis providing evidence of simultaneous folding and syntectonic
sedimentation [de Beer, 1990]. Additionally, Karoo strata thin to the north, away from the
Cape Fold Belt, which is consistent with deposition into a foreland basin setting. However, the
accuracy of a retroarc foreland basin model is suspect because: 1) the Karoo basin is thought
to have developed >1000 km from the Panthalassan margin (Tankard et al., 2009) and 2)
sedimentation into the Karoo basin is thought to predate initial CFB deformation (Fig.
9)[Tankard et al., 2009]. If these statements are true, it is unlikely the Karoo basin is a retroarc
foreland basin because 1) foreland basins typically do not form great distances (greater than
1000 km) from the active margin and 2) foreland basins generally form in response to crustal
loading, so if deposition in to the Karoo preceded deformation of the CFB, then Karoo basin
subsidence was not driven by crustal flexure in response to topographic loading, but via some
other mechanism, such as mantle flow driven dynamic subsidence as has been suggested by

Tankard et al., (2009).
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et al., 1996; and Vorster, 2013]. B = Bokkeveld Group, Bf= Beaufort Group, D =
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1.3.2 Mantle Driven Dynamic Subsidence

An alternative model has been proposed that suggests mantle-flow driven dynamic
subsidence may have resulted in the development of the early Permian Karoo basin. Mantle-
flow driven dynamic subsidence is a process by which convection cells within the
asthenospheric mantle develop in response to subduction causing downward deflection of the
lithosphere and producing widespread low-amplitude subsidence compared to higher
amplitude flexural subsidence (Fig. 11). It is proposed that brittle lithospheric blocks separated
by crustal-scale faults are displaced downward, creating widespread subsidence and
accommodation space for Karoo Supergroup strata [Tankard et al., 2009]. This model is highly
contentious due to the lack of laterally continuous crustal scale faults with documented high

magnitude displacement to accommodate subsidence and the absence of a modern analogue.

Mantle flow drag and deflection at base of lithosphere

Lithospheric scale faults?
& " . :

.
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Figure 11: Schematic representation of mantle driven dynamic subsidence in which
convection cells in the mantle induced by drag from the subducting plate causes
basin subsidence by displacing crustal blocks along lithospheric scale faults.

21



1.4 Research Problem

Previous studies conducted within the Karoo basin have successfully characterized Karoo
sediments and basin-fill patterns but have been unsuccessful at constraining the provenance of
Karoo basin-fill using conventional methods [Fildani et al., 2007]. Previous work conducted by
Elliot and Watts (1974), Lock (1980), Kingsley (1981), Hélbich (1983), Cole (1992), Veevers et
al. (1994), Adelmann and Fiedler (1998) suggest that the main source area for the Ecca and
Beaufort Groups of the Karoo basin was the CFB. This interpretation was based the proximity of
the CFB to the Karoo basin and on sandstone framework grain composition which plotted within
the recycled orogen provenance field of Dickinson (1979) combined with paleocurrent indicators
oriented toward the north/northeast or away from the CFB and toward the Karoo basin
depocenter. However, these studies were challenged by Johnson (1991), who used sandstone
petrography on the Ecca and lower Beaufort Groups in the southwestern Karoo to show that
framework grain composition of the Karoo sandstone from the southwestern Karoo basin plotted
in the transitional arc provenance field of Dickinson (1979). The results of Johnson (1991)
agreed with earlier studies by Elliot and Johnson (1972), Martini (1974) and Visser (1979), who
suggested a southern magmatic arc south of the CFB may have sourced Karoo Supergroup strata
due to the abundance volcanic clasts present within the sandstone. Mineral chemistry of detrital
heavy minerals such as garnet, tourmaline, and biotite analyzed by electron microprobe were
taken from sandstones within the Skoorsteenberg Formation, Vischkuil Formation and
Laingsburg Formation of the Laingsburg sub-basin and results indicate two source assemblages
of high-grade metamorphic and granitic rocks south of the Cape Fold Belt in the Gondwannan
plate overlying the subduction zone [Scott, 1997]. Since the Cape Fold Belt was not found to be

a major a source for Karoo Supergroup sandstones, this lead Scott (1997) to suggest that the
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Cape Fold Belt may have still been submerged during deposition of the Karoo Supergroup strata
and that therefore, the CFB was not yet uplifted and subaerially exposed during Permian time,
which would indicate little if any compressional deformation of the CFB had occurred in the
CFB during the Permian. Mineralogical and geochemical studies conducted by Andersson et al.,
(2003) and Andersson et al., (2004) using Sm/Nd isotopes and rare-earth elements on mudstones
from turbidites in the Tanqua sub-basin reveal uniform composition that is consistent with
derivation from the Cape Fold Belt and a contemporaneous southern magmatic arc.

A provenance study conducted by Faure et al., (1996) using Sm/Nd isotopic composition
of mudstones from the Swartrant (lower Ecca Group equivalent) and Grootegeluk (middle Ecca
Group equivalents) Formations of the Permian Karoo Supergroup in the northeaster Karoo basin
suggests that mudstones from the northern Karoo basin were sourced by erosion of older (> 500
Ma) rocks such as the Namaqua-Natal metamorphic provenance and Kaapvaal craton found in
terranes to the north of the Karoo basin whereas Karoo Supergroup sandstones contains
sediments sourced from younger rocks (< 500 Ma) to the south such as the southern magmatic
arc. Northern source areas are inferred due to the proximity of surrounding ancient cratons and
the southwestern paleocurrent direction present within the northeastern Karoo basin.

Studies conducted by Veevers and Saeed (2007), and Veevers and Saeed (2013) used U-

Pb zircon dating, Hf isotopes on detrital zircons, and Sm/Nd isotopes for Karoo Supergroup
sandstone samples of the lower and middle Ecca Group from the northern Karoo basin. Their
results reveal dominant age populations at 500 Ma 624 Ma, and 1060 Ma which likely are
sourced by rocks of the Kaapvaal craton, Namaqua-Natal metamorphic provence, CFB and the
Eastern Highlands which are outlined by Van Vuren and Cole (1979) and Vorster (2013). These

provenance signatures suggest that the Karoo Supergroup in the northeastern Karoo basin may
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have a slightly different provenance signature than Karoo Supergroup sandstones within the
south eastern and southwestern Karoo basin. Katemaunzanga et al., (2009) conducted a study
using rare-earth elements on mudstones and sandstone petrography coupled with paleocurrent
data on sediments from the Balfour Formation in the Beaufort Group. Sandstone petrography
data from Katemaunzanga et al. (2009) suggested a transitional magmatic arc source affinity
and a north/northeast paleocurrent which suggests a southern magmatic arc source.

Sandstone petrography point-counting results from Johnson (1991) and Catuneanu and
Elango (2001) indicate the evolving magmatic arc to the south of the CFB was a primary source
for Karoo Supergroup sandstones. These studies (Johnson, 1991; Catuneanu and Elango, 2001;
Katemaunzanga et al., 2009) also suggest that the fine-grained nature of sediments within the
Tanqua and Laingsburg sub-basin is likely due to long transportation distance (~1000 km) from
the source terrane to the basin.

Recent studies indicate that the southern magmatic arc was a major contributor of
sediment to Karoo Supergroup sandstones; however the CFB may still be a sediment source due
to subaerial exposure during deposition. By using detrital zircon geochronology, the age
signature of the Cape Supergroup and other source terranes can be detected. This study will
determine the provenance Permo-Triassic Karoo basin-fill, specifically, the middle Ecca Group
(Skoorsteenberg, Laingsburg, and Ripon Formations), Upper Ecca Group (Waterford
Formation), and lower Beaufort Group (Abrahanmskraal and Koonap Formations) as well as
the maximum depositional age of each unit in order to constrain the timing of deposition into
the Karoo basin. Provenance will be determined using U-Pb detrital zircon geochronology,
sandstone petrography, and heavy/dense mineral composition data. Determining provenance

will allow a better overall understanding of the Cape Fold Belt/Karoo basin system by
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providing age constraints on basin-fill, source terrane location and sediment pathways, and
relative sediment contribution from source terranes. Through integration of these data, this
study can establish if the timing of deposition of Karoo basin-fill coincided with CFB uplift and
active arc magmatism, as well as constrain maximum depositional age of Karoo Supergroup

units.
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1.5 Potential Sediment Sources

Table 1: Potential regional source material and their associated tectonic events.

-Age of Zircons
Tectonic Event JSource Material m__._m.m_.m.—d:m_. Group (Ma) EHFQFW_. Reference
Volcanic Arc 245-290 GraniteRhyolite Fildani et al. (2008)
Witteberg 350-2700 Phyllites Mudrocks WVorster (2014
Gondwanide
-27 forster (2
oTrogeny Cape (CFB) Bolkkeveld 400-2700 Quartzites/Mudrocks Verster (2014
Table Mountain 400-2700 Cuartzites Vorster (2014
Drhwyka Glacial - - : : . Craddock and Thomas
Deposits 300-3500 Glacial Diamectites 2011)
Pamypean .
Orogeny Pampia Terrane 384 Cranite van Lente (2004)
. High Grade
zﬂﬁemwmwmqeﬁ 235-580 Metamorphics and van Lente (2004)
i Granitoids
High Grade . -
) - = Moreira et al (2013);
o 5] .
Deseado Massaf 344 521 H_._.H.m.__b.._..n_h_“_.,@.u—n_.._”nr. and Pankhurst et al _“HM_”_Gm
Granitoids
Cape Granite Suite 515-355 Granite Eisters et al. (2002)
. Saldania Belt sadi , -
Pan Affican Malmesbury 520580 | Metasedimentary Rocks|p o 201 et al. (1999)
Orogeny and Granitods
! e Metasedimentary Rocks | Smithies {1992); Frimmel
[ M -
GaniepBelt 207529 and Granitods (2000)
Medinm to High-Grade
Damara Belt 488-650 Metamorphics and Erdner and Stern (2004)
Damara Orogeny Grainites
East African Medinm to High-Grade
Mozambique Belt 300-1100 Metamorphics and Meert (2003)
Orogeny L
= Grainites
Namaqua-INatal | Namaqua-Natal , Medium to High-Grade . -
Orogeny Province 1000-2100 Metamorphic Rocks Eglington (2006)
High Grade
Kaapvaal Craton =1800 Metamorphics and Jahn and Condie (1993)

folcanics
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1.5.1 Southern Magmatic Arc

The active magmatic arc that developed along the Panthalassan margin may have
served as a significant sediment source for Karoo basin fill (Fig. 1) [Anderrsson et al., 2004;
van Lente, 2004; Fildani et al., 2007]. The Choiyo magmatic province is a remaining remnant
of the magmatic in South America along with geochemically similar tuffaceous material found
in the Parana basin of South America and Karoo basin of South Africa [Lopez-Gamundi,
2006]. Arc magmatism is thought to have occurred along the southern Gondwanan margin for
approximately 50 Ma (250-300 Ma) with the highest frequency of airfall ash zircons from the
Parana and Karoo basins occuring between ~250-290 Ma, denoting peak volcanism [Lopez-
Gamundi, 2006; Fildani et al., 2007]. Airfall ashes found in the Ecca and Lower Beaufort
Groups are thought to be sourced from the magmatic arc because they are geochemically
similar and coeval. Magmatism characterized by granite intrusions in the North Patagonian
massif occurred between 281 Ma and 294 Ma [Pankhurst et al., 2006]. These rocks were also
likely associated with the Choyoi magmatic province of South America which were produced
as a result of subduction and continental collision [Lopez-Gamundi and Rossello, 1998].
Rocks associated with arc magmatism are likely either dissected or a part of the submerged
continental margin which was the result of Pangaean rifting but could have been subaerial

during Gondwanide orogenesis and a potential source for the South African Karoo basin-fill.

1.5.2 Dwyka Group
The Late Carboniferous to Early Permian Dwyka Group is the lowest unit of the Karoo
Supergroup and consists of glacially-derived sediments deposited during the (Fig 2) [Visser,
1996]. Dropstones consist mainly of granite basement fragments and Proterozoic and

Paleozoic quartzites which were likely derived from underlying bedrock (Carboniferous-
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Ordovician Cape Supergroup, Cape Granite suite, and/or Mesoproterozoic Namaqua-Natal
metamorphic province) as well as minor components of dolomites, chert, porphyries, and
banded iron stones [Johnson et al., 2006; Hambrey and Harland, 2011].

Detrital zircon age populations present within the Dwyka Group sampled from the
western southwestern portion of the Karoo basin mainly range from 350-3300 Ma which
closely resembles detrital zircon populations present in the Cape Supergroup (see 1.5.3) due to

its extensive exposure during

' Westemn Cape
| N=93

glaciation (Fig. 12) [Vorster, 2013].

Dominant zircon age populations
;L i A

within the Dwyka Group range :c:r;l:em Cape |
from 450-700 Ma and 950-1300 Ma
Morthern KZN
N=85 T

reflecting provenance from

Relative Probabilly

extensive late Neoproterozoic Pan- oo oer

=

African mobile belts surrounding N

| East Falkland |

the Kalahari Craton such as the |N=96

Namaqua-Natal metamorphic

SR = lw b ] 2S00 eln e gl AT S [#Tels]

Age (Ma)

province and Saldania belt and  pioyre 12: Normalized relative probability density

plots of published Dwyka Glacial Group samples
from various locations (KZN= Kwa-Zulu Natal)
[from Craddock and Thomas 2011].

Paleozoic sediments such as the
Cape  Supergroup  (Fig. 12)

[Craddock and Thomas, 2011].

1.5.3 Cape Supergroup

The Cape Supergroup consists of three groups, the Table Mountain Group, Bokkeveld
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Group, and Witteberg Group. These groups were deposited as passive margin sediments in the

early Paleozoic (Carboniferous-
Devonian) Cape Basin [Veevers et al.,
1994; Vorster, 2013] (Fig. 7 & 8). The
depositional age of the Cape Supergroup
has been interpreted using fossil analysis.
Based on Cruziana trace fossils found in
the Table Mountain Group, deposition
may have begun around 470 Ma
[Broquet, 1992; Shone and Booth, 2005;
Thamm & Johnson, 2006; Fourie et al.,
2010] (Fig. 13). Deposition of the Cape
Supergroup persisted for ~100 Ma,

ending around 330-350 Ma [McCarthy

and Rubidge, 2005]. These strata were

then later uplifted to form the Cape Fold
Belt as the result of the Cape Orogeny

(Gondwanide Orogeny).
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Figure 13: Relative probability density curve
of Cape Supergroup detrital zircons [from
Fourie et al., 2010].

The Table Mountain Group is composed primarily of quartzite whereas the Bokkeveld

and Witteberg Groups consist mainly of phyllite and interbedded quartzites [Veevers et al.,

1994]. Compositional maturity of the Cape Supergroup units ranges from supermature quartz

arenite of the Table Mountain Group to predominately argillaceous material with thin

interbedded quartz arenite of the Bokkeveld and Witteberg Groups [Veevers et al., 1994].
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Textural maturity throughout the Cape Supergroup is relatively mature.

Zircon ages within the Cape Supergroup range from 380-2700 Ma with dominant
populations between 400-650 Ma and 900-1300 Ma [Fourie et al., 2010]. The Cape Granite
Suite, Namaqua-Natal metamorphic province and other metamorphic/mobile belts surrounding
the Kalahari Craton are present to the North of the Karoo basin, and therefore are potential
sediment sources of the Cape Supergroup sediments given the ages of detrital zircon coupled
with prevailing southerly paleoflow currents displayed in Cape Supergroup strata [Veevers et
al., 1994; Faurie et al.,2010] (Fig. 10a). In general, Cape Supergroup strata contains very little
feldspar and lithics either as a result of extensive wave reworking of stable shelf sediments, or
due to a sediment source area which had undergone extreme weathering in a low relief
cratonic area [Thamm & Johnson, 2006; Vorster, 2013]. The climate conditions present
during the deposition of the Cape Supergroup may have been temperate with ample
precipitation causing erosion, accounting for the vast thicknesses of quartz arenite (2100 m)
of the Table Mountain Group [Whittle-Herbert; 1990].  Additionally, the chemical

environment may have been slightly acidic, also causing an absence of feldspar.

1.5.4 Saldania Belt and Gariep Belt
The Saldania and Gariep Belts are formally referred to as Pan-African fold belts which
wrap around the nucleus of the Namaqua-Natal metamorphic province and the Kaapvaal
Craton [Veevers et al., 1994]. The Saldania Belt is comprised of the Cape Granite Suite (505-
550 Ma), the low-grade, pellitic metamorphic rock of the Malmesbury Group (metamorphic
age: 520-580 Ma) and other equivalent formations [Rozendaal et al., 1999; Scheepers and
Armstrong, 2002]. The Malmesbury Group consists mainly of units such as phyllite [Vorster,

2013]. The Gariep Belt is comprised of mainly metamorphic rocks (hornfels facies) for which
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hornblende and mica *’Ar/*’ Ar ages occur between 483-547 Ma. Modern outcrops of the Cape
Granite and the Malmesbury Group are isolated along the southern and southwestern portions
of southern Africa which makes these rock units candidates as a sediment source for Karoo
basin-fill given the northeasterly paleocurrent indicators in Karoo Supergroup strata (Fig. 15)

[Veevers et al., 1994].

1.5.5 Kalahari Craton

The Kalahari craton of southern Africa consists of the Kaapvaal and Zimbabwe
cratons, as well as the Limpopo belt and the Namaqua-Natal province (Fig. 15). The Kalahari
craton is a large craton forming a stable unit for the past 2300 Ma [Priestley et al., 2006]. The
Kaapvaal craton and Namaqua-Natal province are the southernmost provinces of the Kalahari
craton and are the most proximal to the Karoo basin. Northern elements of the Kalahari craton
are unlikely sediment sources for Karoo basin due to the north-northeasterly paleocurrent
indicators present in the Ecca Group that indicate sediment source rocks were located to the
south.

1.5.5.1 Namaqua-Natal Belt

The Namaqua-Natal belt is an extensive metamorphic belt spanning across the African
continent (Fig. 15). The Namaqua-Natal belt was formed during the Neoproterozoic to
Mesoproterozoic Namaqua- Natal Orogeny and is composed primarily of high grade, mafic to
intermediate gneisses and granitoids [Eglington, 2006; McCourt et al., 2006]. Major zircon
age populations identified in the Namanqua-Natal belt are between 1000-1400 Ma with minor

age populations between 1800-2200 Ma [Eglington, 2006] (Fig. 14).
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Figure 14: Relative probability density diagram of Namaqua-Natal zircons with
tectonic events indicated [from Eglington, 2006]

1.5.5.2 Kaapvaal Craton
The Kaapvaal craton is one of the oldest cratons in the world, forming and stabilizing
between 2700 and 3700 Ma (Fig. 15) [De Wit et al., 1992]. The Kaapvaal craton is composed
of a mixture of greenstone terranes and tonalitic gneisses as well as intrusive granitic plutons
[De Wit et al., 1992]. A study conducted by Poujol et al. (2003) using U-Pb geochronology on

zircon, titanite, sphene and monazite reveal ages occurring between 2600-3500 Ma.

1.5.6 Patagonian and other South American Source Terranes

Based on paleogeographic reconstructions constructed by Pankhurst et al., (2006), the
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North Patagonian Massif and Deseado Massif were situated along the southern margin of
Gondwanna and may have served as potential source terranes for the Karoo basin-fill. It is also
possible that impingement of these two fragments upon South Africa may have been
responsible for deformation of Gondwanide fold belts which may have persisted into the Mid
Permian [Pankhurst et al., 2006]. U-Pb zircon ages from igneous and tuffaceous material of
the North Patagonian Massif range from 235-580 Ma whereas igneous ages from the Deseado
Massif range from 344- 521 Ma [Pankhurst et al., 2003; van Lente, 2004 Moreira et al., 2013].
An additional source terrane lies to the north of the North Patagonian Massif; the Pampia
Terrane. The Pampia Terrane, created by the 520-555 Ma Pampean (Saldanian Orogeny/Cape
Granite suite equivalent) orogenic cycles, consists of multiple granitic intrusions [Rapela et al.,
2007]. Post orogenic events occur around 384 Ma formed the intrusive Sierra Pampeana

granites and may also supply sediment to Karoo basin-fill [van Lente, 2004].
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Figure 15: Map of southern Africa outlining possible source terranes for Karoo basin-fill
[Redrawn and modified from Kisters et al. (2002) and Priestley et al. (2006)].
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Chapter II: Methodology
2.1 Sampling

A total of seventeen sandstone samples were collected from seventeen outcrops of
(Permian to Triassic age) submarine turbidite fans, deltaic deposits and fluvial deposits. One
sample was collected from the Waterford Formation in the Tanqua sub-basin, eleven samples
were collected from the Laingsburg (six samples) and Waterford (two samples) Formations
and Beaufort Group (three samples) in the Laingsburg sub-basin, and six samples were
collected from the Ripon (two samples) and Waterford (two samples) Formations and
Beaufort Group (one sample) in the Ripon sub-basin (Fig. 16 & 17). Eighteen samples were
made into thin-sections from whole, unprocessed rock for point-counting framework grain
composition, seven of the sandstone samples were processed for U-Pb detrital zircon
geochronology, and the disaggregated dense mineral fraction was separated from fifteen of the
sandstone samples after processing and was made into grain-mount thin-sections (Table 2).
One sample was collected per outcrop and samples were collected based on the least
weathered and coarsest grained sandstone bed, which ranged from very fine- to medium-
grained sandstone. These samples were located in the foredeep portion of the Karoo basin
proximal to the Cape Fold Belt. Table 2 lists the number of samples and their location as well

as which provenance technique(s) were used for each sample.
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Figure 16: Location of samples used for U-Pb detrital zircon geochronology, heavy mineral analysis and
thin-section point counting. [After Veevers et al. (1994) and McKay et al. ( 2013)]. See Table 2 for sample
coordinates, stratigraphic position, and provenance method used for each sample.
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Figure 17: Composite stratigraphic columns of the Tanqua, Laingsburg, and Ripon sub-basin with sampled
intervals labeled. The green sample labels indicate samples which U-Pb and heavy mineral methods were
used and the red sample labels indicate samples that used only heavy mineral methods. Thicknesses for
formations from [Visser (1993), Faure and Cole (1999), Grecula et al. (2003), Hodgson et al. (2006), King,
(2005); Wild (2005), Sixsmith et al. (2004) and McKay (pers. comm).
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Table 2: Sample type and location information.

Coordinates Sample Type
U-Pb Heavy Mineral Thin- | Lab Facility (U-Pb

Sample ID Latitude Longitude Sub-basin | Formation | Zircon Analysis section Zircon)
12ZA13 32°24'29.16"S| 20°19'31.38"E Tanqua Waterford X X X UC-SC & ALC
13ZA68 33°12'41.24"S| 26°37'19.62"E Ripon Ripon X X X UC-SC
13ZA71 33 1'31.51"S| 26°26'55.96"E Ripon Waterford X
13ZA72 32°52'59.65"S| 26°37'49.94"E Ripon Beaufort X X
13ZA73 °56'18.36"S| 26°37'0.09"E Ripon Koonap X X
13ZA74 339323.39"S| 26°39'8.90"E Ripon Waterford X X X UC-SC
13ZA78 33°11'36.16"S| 26°37'4.80"E Ripon Ripon X X
12ZA26 33°1126.59"S| 20°46'27.54"E| Lamngsburg| Laingsburg X X X UC-SC & ALC
13ZA86 33°7'5.68"S| 22°32'1948"E| Laingsburg| Laingsburg X X
13ZA87 33°5'15.58"S| 22°31'55.46"E| Laingsburg Waterford X
13ZA88 33°13'55.64"S| 20°56'2548"E| Laingsburg| Laingsburg X X
13ZA90 32°56'25.65"S| 20°33'17.70"E| Laingsburg Beaufort X X
13ZA91 ©4'458"S| 20°3528.06"E| Lamngsburg Waterford X X X ALC
13ZA92 32°31'45.65"S| 20°37'55.68"E| Laingsburg Beaufort X X
13ZA03 32°33'32.58"S| 20°3226.45"E| Laingsburg Beaufort X X X ALC
09-BL-Al 33°13'53.88"S| 20°45'1.03"E| Lamngsburg| Laingsburg X X ALC
09-BL-C1 33°428.57"S | 20°38'57.73"E | Laingsburg| Laingsburg X X X
09-BL-El 33°13'5.53"S| 20°44'29.96"E | Laingsburg| Laingsburg X X
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Table 3: Karoo Supergroup sandstone description.

Sample ID Sub-basin | Formation Lithology |Grain Size Grain Rounding

127ZA13 Tanqua Waterford Sandstone|Very Fine Sub-rounded

13ZA68 Ripon Ripon Sandstone|Fine-Medium  |Sub-rounded to Sub-angular
13ZAT1 Ripon Waterford Sandstone|Fine Sub-rounded

13ZAT72 Ripon Beaufort Sandstone|Fine Sub-rounded

13ZA73 Ripon Koonap Sandstone|Fine Sub-rounded

13ZA74 Ripon Waterford Sandstone|Fine Sub-rounded

13ZA78 Ripon Ripon Sandstone|Fine-Medium  |Sub-rounded to Sub-angular
12ZA26 Laingsburg| Laingsburg Sandstone|Fine Sub-rounded to Sub-angular
137ZA86 Laingsburg|] Laingsburg Sandstone |Fine Sub-rounded to Sub-angular
13ZA87 Laingsburg Waterford Sandstone|Fine Sub-rounded

13ZA88 Laingsburg| Laingsburg Sandstone|Fine Sub-rounded to Sub-angular
13ZA90 Laingsburg Beaufort Sandstone|Very Fine Sub-rounded to Well rounded
13ZA01 Laingsburg Waterford Sandstone|Fine Sub-rounded

13ZA92 Laingsburg Beaufort Sandstone|Very Fine Sub-rounded to Well rounded
13ZA093 Laingsburg Beaufort Sandstone|Very Fine Sub-rounded to Well rounded
09-BL-Al Laingsburg| Laingsburg Sandstone |Fine Sub-rounded to Sub-angular
09-BL-C1 Laingsburg| Laingsburg Sandstone|Fine Sub-rounded to Sub-angular
09-BL-E1l Laingsburg| Laingsburg Sandstone|Fine Sub-rounded to Sub-angular

2.2 U-Pb Detrital Zircon Geochronology

To reduce each sandstone sample to zircon, each whole rock sample was first crushed
into smaller fragments using a jaw crusher. The sample was then pulverized to fine-grained
material using a disk mill. The powder was then sieved with a No. 45 mesh sieve (345 pum) to
remove any remaining large rock fragments. Next the milled material was then separated
hydrodynamically using a Gemini table. The heavy fraction from the Gemini table was dried
in an oven then separated magnetically using a sloped Frantz magnetic separator. The non-

magnetic fraction was then separated using heavy liquid separation, specifically, lithium

polytungstate (LPT) followed by methylene iodide (MEI) to separate out dense minerals.

The dense mineral fraction separated by MEI was then concentrated to primarily zircon

by removing other accessory minerals such as barite and apatite with tweezers. The zircons
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were then mounted in one inch diameter epoxy discs. Most samples contained over 100 zircon
grains mounted on each disc, however, some grains were removed from the epoxy during
polishing and smaller grains were left unexposed due to varying sizes of zircons in nearly all
samples. The discs were polished using various sandpapers to expose the zircon grains in the
epoxy. Cathodoluminescence (CL) images of zircon grains were collected at WVU using a
JEOL scanning electron microscope. The mounts were also imaged with transmitted light
using a Nikon Eclipse polarizing microscope to create larger images for grain identification
purposes.

This study used Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-
ICPMS) which is an extremely popular and widespread technique for rapid and relatively
inexpensive determination of reliable U-Pb zircon ages [Paton et al., 2010]. Data was collected
by LA-ICPMS at two different facilities; two samples were analyzed at the University of
California at Santa Cruz and five samples were analyzed at the Arizona Laserchron Center at
the University of Arizona (Table 2).

At the UC-Santa Cruz facility, zircons were analyzed using a single-collector Thermo
ELEMENT 2 ICP-MS coupled with a HelEx sample carrier and Photon Machines laser
ablation system. The laser was operated with an output energy of ~40 mJ per pulse with a 23-
micron circle [Paton et al., 2010]. Each analysis required a collection time of 30 seconds with
a 20 second delay before the next analysis collection to purge the system. The Arizona
Laserchron Center (ALC) at the University of Arizona uses a GVI Isoprobe multi-collector
mass-spectrometer coupled to a 19 nm wavelength New Wave Instruments Excimer laser-
ablation system. Detrital zircon grains were analyzed using a 30-micron beam diameter with a

pit depth of approximately 15 microns [Gerels et al., 2006]. Each analysis required a
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collection time of 20 seconds with a 30 second delay before the next analysis to purge the
system.

Each sample was analyzed using comparison to primary and secondary reference
standard zircon grains. The two samples analyzed at the UC-Santa Cruz facility were
compared to Plesovice zircon as a primary reference standard which dates 337.2 + 0.4
Ma, and to R33 zircon as a secondary reference standard which dates to 419.3 = 0.4 Ma
[Black et al., 2004; Slama et al, 2008]. At UC-Santa Cruz, five primary reference standard
grains and two secondary reference standard grains were analyzed at the start of each sample
session and ended with the analysis of two primary and two secondary standard grains. Two
primary reference standard grains were also analyzed after every five unknown analyses until
100 unknown grains were analyzed. At ALC, each sample session started with the analysis of
five primary reference standard grains and ended with the analysis of three primary standard
grains. Three secondary reference standard grains were analyzed in the middle of the sample
session and one secondary reference standard grain was analyzed at the end of the sample
session. One primary reference standard grain was also analyzed after every five unknown
analyses until 100 unknown grains were analyzed. At the ALC, the SL2 (Sri Lanka) primary
zircon reference standard was used which is 563.5 + 2.3 Ma (Gehrels et al., 2008) and the R33
secondary reference standard was used.

Data collected at the UC Santa Cruz facility were reduced off-line using the Iolite data
reduction package that runs within the Igor Pro data analysis software [Paton et al., 2010].

Each analysis was examined for analyses detecting high ***

Pb and evidence of “drill through”,
in which the beam totally penetrated the grain during the ablation process. Criteria for

rejection were the same for analyses at both labs. Analyses were rejected if high errors (>10%
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uncertainty) of the **Pb/*’’Pb and **°Pb/***U isotope ratios, high ***Pb, low **°Pb/***Pb, high
discordance (>20%), or reverse discordance (>5%) were present. Once data was extracted,
reduced and vetted following the protocol of the respective laboratory facilities at which the
analyses were performed, all accepted analyses were then used to created concordia diagrams
and probability density plots using Isoplot 4, a Microsoft Excel add-in [Ludwig, 2012]. Kernel
Density Estimation (KDE) plots were created using a Java application (Density Plotter)
[Vermeesch, 2012].

This study aimed to analyze at least 100 grains per mount in order to achieve 95%
certainty that no fraction > 5% of the population was missed [Vermeesch, 2004]. One sample,
12ZA13, contained >100 analyses with a range of 82-110 zircon analyses in the seven U-Pb
samples. According to this range of analyses, the probability of at least one population ranges
between 1-5 % based on the work of Vermeesch (2004).

The plots created from the final reduced data from each lab facility include pie charts,
U-Pb age versus U/Th cross-plots, probability-density and KDE plots. Probability-density and
KDE plots include histograms that display the data in 50 Ma bins. Distinct age populations,
two or more grains of the same age, within each sample are represented by the horizontal
black bars above the curves. Probability density plots are one of the most widely used tools
in the field of detrital zircon geochronology. Probability density plots are produced by
summing a set of Gaussian distributions whose mean and standard deviations correspond to
the individual age and associated analytical error [Vermeesch, 2012]. Similarly, KDE plots are
also produced by summing a set of Gaussian distributions with an associated smoothness
factor or bandwidth [Vermeesch, 2012]. The bandwidth of a KDE curve is adaptive such that

the bandwidth is adjusted based on local density differences. Adaptive bandwidth uses a large
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bandwidth where the density is low and a narrower bandwidth where the density is high to

prevent over- and under-smoothing in high and low density portions of the curve.

The bandwidth (KDE) for each sample was set to adaptive in the Density Plotter
application to prevent over- and under-smoothing. Adaptive bandwidth allows the bandwidth
to vary due to local density differences [Vermeesch, 2012]. U-Pb age populations were
defined by two or more grains of the same age. Pie charts of reliable ages were created to
determine the relative abundance of each population within each sample. U-Pb age versus
U/Th plots were created to determine whether detrital zircons are metamorphic or igneous in
origin. The U/Th of metamorphic and igneous zircons can be significantly different due to the
larger ionic radius of Th* compared to U*; thus, Th* is preferentially purged from the zircon
crystal during metamorphism, resulting in a larger U/Th compared to igneous zircon. Igneous
zircons tend to have a U/Th < 2 but in rare circumstances can reach up to 5 or greater [Hoskin
and Schaltegger, 2003]. Therefore, zircon with U/Th >4 are considered to be likely

metamorphic in origin.

2.2.1 Maximum Depositional Age

One of the most widely used applications for detrital zircon geochronology is
determining the maximum depositional age. For this study, we use the five methods discussed by
Dickinson and Gehrels (2009) which include: a) youngest single-grain age (YSG); b) youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP); c)
mean age of the youngest two or more grains that overlap in age at 1o (YClo); d) mean age of
the youngest 3 or more grains that overlap in age at 26 (YC20); e) youngest detrital zircon age
(YDZ) generated by Isoplot 4 [Ludwig, 2012]. Other methods that can be applied using Isoplot 4

include the weighted mean age and Tuff Zirc age (Ludwig and Mundil, 2002) as well as Unmix
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age which are generally not used for detrital zircon data sets. Tuff Zirc ages are not determined
for detrital zircon data sets because there is no way to control the basis for which grains are
rejected from the population, whereas Unmix age routine is not usedbecause the two youngest
age populations are averaged, creating a new, smoothed age distribution.

Each method used to determine the maximum deposition varies in accuracy and
reproducibility. The YSG method may be misleading because a single data point in an analytical
matrix may be spurious and susceptible to lead loss [Dickinson and Gehrels, 2009]. Similarly,
the YDZ method, calculated using the Isoplot plugin, provides ages similar to that of the YSG
method thus, this method may be inaccurate due to the susceptibility to lead loss and lack of
reproducibility. The YPP method provides reliable age estimates for the youngest age within a
sample but may yield an older overall age than that of the true depositional age. The YClo and
YC20 methods are the most statistically robust and conservative methods at determining the
maximum depositional age but may produce ages that are 10 Ma > than the depositional age

[Dickinson and Gehrels, 2009].

2.2.2 Kolmogorov-Smirnoff Test
In order to compare provenance similarities from sample to sample and similarities to
published regional source zircon data, Kolmogorov-Smirnoff Tests (K-S Test) or goodness-of-fit
tests were conducted using a Java application (Density Plotter) [Vermeesch, 2012]. This test
provides a statistical basis for the similarity of samples [Press et al., 1986]. K-S tests were only
performed on the prominent age population (240-300 Ma) within each sample due to the
insensitivity of the K-S test to dispersed data, thus, comparing two separate age populations

would yield no statistical similarities [Press et al., 1986]. To perform K-S tests, a Cumulative
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Density Function (CDF) of ages is used to determine the statistical similarity of two or more age
populations. Two samples are considered statistically similar if their corresponding probability
(p)-values exceed 0.05; thus a 95% confidence level can be established that two samples are
statistically similar or from the same parent rock. Poorly characterized samples (e.g., Vermeesch,
2004; Andersen, 2005) can yield spuriously small p-values, particularly if a zircon age
population is absent, over-represented, or under-represented in a sample distribution. Adequate
characterization of complex of zircon age distributions may require hundreds of single grain ages
[Andersen, 2005]. Overall, polymodal samples are more likely to be poorly characterized as
opposed to unimodal samples that can be easily compared to one another. The Permian/Triassic
age population in samples collected in this study were compared to each other to determine their

statistical similarities.

2.3 Sandstone Petrography

Sandstone petrography and thin-section point-counting is a powerful tool used to
describe and quantify rock composition in an unbiased manner. This method was used in this
study to supplement the detrital zircon U-Pb age data as a provenance indicator. A total of 17
thin-sections were point counted using a Conwy Valley automated point-counting stage with a
step-size ranging from 1.5 to 3 times the average grain size. Sandstone samples point-counted
include one from the Tanqua sub-basin, six from the Ripon sub-basin, and 10 from the
Laingsburg sub-basin. This study uses the Gazzi-Dickenson point-counting method to reduce
the effects of grain-size biases on composition by only identifying the composition of the
sand-sized components in a given sample [Ingersol et al., 1984]. A total of 400 point-counts
were obtained for each thin-section to achieve a maximum error of 5% at 26 [Van Der Plas
and Tobi, 1965]. The resulting framework grain estimations from point-counting were then
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plotted on various provenance ternary plots after Dickinson and Suczek (1979) to determine

the tectonic setting from which Karoo sandstones were derived.

2.4 Heavy Mineral Analysis

Identifying accessory minerals in sandstones, specifically minerals denser than quartz
(2.9 g/em®), may indicate the tectonic setting from which Karoo sands were derived [Mange
and Maurer, 1992]. Dense/heavy mineral analysis was conducted following the methods used
by Lisi (2013). Disaggregated rock material from the heavy fraction of each sample including
the magnetic fraction, LPT heavy fraction, MEI light fraction and unmounted zircon left-overs
from the MEI heavy fraction were all mixed back together after zircon grains were extracted
for U-Pb dating. The LPT and MEI heavy fractions contained all heavy minerals present in the
sample with the exception of zircon used for U-Pb analysis. These grains were then made into
polished grain mounts. The grain mounts contained large quantities of quartz and feldspar
which made point-counting heavy minerals difficult. To count heavy minerals, all heavy
minerals we counted in a single field of view under a 10X microscope frame [e.g., Lisi, 2013].

The process was repeated until 50 grains were counted.

Chapter III: Results
3.1 U-Pb Sample Descriptions and Age Populations

A total of 632 reliable zircon grains were obtained from seven disaggregated
sandstone samples. Samples are presented from oldest to youngest in each section and work

though sections from east to west.
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Figure 18: U-Pb Wetherill concordia
plots of all analyses for all seven detrital
zircon samples. The red ellipses represent
the analyzed grains in each sample which
includes an internal 2-sigma error. Each
sample is labeled with its approximate
stratigraphic age and the number of
accepted grains (n).
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3.1.1 Sample 12ZA13: Waterford Formation

Sample 12ZA13 was taken from the Late Permian (Wuchiapingian) Waterford Formation

of the Upper Ecca Group in the Tanqua sub-basin (Fig. 16 & 17). The depositional age (255 Ma)

determined by Rubidge (1991) is
based on a Wauchiapingian aged
reptilian fossils assemblage found in
the lower Beaufort Group. The
Waterford Formation is interpreted
as deltaic deposits within the
uppermost Ecca Group [Johnson et
al., 1996]. The outcrop consisted of
thin- to thick-bedded, upward-
coarsening sandstones interbedded
with thin siltstone and mudstone
layers. Tangential cross-beds and
bi-directional ripple laminations
were prominent throughout the
outcrop. Cruziana-Skolithos trace
fossils were present in most
sandstone layers. Overall the outcrop

was relatively unaltered with slightly

Figure 20: Thin-section image of sample 12ZA13
in plain light (A) and cross-polarized light (B). The
sample consists of moderately to well-sorted,
angular to sub-angular, fine-grained sandstone.

weathered surfaces appearing orange/brown and unweathered surfaces appearing light tan. The

sample consisted moderate to well sorted, angular to sub-angular, fine- to medium-grained sand.
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Wavy bedding and cross-laminations were present in the hand sample. The depositional
environment of the sampled portion of the Waterford Formation was likely a fluvially dominated
delta in the delta plain portion of the system based on the interbedded nature of the outcrop, trace
fossils present, and bi-directional flow patterns. Sandstone composition was relatively immature,
with moderate quartz and abundant lithics and feldspar (Fig. 20). Sample 12ZA13 yielded
abundant zircon (several hundred to thousands). Zircon grains were prismatic,
transparent/colorless to slightly yellow, and ranged in size from 10-50 um.

A total of 169 zircon grains were analyzed from sample 12ZA13, with 99 grains analyzed
at the UC-Santa Cruz lab facility and 70 grains analyzed at ALC lab facilities. Analysis of
sample 12ZA13 yielded 110 reliable ages. A total of 59 ages were rejected, with 51 ages rejected
due to discordance, five ages rejected due to high **Pb concentration, two ages rejected due to
high 2*°Pb/***U error, and one age rejected due to low “*°Pb/***Pb isotope ratio. Ages within this
sample range from 245.4 + 6.5 Ma to 1250.5 + 12.5 Ma (Fig. 21A). In general, all ages fall
within three distinct age populations which range between 245.4 + 6.5 Ma to 297.8 = 8.1 Ma (37
% of grains; Fig. 21B), 304.1 = 13.1 Ma to 364.2 = 7.4 Ma (12.5% of grains; Fig. 21C) and
381.8 £ 7.5t0 749.5 + 18.6 (45 % of grains; Fig. 21C). The six oldest grains in the sample do not
form a distinct age population and range from 880 to 1250 Ma (5 % of grains; Fig. 21C).

Figure 22 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 22 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in
low grain density portions of the curve.

The youngest grains in this sample were analyzed at both UC-SC and ALC lab facilities.

The youngest single-grain age for sample 12ZA13 (YSG) maximum depositional age is 245.4 +
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6.5 Ma. The youngest graphical (probability density plot) age peak controlled by more than one
grain age (YPP) appears to be 247 Ma (n=43) for probability density function, and 269 Ma
(n=37) for the KDE function. The mean age of the youngest two or more grains that overlap in
age at 1o (YClo) is 245.6 = 8.5 Ma based on the six youngest grains. The mean age of the
youngest three or more grains that overlap in age at 26 (YC20) is 249 +3.8 Ma based on the four
youngest grains. Lastly, the youngest detrital zircon age (YDZ) is 245 + 5.4 -6.8 Ma for this
sample.

Maximum depositional ages ranged from 245 + 6.5 to 249 + 3.8 Ma (Table 3). The
maximum depositional age of 249 + 3.8 Ma was determined by using the YC2c method (Fig.
21). The YC20 method was used because it is the most statistically robust and conservative

method for determining the maximum depositional age.
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Figure 21: A) Relative probability-density curve (red) and 50 Ma histogram bins for

sample 12ZA13. B) 240-300 Ma age population (10 Ma bins). The green line represents

the maximum depositional age (249 + 3.8 Ma) derived from this study and the blue line
represents the depositional age (255 Ma) from Rubidge (1999). C) 300-1250 Ma age
populations (50 Ma bins).
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12ZA13 with 50 Ma histogram bins. The red line represents the probability density curve as shown in Figure 21. The
black line represents the depositional age from Rubidge (1991).
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3.1.2 Sample 12ZA26: Laingsburg Formation

Sample 12ZA26 was taken from
the Middle Permian (Roadian)
Laingsburg Formation of the middle
Ecca Group in the Laingsburg sub-
basin (Fig. 16 & 17). The depositional
age of the Laingsburg Formation was
determined by a reptilian fossil
assemblage overlying the lower
Beaufort Group (Rubidge, 1991) and
radiometric ages from airfall ash zircon
(Turner, 1999) that range from 255 Ma
to 270 £ 1 Ma. Fildani et al. (2007,
2009) reports absolute ages determined
from zircon grains in airfall ashes in
the lower Laingsburg Formation of
270.1 + 2 Ma. The Laingsburg

Formation is interpreted as turbidite

Figure 23: Thin-section image of sample
12ZA26 in plain and cross-polarized light which
consists of moderately sorted, angular to sub-
angular, fine- to medium-grained sandstone.

deposits within the lower Ecca Group [Bouma & Wickens, 1994]. The turbidite sandstones

exhibit an erosive base which incised underlying rock layers and had a relatively massive texture

with some prominent graded bedding. The outcrop consisted mainly of medium- to thick-bedded

sandstone interbedded with thin siltstone and mudstone beds. Sandstone beds contained a

massive texture with normally graded beds. Overall the outcrop was relatively unaltered with
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slightly weathered surfaces appearing orange/brown and unweathered surfaces appearing light
tan. The sample consisted of moderately sorted, angular to sub-rounded, medium- to fine-grained
sand. No distinct bedding or laminae were observed in the hand sample or thin-section (Fig. 23).
The lower fan of a deepwater fan depositional setting is interpreted due to the presence of the
erosive base and graded beds present in the outcrop caused by the failure of continental slope
sediment creating high flow energies followed by an abrupt decrease in flow energy. Sandstone
composition consisted of moderate quartz and abundant lithics and feldspar. Sample 12ZA26
yielded abundant zircon (thousands). Zircon grains were prismatic, transparent/colorless to
slightly yellow, and ranged in size from 10-55 pm.

A total of 174 grains were analyzed from sample 12ZA26, with 100 grains analyzed at
the UC-Santa Cruz lab facility and 74 grains analyzed at the ALC lab facilities. Analysis of
sample 12ZA26 yielded 91 reliable ages. A total of 83 grains were rejected, with 66 grains
rejected due to discordance, nine grains rejected due to high ***Pb, four grains rejected due to
low %Pb/**Pb isotope ratio, three grains rejected due to high ***Pb/***U error, and one grain
rejected due to reverse discordance. Ages within this sample range from 234.6 + 2 Ma to 1963 +
19 Ma (Fig. 24A). In general, all ages fall within two distinct age populations which range
between 234.6 +£ 2 Ma to 316.1 + 3.9 Ma (56 % of grains; Fig. 24B), and 376.2 = 7.5 Ma to 742
Ma (37% of grains; Fig. 24C). The six oldest grains in the sample do not form a distinct age
population and range from 906 to 1100 Ma (7 % of grains; Fig. 21C).

Figure 25 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 25 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in

low grain density portions of the curve.
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The youngest grains in this sample were analyzed at both UC-SC and ALC lab facilities.
The youngest single-grain age for sample 12ZA26 (YSG) maximum depositional age is 252 +
19.6 Ma. The youngest graphicalage peak displayed by the probability density plot that was
controlled by more than one grain age (YPP) appears to be 255 Ma (n=41) for probability density
function, and 272 Ma (n=36) for the KDE function. The mean age of the youngest two or more
grains that overlap in age at 1o (YClo) is 259 + 19 Ma based on the two youngest grains. The
mean age of the youngest three or more grains that overlap in age at 26 (YC20) is 265 + 4.4 Ma
based on the four youngest grains. Lastly, the youngest detrital zircon age (YDZ) is 254 +9.6 -24
Ma for this sample.

Maximum depositional ages ranged from 252 + 19.6 Ma to 265 + 4.4 Ma. The
maximum depositional age of 265 + 4.4 was determined by using the YC2c method (Fig. 21).
The YC20 method was used because it is the most statistically robust and conservative method

for determining the maximum depositional age.
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Figure 24: A) Relative probability-density curve (red) and 50 Ma histogram bins (blue) for
sample 12ZA26. B) 230-316 Ma age population (10 Ma bins). The green line represents the
maximum depositional age (265 = 4.4 Ma) derived from this study. The yellow line
represents an age of airfall ash zircon (270.1 £ 2 Ma) collected from an ash within the same
formation from Fildani et al. (2008 & 2009). C) 375-1050 Ma age populations (50 Ma bins).
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Figure 25: KDE distribution plot (blue line with light blue shading) and histogram of detrital zircon ages from sample
12Z.A26 with 50 Ma histogram bins. The red line represents the probability density curve shown in Figure 24. The black line
represents an airfall ash zircon age within the Laingsburg Formation Fildani et al. (2008 & 2009).
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3.1.3  Sample 09-BL-C1: Laingsburg Formation

Sample 09-BL-C1 was taken
from the Middle Permian (Roadian)
Laingsburg Formation of the middle
Ecca Group in the Laingsburg sub-basin
(Fig. 16 & 17). The depositional age of
the  Laingsburg  Formation  was
determined by a reptilian fossil
assemblage overlying the lower
Beaufort Group (Rubidge, 1991) and
radiometric ages from airfall ash zircon
(Turner, 1999) and ranges from 255 Ma
to 270 £ 1 Ma. Fildani et al. (2007;

2009) reports absolute ages determined

from zircon grains in airfall ashes in ) o
Figure 26: Thin-section image of sample 09-BL-

¢ Cl in plain light (A) and cross-polarized light (B).
The sample consists of moderately sorted, angular
2489 + 2.6 Ma. The Laingsburg to sub-angular, fine- to medium-grained sandstone.

the middle Laingsburg Formation o

Formation is interpreted as turbidite deposits within the lower Ecca Group [Bouma & Wickens,
1994]. The turbidites exhibit erosive bases which incised into underlying rock layers and had a
massive texture with some prominent normally graded bedding from medium- to fine-grained
sandstone. The outcrop consisted mainly of medium- to thick-bedded sandstone interbedded with
thin siltstones and mudstone beds. Overall the outcrop was relatively unaltered with slightly

weathered surfaces appearing orange/brown and unweathered surfaces appearing light tan. The
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sample consisted of moderately sorted, angular to sub-rounded, medium- to fine-grained sand.
No distinct bedding or laminae were observed in the hand sample or thin-section (Fig. 26). The
lower fan of a deepwater fan depositional setting is interpreted due to the presence of the erosive
base and graded beds present in the outcrop caused by the failure of continental slope sediment
creating high flow energies followed by an abrupt decrease in flow energy. Sandstone
composition consisted of moderate quartz and abundant lithics and feldspar. Sample 09-BL-C1
yielded abundant zircon (thousands). Zircon grains were prismatic, transparent/colorless to
slightly yellow, and ranged in size from 10-55 pm.

A total of 101 zircon grains were analyzed from sample 09-BL-C1 at ALC lab facilities.
Analysis of sample 09-BL-C1 yielded 82 reliable ages. A total 19 grains were rejected, with

204

seven grains rejected due to high “""Pb concentration; six grains rejected due to discordance, four

grains rejected due to reverse discordance, and two grains rejected due to high **°Pb/***U error.
Ages within this sample range from 265 + 11.8 Ma to 2740.6 + 9.6 Ma (Fig. 27A). In general, all
ages fall within three distinct age populations which range between 265 + 11.8 Ma to 306.5 + 6.2
Ma (25 % of grains; Fig. 27B), 359 + 8.8 Ma to 767.8 = 11.1 Ma (60% of grains; Fig. 27C), and
947.7 £ 55.8 Ma to 1138.1 £ 38.4 Ma (12% of grains; Fig. 27C). The three oldest grains in the
sample do not form a distinct age population and range from 1679 to 2800 Ma (3 % of grains;
Fig. 27A).

Figure 28 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 28 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in
low grain density portions of the curve.

All grains in this sample were analyzed at the ALC lab facilities. The youngest single-
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grain age for sample 09-BL-C1 (YSG) maximum depositional age is 265 12 Ma. The youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP)
appears to be 278 Ma (n=22) for probability density function, and 275 Ma (n=36) for the KDE
function. The mean age of the youngest two or more grains that overlap in age at 1o (YClo) is
271 + 10 Ma based on the three youngest grains. The mean age of the youngest three or more
grains that overlap in age at 26 (YC20) is 270 + 5 Ma based on the three youngest grains. Lastly,
the youngest detrital zircon age (YDZ) is 266 + 5.8 -14 Ma for this sample.

Maximum depositional ages ranged from 265 + 12 to 270 = 5 Ma. The maximum
depositional age of 270 £ 5 Ma was determined by using the YC2c method (Fig. 27). The YC2o
method was used because it is the most statistically robust and conservative method for

determining the maximum depositional age.
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Figure 28: KDE plot (blue line with light blue shading) of sample 09-BL-C1 with 50 Ma histogram bins. The red line represents the
probability density curve. The black line represents an airfall ash zircon age within the Laingsburg Formation from Fildani et al.
(2009).
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3.1.4 Sample 13ZA91: Waterford Formation

Sample 13ZA91 was taken from the Late Permian (Capitanian) Waterford Formation of the

upper Ecca Group in the Laingsburg sub-basin (Fig. 16 & 17). The depositional age (255 Ma)

determined by Rubidge (1991) is
based on a reptilian fossil
assemblage found in the lower
Beaufort Group. The Waterford
Formation is interpreted as deltaic
deposits within the uppermost Ecca
Group [Johnson et al., 1996]. The
outcrop consisted of medium- to
thick-bedded sandstones interbedded
with siltstones and mudstones.
Tangential cross-beds, horizontal
laminae and oscillatory ripple

laminations were prominent

throughout the outcrop. Overall the

Figure 29: Thin-section image of sample
13ZA91 in plain light (A) and cross-polarized
light (B). This sample consists of moderately to
well-sorted, angular to sub-angular, fine- to
medium-grained sandstone.

outcrop was relatively unaltered with
slight weathered surfaces appearing
black/brown  and  unweathered
surfaces appearing light tan (Fig.
30). The sample consisted of
moderate to well sorted, angular to sub- rounded, medium- to fine-grained sand. No distinct

bedding or laminae were observed in the hand sample or thin-section (Fig. 29). The depositional
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environment of the sampled portion of the Waterford Formation was likely the delta front of a
wave-dominated delta based on the interbedded nature of the outcrop, trace fossils present, and
oscillatory flow patterns. Sandstone composition consisted of moderate quartz and abundant
lithics and feldspar. Sample 13ZA91 yielded abundant zircon (several hundreds to thousands).
Zircon grains were prismatic, transparent/colorless to slightly yellow, and ranged in size from
10-40 pm.

A total of 100 grains were analyzed from sample 13ZA91 at the ALC lab facilities.
Analysis of sample 13ZA91 yielded 89 reliable ages. A total of 11 grains were rejected, with
four grains rejected due to discordance, three grains rejected due to high ***Pb concentration, two
grains rejected due to high 2°°Pb/**U error, one grain rejected due to high **°Pb/*"’Pb error, and
one grain rejected due to reverse discordance. Ages within this sample range from 267.7 + 5.1
Ma to 1288.8 = 73.9 Ma (Fig. 31A). In general, all ages fall within six distinct age populations
which range between 267.7 = 5.1 Ma to 317 + 6.9 Ma (40 % of grains; Fig. 31B), 383.6 = 10.5
Ma to 442.1 £+ 23.6 Ma (10% of grains; Fig. 30C), 463.7 + 10.9 Ma to 516.8 = 18.4 Ma (17% of
grains; Fig. 31C), 540.2 + 7.2 Ma to 590.8 £ 10.2 Ma, (12 % of grains; Fig. 31C), 641.9 £ 6.6
Ma to 669.7 £ 8.2 Ma (7 % of grains; Fig. 31C), and 1025.3 + 56.4 to 1098.9 + 33.7 (8% of
grains; Fig. 31C). A total of six grains Neoproterozoic to Mesoproterozoic in age in the sample
do not form a distinct age population and ranges from 1103 to 1288 Ma (7 % of grains; Fig.
310).

Figure 32 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 32 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in

low grain density portions of the curve.
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All grains in this sample were analyzed at the ALC lab facilities. The youngest single-
grain age for sample 13ZA91 (YSG) maximum depositional age is 267 £ 5.1 Ma. The youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP)
appears to be 274 Ma (n=25) for probability density function, and 274 Ma (n=29) for the KDE
function. The mean age of the youngest two or more grains that overlap in age at 1o (YClo) is
270 + 3.4 Ma based on the nine youngest grains. The mean age of the youngest three or more
grains that overlap in age at 26 (YC20) is 269 + 2 Ma based on the four youngest grains. Lastly,
the youngest detrital zircon age (YDZ) is 266, + 2.7 -5.2Ma for this sample.

Maximum depositional ages ranged from 267 + 5.1 to 274 Ma. The maximum
depositional age of 269 + 2 Ma was determined by using the YC2c method (Fig. 32). The YC2o
method was used because it is the most statistically robust and conservative method for

determining the maximum depositional age.
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Figure 30: Outcrop photograph of the location of sample 13ZA91. The white star
indicates where the sample was taken. The sample overlies an airfall ash bed. Note the dark
horizontal laminations at the top of the photo.
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Figure 31: A) Relative probability-density curve (red) and 50 Ma histogram bins (blue) for
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Figure 32: KDE distribution plot (blue line with light blue shading) and histogram of detrital zircon ages from sample
13ZA91 with 50 Ma histogram bins. The red line represents the probability density curve as shown in Figure 31. The
black line represents the depositional age from Rubidge (1991).
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3.1.5 Sample 13ZA493: Beaufort Group

Sample 13ZA93 was taken
from the Late Permian to Early
Triassic ~ (Wuchiapingian)  lower
Beaufort Group in the Laingsburg
sub-basin (Fig. 16 & 17). The
Depositional age of 260.4 Ma in the
lower Beaufort group was determined
by Retallack et al. (2006) by using
paleobotanical, paleopedological, and
carbon isotopic methods. Another
depositional age of 255 Ma
determined by Rubidge (1991) was
determined by using biostratigraphy

and is based on a reptilian fossils

assemblage found in the lower

Figure 33: Thin-section image of sample 13ZA93
in plain light (A) and cross-polarized light (B).
This sample consists of moderately to well-sorted,
angular to sub-angular, fine- to medium-grained
sandstone.

Beaufort Group. The lower Beaufort
Group 1is interpreted as fluvial
deposits within the lower Beaufort
Group [Johnson et al., 1996]. The sampled outcrop consisted of thin- to thick-bedded sandstone
interbedded with thin- to medium-bedded mudstone. The sandstones in the outcrop contained a
massive texture with areas of slight horizontal laminations. Overall the outcrop was relatively

unaltered with moderately weathered surfaces appearing maroon and unweathered surfaces
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appearing light tan to orange (Fig. 34). The sample consisted of moderate to well sorted, angular
to sub-rounded, medium- to fine-grained sand. No distinct bedding or laminae were observed in
the hand sample or thin-section (Fig. 33). A meandering fluvial depositional setting is
interpreted due to the absence of marine fossils, heavily oxidized (maroon) sandstone layers, and
unidirectional flow patterns. The airfall ash underlying the sampled interval was likely from
overbank floodplain deposits (Fig. 35). Sandstone composition consisted of moderate quartz and
abundant lithics and feldspar. Sample 13ZA93 yielded abundant zircon (hundreds). Zircon grains
were prismatic, transparent/colorless, and ranged in size from 10-25 pm.

A total of 100 grains were analyzed from sample 13ZA93 at the ALC lab facilities.
Analysis of sample 13ZA93 yielded 87 reliable ages. A total of 13 grains were rejected, with five
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grains rejected due to high Pb concentration, four grains rejected due to discordance, two

grains rejected due to low *"°Pb/***Pb isotope ratio, one grain rejected due to high **°Pb/>*U
error, and one grain rejected due to reverse discordance. Ages within this sample range from
259.2 £ 7.4 Ma to 2709.2 = 9.3 Ma (Fig. 35A). In general, all ages fall within five distinct age
populations which range between 259.2 + 7.4 Ma to 296.6 + 3.1 Ma (22 % of grains; Fig. 35B),
446.2 + 4.2 Ma to 489.8 = 12.8 Ma (20% of grains; Fig. 35C), 524.8 + 12.4 Ma to 591.9 £ 9.6
Ma (9% of grains; Fig. 35C), 614.6 = 26 Ma to 669.5 = 12.3 Ma, (10 % of grains; Fig. 35C), and
947.6 £ 17.3 Ma to 1158.9 = 16.3 Ma (23 % of grains; Fig. 35C). A total of 13 grains from the
Devonian and Mesoproterozoic to Neoarchean periods in the sample do not form a distinct age
population and ranges from 321 to 396 Ma and 1242 to 2709 Ma (15 % of grains; Fig. 35A).
Figure 36 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 32 such that the KDE curve is a smoother overall curve due to the

bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in
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low grain density portions of the curve.

All grains in this sample were analyzed at the ALC lab facilities. The youngest single-
grain age for sample 13ZA93 (YSG) maximum depositional age is 259 + 7.4 Ma. The youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP)
appears to be 265 Ma (n=18) for probability density function, and 265 Ma (n=19) for the KDE
function. The mean age of the youngest two or more grains that overlap in age at 1o (YClo) is
260 £ 10 Ma based on the two youngest grains. The mean age of the youngest three or more
grains that overlap in age at 26 (YC20) is 262 = 1.5 Ma based on the four youngest grains.
Lastly, the youngest detrital zircon age (YDZ) is 257 + 4.6 -7.1 Ma for this sample.

Maximum depositional ages ranged from 259 + 7.4 to 265 Ma. The maximum
depositional age of 262 = 1.5 Ma was determined by using the YC2c method (Fig. 35). The
YC26 method was used because it is the most statistically robust and conservative method for

determining the maximum depositional age.
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Figure 34: Out crop photograph of sample 13ZA93. The white star indicates where the
sample was taken. The sample overlies an airfall ash bed. Note the dark/maroon color
of the weathered surface.
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Figure 35: A) Relative probability-density curve (red) and 50 Ma histogram bins (blue) for
sample 13ZA93. B) 267-317 Ma age population (10 Ma bins). The green line represents the
maximum depositional age (262 + 1.5 Ma) derived from this study. The yellow line represents an
airfall ash zircon age (262.3 + 2.6 Ma) collected from an ash within the same formation from
McKay et al. (in review). The blue line represents the depositional age (260.4 Ma) from
Retallack et al. (2006). C) 383-1289 Ma age populations (50 Ma bins).
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Figure 36: KDE distribution plot (blue line with light blue shading) and histogram of detrital zircon ages from sample 13ZA93
with 50 Ma histogram bins. The red line represents the probability density curve as shown in Figure 35. The black line
represents the depositional age from Retallack et al. (2006).
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3.1.6 Sample 13ZA68: Ripon Formation

Sample 13ZA68 was taken from
the Middle Permian (Roadian) lower
Ripon Formation of the middle Ecca
Group in the Ripon sub-basin (Fig. 16 &
17). Depositional ages were determined by
McKay et al. (in review) which report
absolute ages from zircon grains in airfall
ashes in the middle Ripon Formation of
247.7 £ 2.2 Ma. The Ripon Formation is
interpreted as turbidite deposits within the
lower Ecca Group [Johnson et al., 1997].
The turbidites exhibit erosive bases which
incised into underlying rock layers and
had a massive texture with some
prominent normally graded bedding from
medium- to fine-grained sandstone. The

outcrop consisted mainly of medium- to

Figure 37: Thin-section image of sample 13ZA68
in plain light (A) and cross-polarized light (B). This
sample consists of moderately sorted, angular to
sub-angular, fine- to medium-grained sandstone.

thick-bedded sandstone interbedded with thin siltstone and mudstone beds. Overall the outcrop

was relatively fractured with only slightly weathered surfaces appearing orange/brown and

unweathered surfaces appearing light tan (Fig. 38). The sample consisted of moderately sorted,

angular to sub-rounded, medium- to fine-grained sand. No distinct bedding or laminae were

observed in the hand sample or thin-section (Fig. 37). The lower fan of a deepwater fan

depositional setting is interpreted due to the presence of the erosive base and graded beds present
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in the outcrop caused by the failure of continental slope sediment creating high flow energies
followed by an abrupt decrease in flow energy. Sandstone composition consisted of moderate
quartz and abundant lithics and feldspar. Sample 13ZA68 yielded abundant zircon (thousands).
Zircon grains were prismatic, transparent/colorless to slightly yellow, and ranged in size from
10-55 pm.

A total of 94 grains were analyzed from 13ZA68 at the UC Santa Cruz lab facilities.
Analysis of sample 13ZA68 yielded 86 reliable ages. A total of eight grains were rejected due to
discordance. Ages within this sample range from 263 = 10 Ma to 2377 + 80 Ma (Fig. 39A). In
general, all ages fall within two distinct age populations which range between 263 = 10 Ma to
299+ 12 Ma (57 % of grains; Fig. 39B) and 301 £+ 13 Ma to 601 + 26 Ma (30% of grains; Fig.
39C). The 12 oldest grains in the sample do not form a distinct age population and range from
614 + 26 to 2400 Ma (13 % of grains; Fig. 39C).

Figure 40 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 40 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in
low grain density portions of the curve.

All grains in this sample were analyzed at the UC-SC lab facilities. The youngest single-
grain age for sample 13ZA68 (YSG) maximum depositional age is 263 + 10 Ma. The youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP)
appears to be 276 Ma (n=60) for probability density function, and 272 Ma (n=63) for the KDE
function. The mean age of the youngest two or more grains that overlap in age at 1o (YClo) is
262 + 2.8 Ma based on the two youngest grains. The mean age of the youngest three or more

grains that overlap in age at 26 (YC20) is 269 = 2.4 Ma based on the four youngest grains.
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Lastly, the youngest detrital zircon age (YDZ) is 259 + 5.9 -9.6 Ma for this sample.

Maximum depositional ages ranged from 262 + 2.8 to 276 Ma. The maximum
depositional age of 269 + 2.4 Ma was determined by using the YC2c method (Fig. 39). The
YC26 method was used because it is the most statistically robust and conservative method for

determining the maximum depositional age.

Figure 38: Outcrop photograph of the location of sample 13ZA68. The white star indicates
where the sample was taken. The sample overlies an airfall ash bed. Note the fractured nature
of the outcrop.
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Figure 39: A) Relative probability-density curve (red) and 50 Ma histogram bins (blue) for
sample 13ZA68. B) 260-300 Ma age population (10 Ma bins). The green line represents the
maximum depositional age (269 + 2.4 Ma) derived from this study. The yellow line represents an
airfall ash zircon age (257 £ 2.2 Ma) collected from an ash within the same formation from
McKay et al. (in review). C) 301-2380 Ma age populations (50 Ma bins).
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Figure 40: KDE distribution plot (blue line with light blue shading) and histogram of detrital zircon ages from sample 13ZA68
with 50 Ma histogram bins. The red line represents the probability density curve as shown in Figure 39. The black line
represents the airfall ash zircon age from McKay et al. (in review).
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3.1.7 Sample 13ZA74: Waterford Formation

Sample 13ZA74 was taken
from the Late Permian
(Wuchiapingian) Waterford
Formation of the upper Ecca Group
in the Ripon sub-basin (Fig.16 &
17). The age of the Waterford
Formation has not been
successfully determined in the
Ripon sub-basin; however, the best
age estimates come from the
Rubidge (1991) that assigned a
minimum depositional age of 255
Ma using a reptilian fossil
assemblage present in the lower
Beaufort Group. The Waterford
Formation is interpreted as deltaic

deposits within the uppermost Ecca

Figure 41: Thin-section image of sample 13ZA74 in
plain light (A) and cross-polarized light (B). This
sample consists of moderately to well-sorted, angular
to sub-angular, fine- to medium-grained sandstone.

Group [Johnson et al., 1997]. The outcrop consisted of medium- to thick-bedded sandstones

interbedded with siltstones and mudstones. Tangential cross-beds, horizontal laminae and

oscillatory ripple laminations were prominent throughout the outcrop. Overall the outcrop was

relatively unaltered with slightly weathered surfaces appearing black/brown and unweathered

surfaces appearing light tan. The sample consisted of moderate to well sorted, angular to sub-
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rounded, medium- to fine-grained sand. No distinct bedding or laminae were observed in the
hand sample or thin-section (Fig. 41). The depositional environment of the sampled portion of
the Waterford Formation was likely the delta front of a wave-dominated delta based on the
interbedded nature of the outcrop, trace fossils present, and oscillatory flow patterns. Sandstone
composition consisted of moderate quartz and abundant lithics and feldspar. Sample
13ZA74 yielded abundant zircon (thousands). Zircon grains were prismatic, transparent/colorless
to slightly yellow, and ranged in size from 10-50 pm.

A total of 109 grains were analyzed from sample 13ZA74 at the UC Santa Cruz lab
facilities. Analysis of sample 13ZA74 yielded 97 reliable ages. A total of 12 grains were rejected
with seven grains rejected due to high **Pb concentration and five grains rejected due to
discordance. Ages within this sample range from 263 + 6 Ma to 2032 + 43 Ma (Fig. 42A). In
general, all ages fall within three distinct age populations which range between 263 = 6 Ma to
309+ 7 Ma (50 % of grains; Fig. 42B) 342 £ 8 Ma to 791 + 19 Ma (34% of grains; Fig. 42C) and
920 + 20 to 1154 £ 25 (13% of grains; Fig. 42C). The three oldest grains in sample 13ZA74 do
not form a distinct age population and range from 1325 to 2000 Ma (3 % of grains; Fig. 42A).

Figure 43 represents the comparison between the probability density and KDE curves.
The curves differ in Figure 40 such that the KDE curve is a smoother overall curve due to the
bandwidth used in the calculation of the KDE curve. The two curves appear to be more similar in
low grain density portions of the curve.

All grains in this sample were analyzed at the UC-SC lab facilities. The youngest single-
grain age for sample 13ZA74 (YSG) maximum depositional age is 263 + 6 Ma. The youngest
graphical (probability density plot) age peak controlled by more than one grain age (YPP)

appears to be 274 Ma (n=57) for probability density function, and 274 Ma (n=47) for the KDE
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function. The mean age of the youngest two or more grains that overlap in age at 1o (YClo) is
264 = 5 Ma based on the two youngest grains. The mean age of the youngest 12 or more grains
that overlap in age at 26 (YC20) is 266 + 2 Ma based on the 12 youngest grains. Lastly, the
youngest detrital zircon age (YDZ) is 259 + 3.8 -5.2 Ma for this sample.

Maximum depositional ages ranged from 263 + 9 to 274 Ma. The maximum
depositional age of 266 + 2 Ma was determined by using the YC2c method (Fig. 39). The YC2o
method was used because it is the most statistically robust and conservative method for

determining the maximum depositional age.
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Figure 42: A) Relative probability-density curve (red) and 50 Ma histogram bins (blue)
for sample 13ZA74. B) 260-310 Ma age population (10 Ma bins). The green line
represents the maximum depositional age (262 £ 2 Ma) derived from this study and the
blue line represents the depositional age (255 Ma) from Rubidge (1991). C) 310-2050
Ma age populations (50 Ma bins).
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Figure 43: KDE distribution plot (blue line with light blue shading) and histogram of detrital zircon ages from sample 13ZA74
with 50 Ma histogram bins. The red line represents the probability density curve as shown in Figure 42. The black line
represents the depositional age from Rubidge (1991).
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3.2 U-Pb Age Population Correlation

Seven U-Pb detrital zircon samples display several similar major age populations.
Figure 44 shows normalized relative probability density plots for all seven samples highlighting
the similarity of pre- and post 300 Ma age populations each sample. Figure 45 displays pie
charts of grains within Phanerozoic, Proterozoic, and Archean geologic time periods. In
general, the Permian age population is present in all seven samples whereas populations greater
than 300 Ma vary from sample to sample. Triassic age populations are present in two samples
(12ZA13: Tanqua sub-basin and 12ZA26: Laingsburg sub-basin) (Fig. 45). Several single

grains are present in all samples that do not form prominent age populations (Fig. 44).
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Figure 44: Normalized probability density plot of all seven U-Pb detrital zircon
samples. The red box represents the time period (255-270 Ma) in which lower Beaufort
Group, Waterford Formation, Laingsburg Formation and Ripon Formation was
deposited [from Rubidge et al., 1999; Turner, 1999]. The various colored curves
represent the U-Pb age distribution for each sample.
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3.3 Kolmogorov-Smirnoff Test

K-S test results for each sample reveal numerous statistical similarities in source affinity
between samples. P-values for samples range in similarity from 0.061 t00.99 (Table 2). It is
important to keep in mind that K-S tests do not account for age errors and that the dispersal of
age data may affect the P-value result because poorly characterized samples can yield spuriously
small p-values, particularly if a zircon age population is absent, over-represented, or under-
represented in a sample distribution.

Several relationships between the geographic and temporal distribution of samples and
associated p-values are observed. In general, samples from the Laingsburg sub-basin vary greatly
in similarity to one another with p-values ranging from 0.2 to 0.98. The Waterford Formation
(13ZA91) and the upper Laingsburg Formation (09-BL-C1) appear to have the most similar
source affinity with a p-value of 0.98. The lower Beaufort Group (13ZA93) is also similar to the
Laingsburg Formation (12ZA26) with a p-value of 0.86. The Beaufort Group appears to become
slightly dissimilar to the source affinity of strata up-section underlying (Upper Laingsburg and
Waterford Formation) the Beaufort Group with p-values ranging from 0.26 to 0.38. The
Laingsburg and Waterford Formations are likely to have shared a similar source with p-values
ranging from 0.2 to 0.98.

Sample 12ZA13 (Waterford Formation) was the only sample collected from the Tanqua
sub-basin. Detrital zircon age distributions of this sample is highly similar to the detrital zircon
age distributions of two samples of the Laingsburg sub-basin, 12ZA26 (Laingsburg Formation)
and 13ZA93 (Beaufort Group) which return p-values of 0.79 and 0.93 when compared to
12ZA13. The Sediment source of these samples likely differed from that of the upper Laingsburg

Formation (09-BL-C1) and Waterford Formation (13ZA91) samples of the Laingsburg sub-basin
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and the Ripon Formation (13ZA68) and Waterford Formation (13ZA74) samples of the Ripon
sub-basin as demonstrated by p-values ranging from 0.061 to 0.29.

Samples from the Laingsburg sub-basin also vary greatly in similarity to samples in the
Ripon sub-basin with p-values ranging from 0.16 to 0.99. The two samples from the Ripon sub-
basin contain slightly similar source affinities to one another with a p-value of 0.23. The Ripon
Formation (13ZA68) sample is likely to have been sourced from the same parent rock as the
Laingsburg (12ZA26 and 09-BL-C1) and Waterford (13ZA91) Formations in the Laingsburg
sub-basin with p-values ranging from 0.56 to 0.98. However, the Ripon Formation appears to be
slightly dissimilar to the Waterford Formation (12ZA13) in the Tanqua sub-basin and the
Beaufort Group in the Laingsburg sub-basin demonstrated by p-values of 0.16 and 0.31
respectively. The Waterford Formation (13ZA74) is likely to have been sourced from the same
parent rock as the upper Laingsburg (09-BL-C1) and Waterford Formations (13ZA91) and the
Beaufort Group (13ZA93) in the Laingsburg sub-basin with p-values of 0.50,0.85 and 0.97%
respectively. The Waterford Formation is dissimilar to the Ripon Formation (13ZA68) in the
Ripon sub-basin and the Laingsburg Formation (12ZA26) in the Laingsburg sub-basin with p-
values of 0.23 and 0.34.

Samples collected from the Waterford Formation in the Tanqua, Laingsburg, and Ripon
sub-basins exhibit p-values ranging from 0.61 to 0.85. The Waterford Formation from the
Tanqua sub-basin is slightly similar to the Waterford Formation sample within Laingsburg and
Ripon sub-basin with p-values of 0.61 and 0.29. The Waterford Formation in the Laingsburg and
Ripon sub-basins are highly similar to one another with a p-value of 0.85 indicating that they
were likely sourced from the sample parent rock.

Samples collected from the middle Ecca Group in the Laingsburg and Ripon range yield
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p-values ranging from 0.48 to 0.99, reflecting a high likelihood of shared parent source for these
samples. The two Laingsburg sub-basin samples (12ZA26 and 09-BL-C1) are similar to one
another (p-value= 0.49) and to the Ripon sub-basin sample (13ZA68) with p-values of 0.56%
and 0.99.

Only one sample was collected from the lower Beaufort Group but ranges in similarity to
other samples with p-values ranging from 0.31 to 0.97. The Beaufort Group sample (13ZA93) is
the most similar to the Waterford Formation samples in both the Laingsburg (13ZA91) and

Ripon (13ZA74) sub-basin, returning p-values of 0.79 and 0.97.

Table 4: K-S Test results

K-3 P-values using error in the CDF

12ZA13

12ZA26 09-BL-C1 13ZA91 13ZA93 13ZA68 13ZA74

Age (Ma) 255 * | 270142  |248.9+£26 % 255 = 2623+26¥%|257.7+22¥%| 255*
Formation | Waterford | Laingsburg| Laingsburg | Waterford | Beaufort Grp Ripon Waterford
Sub-basin Tanqua | Laingsburg| Laingsburg |Laingsburg| Laingsburg Ripon Ripon
12ZA13 0.928 0.082 0.061 0.790 0.155 0.288
12ZA26 0.458 0.202 0.860 0.560 0.338
09-BL-C1 0.984 0.258 0.989 0.500
13ZA91 0.380 0.967 0.853
13ZA93 0.305 0.967
13ZA68 0.226
13ZA74

* = Depositional age from Rubidge et al. (1999)
t = Airfall ash age from Fildani et al. (2008 &2009)
¥ = Airfall ash age from McKay et al. (in review)

3.4 Maximum Depositional Ages

Depositional ages for the Permian/Triassic Karoo basin fill have been established by

previous studies which used biostratigraphic paleobotanical, paleopedological, carbon isotopic,
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and radiometric dating methods. The depositional age for the Laingsburg Formation in the
Laingsburg sub-basin has been estimated using radiometric dating methods. Turner (1999)
established that the age of 270 + 1 Ma for the Collingham Formation in the Laingsburg sub-basin
using radiometric dating methods on zircons from tuffs within the Laingsburg Formation in the
Laingsburg sub-basin but the age was non-repeatable. Studies conducted by Fildani et al. (2007,
2009) reports absolute ages for the Laingsburg Formation ranging from 270.1 + 2 to 248.9 + 2.6
Ma by dating zircon grains in airfall ashes. A study conducted by Rubidge (1991) using
biostratigraphy to conclude that the depositional age of the lower Beaufort Group in the Tanqua
and Laingsburg sub-basins was approximately 255 Ma based on the presence of an Eodicynodon
reptilian fossil assemblage. Another depositional age of 260.4 Ma by Retallack et al. (2006) was
determined for the Beaufort Group by using carbon isotope chemostratigraphy. The depositional
age of the Ripon Formation (13ZA68) in the Ripon sub-basin has been dated by a recent study
conducted by McKay et al. (in review) which reports ages of zircon grains found in airfall ashes
in the Ripon Formation of 257.7 + 2.2 Ma.

Maximum depositional ages were determined from detrital zircon ages using the methods
outlined by Dickinson and Gehrels (2009) (Table 3). Each method varies in accuracy and
reproducibility. For example the YSG method may be misleading because a single data point in
an analytical matrix may be spurious, whereas the YC2c method, which is the most conservative
estimate because using a cluster of ages reduces the effect of lead loss [Dickinson and Gehrels,
2009].

The maximum depositional ages for the Laingsburg Formation (12ZA26 and 09-BL-C1)
in the Laingsburg sub-basin date to 265 + 4.4 Ma and 270 £+ 5 Ma, respectively, using the YC2c

method. The maximum depositional age for the Ripon formation from this study is 269 + 2.4
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using the YC20 method and 263 + 10 using the YSG method. The maximum depositional age of
the Waterford Formation (12ZA13) in the Tanqua sub-basin of 249 + 3.8 Ma, determined by the
YC20 method, is younger than the maximum depositional age of the Waterford Formation in the
Laingsburg (13ZA91) and Ripon (13ZA74) sub-basins of 269 = 2 Ma determined by the YC2o
method and of 262 +£ 2 Ma determined by the YC2c method, respectively (Table 3). The
maximum depositional age of the lower Beaufort Group (13ZA93) in the Laingsburg sub-basin

is constrained by a YC2c age of 262 + 1.5 Ma and a YSG age of 259 + 7.4 Ma.

T'able 5: Maximum depositional ages of all detrital zircon samples.

YPP (Ma)
Formation/ Depasitional (Praobability YPP (Ma)

Sample Group Sub-basin | Age (Ma) |YSG (Ma) Density) (KDE) YClo (Ma) YC2o (Ma) YDZ (Ma)
12ZA13 Waterford Tanqua 255 ¢ 245 £6.5 247 (n=43) 269 (n=37) | 2456£85(n=3)| 249+38(n=4) | 245.+54 68
12ZA26 | Laingsburg | Laingsburg | 235-270 " 1252:196 2335 (n=41) 272 (n=36) 259+19 (n=2) | 265+4.4(n=4) | 254. +9.6-24

09-BL-C1 | Laingsburg | Laingsburg | 233-270 ° 265 +12 278 (n=22) 275 (n=36) 271 + 10 (n=3) 270 + 3 (n=3) 266, +5.8-14
132A91 Waterford | Lamgsburg 255° 267+5.1 274 (n=25) 274 (n=29) 270 £ 3.4 (n=4) 269 £ 2 (n=9) 266, +2.7-52
13ZA93 Beaufort | Laingsburg 260.4° 259+7.4 265 (n=(18) 265 (n=19) 260 = 10 (n=2) 262+ 153 (n=4) | 257+46 7.1
13ZA68 Ripon Ripon 2577224 263+10 276 (n=60) 272 (n=49) |269.2+49 (p=16)| 269 +2.4 (n=16)| 259.+59 96
13ZA74 | Waterford Ripon 255° 26326 274 (n=5T7) 274 (n=47) |2659+36(n=12)| 2662 (n=12) | 259.+38-52

YSG= Youngest single grain age

YPP= Youngest graphical age population: probability density and KDE distributions

Y Clo= mean age of the youngest two overlapping grain ages or more at 1o
YC20=mean age of the youngest three overlapping grain ages or more at 26

YDZ= Youngest detrital zircon [Ludwig, 2012]

* = Depositional age from Rubidge et al. (1999).

® = Depositional age from Rubidge et al. (1999) and Radiometric age from Turner (1999)
¢ = Depositional age from Retallack et al. (2006)

4 = Airfall ash age from McKay et al. (in review)
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3.5 Metamorphic Versus Igneous Zircon

In order to determine whether zircon grains were igneous or metamorphic in origin, U-Pb
age versus U/Th ratio cross plots were made (Fig. 46). Metamorphic zircons were identified by
those with a U/Th ratio of > 4. Metamorphic zircons were present in all seven samples (55 grains
out of 553 total grains; ~10%), however, age and amount of metamorphic zircons varied in each
sample. Metamorphic zircons from all of the samples were combined and a probability density
plot was generated to represent any prominent metamorphic age populations within Karoo basin-
fill (Fig. 47). Metamorphic zircons range in age from 260.6 = 11 Ma to 2377 + 80 Ma.
Cambrian to Neoproterozoic aged zircon populations are present in samples three samples, 09-
BL-C1 (~10% of grains), 13ZA93 (~6% of grains), and 13ZA74 (~9% of grains). Metamorphic
grains within this age range are present in the other four samples; however, no coherent age

population is present.
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Figure 46: U-Pb age versus U/Th ratio plots for all seven U-Pb detrital zircon samples. The
red line represents a U/Th ratio of 4. If grains have a U/Th ratio > 4, the grain is likely
metamorphic in origin.
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Figure 47: Probability density plot of 55 metamorphic zircon grains from all seven U-Pb
detrital zircon samples. Note the prominent Cambrian to Neoproterozoic age population.
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detrital zircon sample intervals labeled. Reported ages are maximum depositional ages determined using the
YC20 method. Thicknesses for formations from [Visser 1993, Faure and Cole, 1999, Grecula et al., 2003,
Hodgson et al., 2006; King, 2005; Wild, 2005; Sixsmith et al., 2004; and McKay pers. Comm.].
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3.6 Tanqua Sub-basin Sample Overview

One U-Pb detrital zircon sample was collected from the Wuchiapingian Waterford
Formation in the Tanqua sub-basin (12ZA13). Prominent age populations are present at 270
Ma and 430 Ma whereas minor populations are present at 247 Ma, 350 Ma, and 1010 Ma
(Fig. 21). Maximum depositional ages for sample 12ZA13 range from 245 to 249 Ma (Table
3). The majority of grains are Permian in age (258 to 298 Ma) and form a 270 Ma age
population, whereas late Carboniferous to Ordovician grains form the 430 Ma age population
(Fig. 45). Age populations present within sample 12ZA 13 form similar age populations to the
Waterford Formation in the Laingsburg and Ripon sub-basins but, based on the K-S test
results, are only 6.1 % and 22.8 % similar. (Fig. 44 & Table 2). This is likely caused by the
Triassic age population present in the Waterford Formation in the Tanqua sub-basin that is

absent in the Waterford Formation in the Laingsburg and Ripon sub-basin.

3.7 Laingsburg Sub-basin Sample Overview

Four U-Pb detrital zircon samples were taken from the Roadian Laingsburg Formation
(12ZA26 and 09-BL-Cl1), Capitanian Waterford Formation (13ZA91) and Wuchiapingian
Beaufort Group (13ZA93) in the Laingsburg sub-basin. All four sample display similar age
populations and are comparable to age populations of samples within the Tanqua and Ripon
sub-basins (Fig. 44). The maximum depositional age of the Waterford Formation in the
Laingsburg sub-basin is approximately 20 Ma older than the Waterford Formation in the
Tanqua sub-basin (Fig. 48 & Table 3). The prominent Permian population is present in all four
samples, however, it does not make up the majority of the grains in samples 09- BL-C1 and
13ZA93 (Fig. 45). Each sample also contains a Devonian to Neoproterozoic population. All

samples in the Laingsburg sub-basin with the exception of sample 12ZA26 contain a minor
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(570 to 1240 Ma) Neoproterozoic to Mesoproterozoic population.

K-S Test results for samples within the Laingsburg sub-basin reveal several statistical
similarities and differences when compared to samples from the Tanqua and Ripon sub-basins.
Results from the K-S Test reveals p-values ranging from 30% to 98.9 % similar to Ripon sub-
basin samples (Table 2). When comparing the Laingsburg sub-basin samples to the Waterford
Formation sample (12ZA13) in the Tanqua sub-basin, the only significantly similar samples
are samples 12ZA93 and 12ZA26 of the Beaufort Group and Laingsburg Formation (79% and
92.8%, respectively), with samples 13ZA91 and 09-BL-C1 of the Waterford and Laingsburg

Formations yielding low p-values ranging from 6% to 8% .

3.8 Ripon Sub-basin Sample Overview

Two detrital zircon samples were taken from the Roadian Ripon Formation (13ZA68)
and Wuchiapingian Waterford Formation (13ZA74) in the Ripon sub-basin. Both samples
display similar age populations to samples within the Tanqua and Laingsburg sub-basins with
varying amounts of grains in each population (Fig. 44). Maximum depositional ages of
correlative units are slightly older in the Ripon sub-basin compared to the Tanqua sub-basin
(Fig. 48 & Table 3). Samples 13ZA68 and 13ZA74 contain a prominent Permian population
(263 to 299 Ma) and makes up the majority of the grains within both samples (Fig. 45). These
samples also contain a minor Carboniferous to Neoproterozoic (309 to 955 Ma) population.
Sample 13ZA74 contains a minor Neoproterozoic to Mesoproterozoic (542 to 1325 Ma)
population as well whereas 13ZA68 contains only single grains greater than 700 Ma with no
prominent age population (Fig. 39 & 42).

K-S test results for samples within the Ripon sub-basin reveal several statistical

similarities and differences when compared to samples from the Tanqua and Laingsburg
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Formation. Results from the K-S test reveals p-values ranging from 30.5% to 98.9% similar
when comparing sample 13ZA68 (Ripon Formation) to all Laingsburg sub-basin samples.
Sample 13ZA74 (Waterford Formation) contains p-values ranging from 33.8% to 96.7%
similar to all Laingsburg sub-basin samples. Both Ripon sub-basin samples are only slightly
similar to the Waterford Formation sample in the Tanqua sub-basin with p-values of 15.5%

(13ZA68) and 28.8% (13ZA74).

3.9 Permo-Triassic Karoo Sandstone Composition

The point counting results from 18 thin-sections of 18 separate sandstone samples from
the Tanqua, Laingsburg, and Ripon sub-basin yielded modal framework grain compositions
that include lithic arkose and feldspathic litharenite. Framework grains included
monocrystalline quartz (undulose and non- undulose), polycrystalline quartz, plagioclase
feldspar (untwinned and twinned), orthoclase feldspar, sedimentary lithic fragments (chert and
siltstone), volcanic lithic fragments (felsititc, lathwork and volcanic ash fragments), and
metamorphic lithic fragments (phyllite and gneiss). Samples appear to be evenly mixed
between lithic arkose and feldspathic litharenite compositions [Folk, 1980] (Fig. 50, 51, 52,
and 53). A total of eight samples are classified as lithic arkose and seven samples are
classified as feldspathic litharenite and three samples fall on the border between lithic arkose

and feldspathic litharenite.
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Figure 49: Framework grains in thin-section. A) Biotite grain in plane polarized light (PPL)
from sample 12ZA13. B) Quartz and twinned plagioclase feldspar in cross polarized light (XPL)
from sample 09-BL-C1. C) Monocrystalline quarts grain in XPL from sample 13ZA91. D)
Untwinned plagioclase feldspar in XPL from sample 13ZA68. E) Chert grains in XPL from
sample 09-BL-C1. F) Lathwork volcanic lithic fragment in XPL from sample 13ZA68.
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3.9.1 Tanqua Sub-basin

One sample was collected and analyzed from the Wuchiapingina Waterford Formation
(12ZA13) in the Tanqua sub-basin and plots within the lithic arkose field (Fig. 50). The
dominant framework grain type within this sample is monocrystalline quartz which accounts for
50.25% of grains (Fig. 54). The next most dominant framework grain type is feldspar which
makes up approximately 22% of grains. This sample contains slightly more untwinned
plagioclase feldspar (12%) than twinned plagioclase feldspar (9%) whereas orthoclase feldspar
only accounts for approximately 1% of grains (Fig. 54). Lithic abundance (20.5) within the
sample is slightly less than total feldspar grains. Sedimentary lithics are the most abundant
lithic type (18.5%) and are composed primarily of chert and siltstone fragments. Volcanic and
metamorphic lithics only account for approximately 1% of total grains and are characterized by

lathwork and volcanic ash fragments and gneiss, phyllite, and quartzite metamorphic grains.

Overall grain size ranges from fine to medium and grain shape ranges from sub-rounded
to angular, with varying degrees of sphericity ranging from low to moderate with rare highly
spherical grains. Sandstones are well to moderately sorted with no apparent bedding present in
any of the samples. Framework grain contacts are sutured in some areas and cements in these

three samples mainly quartz. No pore space is present in any of the samples.

The Waterford Formation in the Laingsburg sub-basin is comparable to the Waterford
Formation in the Laingsburg and Ripon sub-basins with only slight variations in framework

grain modal abundances.
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Figure 50: Q-F-L diagram for one sandstone sample within the Tanqua sub-basin.
The sample plots within the lithic arkose field. Diagram fields after Folk (1980).

3.9.2 Laingsburg Sub-basin

A total of 11 sandstone samples collected from the Laingsburg and Waterford Formations
and Beaufort Group in the Laingsburg sub-basin were analyzed. Samples 09-BL-E1(Roadian
Laingsburg Formation), 13ZA86 (Roadian Laingsburg Formation), 13ZA91 (Capitanian
Waterford Formation), 13ZA90 (Wuchiapingian Beaufort Group), and 13ZA92 (Wuchiapingian
Beaufort Group) are classified as lithic arkose sandstones and samples 12ZA26, 09-BL-A1, 09-
BL-Cland 13ZA88 from the Roadian Laingsburg Formation are classified as feldspathic
litharenite sandstones and samples 13ZA87 (Roadian Laingsburg Formation) and 13ZA93

(Wuchiapingian Beaufort Group) lie on the border between the two fields (Fig. 51 & 52). The
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dominant framework grain type in lithic arkose samples is monocrystalline quartz which ranges
from 35% to 40.5% of grains (Fig. 54). Polycrystalline quartz grains are less significant, only
accounting for 3% to 4.3% of all grains. The next dominant framework grain type is plagioclase
feldspar which ranges from 23.3% to 36.5% of grains whereas orthoclase feldspar grains are rare
(0.5-1.5%) (Fig. 54). All lithic arkose samples appear to contain slightly more un- twinned
plagioclase feldspar (13.5-19.8%) than twined plagioclase feldspar (10.8-13.5%) with the
exception of sample 13ZA90 ( 20% twinned and 13.5% untwinned). Lastly, lithic framework
grains are slightly less significant than feldspar grains in each sample. Total lithics within the
five lithic arkose samples ranges from 20% to 29.3% of grains. Sedimentary lithics make up the
majority of the total lithics ranging from 17.8% to 22% of grains and 69% to 88% of lithic grains
and consist mainly of chert and siltstone fragments (Fig. 54). Volcanic lithics are less common
ranging from 2% to 7.8% of grains and are felsic in nature and were composed primarily of
felsitic, lathwork and volcanic ash fragments. Metamorphic lithics are rare only accounting for
approximately 1% of grains and are characterized by gneiss, phyllite, and quartzite grains.
Overall lithic arkose sandstone grain size ranges from fine to medium and grain shape
ranges from sub-rounded to angular with varying degrees of sphericity ranging from low to
moderate with rare highly spherical grains. Sandstones are well to moderately sorted with no
apparent bedding present in any of the samples. Framework grain contacts are sutured in some
areas and cements in these three samples are mainly quartz. No pore space is present in any of

the samples.

The dominant framework grain type in feldspathic litharenite samples are lithic
framework grains. Total lithics within the three lithic arkose samples ranges from 29% to 34.3%

of grains. Sedimentary lithics make up the majority of the total lithics ranging from 23% to
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26.8% of grains and 72% to 92% of lithic grains (Fig. 54). Volcanic lithics are less common
ranging from 1.5% to 8.5% of grains and are felsic in nature. Metamorphic lithics are rare only
accounting for approximately zero to 2.3% of grains. Lastly, feldspar framework grains are
slightly less abundant than lithic grains in each sample. Plagioclase feldspar grains range from
23.5% to 28.5% of grains whereas orthoclase feldspar grains are rare and only account for
approximately 1% of grains (Fig. 54). All feldspathic litharenite samples appear to contain
slightly more untwinned plagioclase feldspar (5-14.5% of grains) than twined plagioclase
feldspar (6-8% of grains).

Overall feldspathic litharenite sandstone grain size ranges from fine to medium and grain
shape ranges from sub-rounded to angular with varying degrees of sphericity ranging from low
to moderate with rare highly spherical grains. Sandstones are well to moderately sorted with no
apparent bedding present in any of the samples. Framework grain contacts are sutured in some
areas and cements in these three samples are mainly quartz. No pore space is present in any of
the samples.

Samples 13ZA87 and 13ZA93, which lie on the border between the lithic arkose and
feldspathic litharenite fields, have uniform compositions with slightly varying amounts of quartz.
The dominant framework grain type in both samples is monocrystalline quartz (13ZA87: 38.8%;
13ZA93: 44%). Sample 13ZA87 has equal amounts of feldspar and lithics (feldspar: 28.8%;
lithics: 28.3%) as well as 13ZA93 (feldspar: 23.3%; lithics: 23.5%). Both samples contain
slightly more untwinned plagioclase feldspar (13ZA87: 17%; 13ZA93: 14.5%) than twinned
plagioclase feldspar (13ZA87: 11.8%; 13ZA93: 8%). Orthoclase feldspar in both samples only
accounts for approximately 1% of grains. Sedimentary lithic grains are the dominant lithic type

in both samples (13ZA87: 22.5%; 13ZA93: 20.8%) whereas volcanic lithics are much less
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abundant (13ZA87: 4.5%; 13ZA93: 2.8%). Metamorphic lithics in both samples only accounts
for 1.3% of grains of less. Petrographic qualities of these two samples are consistent with other

samples within the Laingsburg sub-basin.

Temporal variations in the amount of lithics were present in the Laingsburg sub-basin
samples. Overall, it appears that total lithic fragments increase (2-11%) down section from the
Beaufort Group to the Laingsburg Formation. No temporal trends in feldspar or quartz

framework grains appear in the Laingsburg sub-basin samples.

Explanation
Il 09-BL-E1: Laingsburg Fm Q S
Bl 09-BI-C1: Laingsburg Fm
Bl 137A88: Laingsburg Fm  suparkose Sublitharenite

[ 13ZA86: Laingsburg Fm
[ 12ZA26: Laingsburg Fm
[] 09-BL-A1: Laingsburg Fm

Arkose Lithic Arkose Feldspathic Litharenite
Litharenite

Figure 51: Q-F-L diagram for six sandstone samples within the Laingsburg sub- basin. Samples
plot within the lithic arkose and feldspathic litharenite fields. Diagram fields after Folk (1980).
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[] 13ZA92: Beaufort Grp arenite
Bl 13ZA93: Beafort Grp -
I 13ZA90: Beaufort Grp ~ SU%rkese Sublitharenite

Bl 13ZA91: Waterford Fm
B 13ZA87: Waterford Fm

Arkose Lithic Arkose Feldspathic Litharenite
Litharenite

Figure 52: Q-F-L diagram for five sandstone samples within the Laingsburg sub-basin.
Samples plot within the lithic arkose field or lie on the border between the lithic arkose and
feldspathic litharenite fields. Diagram fields after Folk (1980).

106



3.9.3 Ripon Sub-basin

A total of six thin-section samples from the Ripon sub-basin were analyzed using the
Gazzi-Dickinson point counting method. Sandstone samples from the Ripon, Waterford, and
Koonap Formations and Beaufort Group in the Ripon sub-basin are similar in appearance and
composition. Samples 13ZA72 (Wuchiapingian Beaufort Group), 13ZA74 (Capitanian
Waterford Formation), and 13ZA78 (Roadian Ripon Formation) are classified as lithic arkose
sandstones and samples 13ZA73 (Wuchiapingian Koonap Formation), 13ZA71 (Capitanian
Waterford Formation), and 13ZA68 (Roadian Ripon Formation) are classified as feldspathic
litharenite sandstones (Fig. 53). The dominant framework grain in lithic arkose samples is
monocrystalline quartz which ranges from 38.5% to 51.5%of grains (Fig. 54). Polycrystalline
quartz grains are less significant, only accounting for 3.5% to 7.5% of all grains. The next
dominant framework grain type is plagioclase feldspar which ranges from 26.5% to 31.3% of
grains whereas orthoclase feldspar grains are rare (0.5-2%) (Fig. 54). All lithic arkose samples
appear to contain slightly more twinned plagioclase feldspar (13.75-19.5%) than untwinned
plagioclase feldspar (10.75-13.5%). Lastly, lithic framework grains are slightly less abundant
than feldspar. Total lithic abundances within the three lithic arkose samples ranges from 14.5%
to 24% of grains. Sedimentary lithics make up the majority of the total lithics ranging from
9.25% to 17.75% of grains and 63% to 75% of lithic grains (Fig. 54). Sedimentary lithics were
primarily chert and siltstone fragments. Volcanic lithics are less common ranging from 4.75% to
7.5% of grains and were composed primarily of felsitic, lathwork and volcanic ash fragments.
Metamorphic lithics were rare only accounting for approximately 1% of grains and are
characterized by gneiss, phyllite, and quartzite grains.

Overall lithic arkose sandstone grain size ranges from fine to medium and grain shape

107



ranges from sub-rounded to angular with varying degrees of sphericity ranging from low to
moderate with rare highly spherical grains. Sandstones well to moderately sorted with no
apparent bedding present in any of the samples. Framework grain contacts are sutured in some
areas and cements in these three samples are mainly quartz. No pore space is present in any of
the samples.

The dominant framework grain type in the three feldspathic litharenite samples is
monocrystalline quartz which ranges from 39.75% to 49.75% of grains (Fig. 53 & 54).
Polycrystalline quartz grains are less abundant, only accounting for 4% to 8.75% of all grains.
The next dominant framework grain in feldspathic litharenite samples are lithic framework
grains. Total lithics within the three lithic arkose samples ranges from 24% to 35.75% of grains.
Sedimentary lithics make up the majority of the total lithics ranging from 16.25% to 31.25% of
grains and 68% to 87% of lithic grains (Fig. 54). Volcanic lithics are relatively less common
ranging from 2.75% to 6.75% of grains and are felsic in nature. Metamorphic lithics are rare only
accounting for approximately 1% of grains. Lastly, feldspar framework grains are slightly less
significant than lithic grains in each sample. Plagioclase feldspar grains range from 26.5% to
31.25% of grains whereas orthoclase feldspar grains are rare and only account for approximately
1% of grains (Fig. 54). All feldspathic litharenite samples appear to contain slightly more
untwinned plagioclase feldspar (8.75% to 13.25% of grains) than twined plagioclase feldspar
(6% to 8% of grains).

Overall feldspathic litharenite sandstone grain size ranges from fine to medium and grain
shape ranges from sub-rounded to angular with varying degrees of sphericity ranging from low to
moderate with rare highly spherical grains. Sandstones are well to moderately sorted with no

apparent bedding present in any of the samples. Framework grain contacts are sutured in some
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areas and cements in these three samples are mainly quartz. No pore space is present in any of
the samples.

Temporal variations in the amount of quartz were present in the Ripon sub-basin samples.
Overall, it appears that quartz increases (1-12%) up section from the Ripon Formation to the
Beaufort Group. No temporal trends in feldspar or lithic framework grains appear in the Ripon

sub-basin samples.

Explanation -
[ 13ZA72: Beaufort Grp arenite

B 13ZA73: Koonap Fm -
[]13ZA71:Waterford Fm Sbakese sublitharenite
B 13ZA74: Waterford Fm
Il 13ZA78: Ripon Formation
[ 13ZA68: Ripon Formation =
m
| [ |
|
F ; -
Arkose Lithic Arkose Feldspathic Litharenite
Litharenite

Figure 53: Q-F-L diagram for six sandstone samples within the Ripon sub-basin. Samples plot
within the lithic arkose and feldspathic litharenite fields. Diagram fields after Folk (1980).
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Figure 54: Mineralogical abundances (number of grains, percentage of total grains) of all
sandstone samples collected within the Karoo basin. Qm= monocrystalline quartz, Qp=
polycrystalline quartz, Fpu= untwinned plagioclase feldspar, Fpt= twinned plagioclase
feldspar, Fk= orthoclase feldspar, Ls= sedimentary lithics, Lv= volcanic lithics, Lm=
metamorphic lithics.
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3.10 Heavy Mineral Analysis

Heavy minerals were counted for 15 samples collected throughout the Karoo basin. The
results of heavy mineral analysis revealed relatively uniform mineral abundances within the
collected samples (Fig. 55). Note that the remaining zircon separates were mixed back in to the

heavy mineral fraction after zircons were mounted for U-Pb dating.

3.10.1 Tanqua Sub-basin Heavy Minerals Sample
Only one sample was collected from the Tanqua sub-basin (12ZA13: Waterford
Formation) for heavy mineral analysis. The Waterford Formation of the Tanqua sub-basin
contained nearly equal amounts of neosilicates and phyllosilicates with less amounts of other
miscellaneous accessory minerals. Sample 12ZA13 contained abundant amounts of zircon
(25%), muscovite (16.7%), and biotite (16.7%) with lesser amounts of sphene, topaz,

andalusite, chlorite, and other miscellaneous accessory minerals.

3.10.2 Laingsburg Sub-basin Heavy Minerals Samples

The nine Laingsburg sub-basin samples are relatively similar with respect to
neosilicates (topaz, zircon, sphene, and andalusite), phyllosilicates (muscovite, biotite, and
chlorite) and other miscellaneous accessory mineral (rutile, pyroxene: augite; calcic-
amphibole: tremolite, amphibole, and hornblende; epidote: axinite, clinozoisite, and
tourmaline; and phosphates: xenotime, monazite, apatite). Total neosilicates are slightly
variable ranging from 36% to 48% of all counted grains (topaz: 0-10%; zircon: 26-44%; and
sphene: 0-8%; andalusite: 0-2% of all grains) (Fig. 55). Andalusite grains are only present in
sample 09-BL-El. Phyllosilicate grain abundances are relatively uniform throughout all

Laingsburg sub-basin samples ranging from 37% to 50% of all counted grains with muscovite
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(14-20%) and biotite (16-27%) being the most abundant phases present along with lesser
abundances of chlorite (2-6%).

Other minor mineral phases are much less abundant and range from 12% to 20% of all
counted grains and include rutile (0-6%), pyroxene (0-2%), calcic-amphibole: (2-8%) epidote
(0- 8%), and phosphates (2-6%) (Fig. 55). Rutile grains are present in all samples with the
exception of samples 13ZA93 and 09-BL-El. Epidote grains are also absent in samples

13ZA91 and 09-BL-A1.

3.10.3 Ripon Sub-basin Heavy Minerals Samples

The five Ripon sub-basin samples are relatively similar with respect to neosilicates
(topaz, zircon, sphene, and andalusite), phyllosilicates (muscovite, biotite, and chlorite) and
other miscellaneous accessory mineral (rutile, pyroxene: augite; calcic- amphibole: tremolite,
amphibole, and hornblende; epidote: axinite, clinozoisite, and tourmaline; and phosphates:
xenotime, monazite, apatite). Total neosilicates range from 40% to 47% of all counted grains
(topaz: 4-12%; zircon: 24-35%; and sphene: 2-8%; andalusite: 0-6% of all grains) (Fig. 55).
Andalusite grains are only present in samples 13ZA68 and 13ZA73. Phyllosilicate grains
abundances appear to be very uniform throughout all Ripon sub-basin samples ranging from
40% to 44% of all counted grains with muscovite (10-18%) and biotite (22- 24%) being the
most abundant phases present along with lesser abundances of chlorite (4-8%). Other minor
mineral phases are much less abundant ranging from 10% to 17% of all counted grains and
include rutile (0-4%), calcic-amphibole (2-10%), epidote (2-6%), and phosphates (2-6%).
Rutile grains are absent in sample 13ZA74 and 13ZA78. Overall, Ripon Formation samples are
very similar containing nearly identical neosilicate (13ZA68:40%; 13ZA78: 40%),

phyllosilicate (13ZA68: 42%; 13ZA78: 44%) and minor mineral phase abundances (13ZA68:
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18%; 13ZA78: 16%) (Fig. 55). No apparent temporal trends in grain abundances are present in

any of the Ripon sub-basin samples

3.10.4 Evolution of Heavy Mineral Abundances

Overall, middle Ecca Group turbidite samples are relatively similar containing 36% to
48% neosilicate (topaz, zircon, sphene, and andalusite), 38% to 45% phyllosilicates (muscovite,
biotite, and chlorite) and 12% to 20% minor mineral phases (rutile, pyroxene: augite; calcic-
amphibole: tremolite, amphibole, and hornblende; epidote: axinite, clinozoisite, and tourmaline;
and phosphates: xenotime, monazite, apatite) (Fig. 55). Samples 12ZA26, 09-BL-A1, 13ZA86,
and 13ZA88 of the Laingsburg Formation in the Laingsburg sub-basin and samples 13ZA68 and
13ZA78 of the Ripon Formation in the Ripon sub-basin are all similar with respect to all heavy
mineral abundance (Fig. 55). Samples 09-BL-C1, and 09-BL-Elof the Laingsburg Formations
appear to contain slightly higher amounts of neosilicates and phyllosilicates with lesser of minor
mineral phases compared to other middle Ecca Group turbidites. Only two samples, 13ZA68 and
09-BL-E1, contained andalusite.

Waterford samples across the Karoo basin are somewhat variable with respect to
neosilicates (topaz, zircon, sphene, and andalusite), phyllosilicates (muscovite, biotite, and
chlorite) and other minor mineral phases (rutile, pyroxene: augite; calcic-amphibole: tremolite,
amphibole, and hornblende; epidote: axinite, clinozoisite, and tourmaline; and phosphates:
xenotime, monazite, apatite). Neosilicates grains are relatively uniform in the Tanqua (12ZA13:
37%) and Laingsburg sub-basins (13ZA91: 36%) whereas the Ripon sub-basin sample
(13ZA74: 47%) contains ~10% more neosilicate grains. Individual neosilicate grain abundances

including topaz (7%), zircon (26%), sphene (2%), and andalusite (2%) and are comparable to
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analyzed samples collected across the Karoo basin (Fig. 55).

Phyllosilicate grain abundances are variable in the Waterford Formation throughout the
three sub-basins. Sample 12ZA13 contains slightly less phyllosilicate grains (37%) than
samples 13ZA74 (43%) and 13ZA91 (50%) (Fig. 55). Individual phyllosilicate grain
abundances (12ZA13- muscovite: 17%; biotite: 17%; and chlorite: 4%) are variable within the
Waterford Formation (muscovite: 13-20% biotite: 16-26%; and chlorite: 4-6%) but are
comparable to other samples. Other minor mineral phase abundance are comparable within the
Ripon (13ZA74: 10%) and Laingsburg sub-basin (13ZA91: 14%) but are more prevalent in the
Tanqua sub-basin (12ZA13: 26%). Sample 12ZA13 contains substantially more pyroxene
(10%) than all other samples whereas only two samples contain pyroxene grains (12ZA13 and
12ZA26). In general, minor mineral phase abundances of sample 12ZA13 are comparable to
other analyzed samples. Beaufort Group samples (13ZA72, 13ZA73, 13ZA90, and 13ZA93)
throughout the Laingsburg and Ripon sub-basins are also very similar with neosilicate (40-
44%), phyllosilicate (37-46 %), and minor mineral phase (14- 19%) abundances within >10%

difference.
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Figure 56: Examples of heavy mineral found in given samples. A) Zircon grains in sample
09-BL-C1 (XPL). B) Axinite grain in sample 13ZA93 (XPL). C) Biotite grain in sample
09-BL-A1 (PPL). D) Tourmaline grain in sample 13ZA90 (PPL). E) Topaz grain in sample
13ZA72 (XPL). F) Epidote Grain in sample 12ZA26 (XPL).

117



Chapter IV: Discussion

4.1 Potential Source Sediments for the Ecca and Beaufort Groups within the
Tanqua, Laingsburg and Ripon Sub-basins

U-Pb detrital zircon geochronology data suggests that approximately six sources
may supply sediment into the Karoo basin (Ecca and Beaufort Groups). Two dominant age
populations exist within Karoo basin-fill which can be attributed to erosion of rocks
formed from tectonic processes occurring along the Panthalassan margin during the
Carboniferous-Triassic periods and both Cape Supergroup and per-Cape Supergroup rocks.
The two age populations present within all detrital zircon samples are a prominent
Permian-Triassic population and a broad Neoproterozoic-Devonian population; a minor
population of Carboniferous and Mesoproterozoic-Neoproterozoic zircon are also observed

in most samples (Fig. 57).
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Figure 57: Sample location for all samples collected within the Ecca and Beaufort groups. Sample locations
are indicated by the red dot. [After Veevers et al., 1994; McKay et al., 2013]
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4.1.1 Permian-Triassic Population

Probability density diagrams constructed from analyzed U-Pb detrital zircon samples
collected from the Ecca and Beaufort Groups in the Tanqua, Laingsburg and Ripon sub-basins
reveal two dominant age population with other minor, secondary age components. The first of
the two dominant age populations reveals a prominent Permian age component. Permian
zircon grain abundances vary slightly within the Ecca and Beaufort Groups which range from
22% to 40% of grains within each sample and constitute about 40% of all grains analyzed
combined (Fig. 45 and 58). Triassic grains are found in only two samples, 12ZA13 (7% of
grains, n = 8) and 12ZA26 (6% of grains, n = 6) from the Tanqua and Laingsburg sub-basins,
however, these grains may be an anomaly due to different calibrations used at different lab
facilities (Triassic grains only acquired from samples analyzed at the UC-SC facility: 12ZA26
and 12ZA13) or may be the result of slight lead loss in Triassic grains (Fig. 45). The two
Ripon sub-basin detrital zircon samples present similar ages and compositions as the Tanqua
and Laingsburg samples. No Triassic aged grains were present in samples 13ZA68 (Ripon
Formation) and 13ZA74 (Waterford Formation); however, Permian grains are slightly more
prevalent in the Ripon sub-basin than the Tanqua and Laingsburg sub-basins. Permian grains
compose from 57% (13ZA68) to 49% (13ZA74) of each sample (Fig. 45). However, how
juvenile zircons were deposited into the Ripon sub-basin is debated. Sediment from the
southern magmatic arc may have entered the basin via the Port Elizabeth antitaxis or sediment
derived from the magmatic arc may have been trapped in an intermontane basin for 10-20 Ma
and later deposited into the Ripon sub-basin [Booth, 2011].

These Permian grains support the interpretation that Karoo basin fill was sourced by

erosion of a magmatic arc that developed to the south of the basin in response to subduction
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during the Late Paleozoic Gondwanide Orogeny [Johnson, 1991]. Due to the presence of
compositionally immature turbidite fans present in the Ecca Group interbedded with Permian
airfall ash beds, it is likely that the primary sediment source for the middle Ecca to lower
Beaufort Group succession was a magmatic arc to the south of the Karoo basin. This is further
supported by U-Pb age versus U/Th ratio plots with a cutoff of four also indicates that these
Permian zircon are igneous in origin [Fig. 46]. U-Pb zircon ages between 255- 275 Ma from
volcanic ashes present within the Dwyka and lower Ecca Groups were also likely sourced by
this southern magmatic arc [Cole, 1992; Fildani et al., 2007]. Permian-Triassic zircons likely
entered the Karoo basin (Tanqua and Laingsburg sub-basins) via the Ceres syntaxis which is
supported by the similar proportions of U-Pb detrital zircon ages, nearly identical
mineraological composition and texture of siliciclastic deposits, and north to northeasterly
paleocurrent direction within the lower Ecca Group (Skoosteenberg and Laingsburg
Formations) [Cole, 1992; Wickens, 1994]. Also, given the similarity in ages of volcanic airfall
ashes from Fildani et al. (2007; 2009) and detrital zircon sandstone samples from this study,

sedimentation was likely rapid and coeval with active volcanism.

4.1.2 Neoproterozoic-Devonian Population
The second most prominent age population is a broad age population ranging from
Neoproterozoic to Devonian in age. Figure 58 displays a cumulative probability density
diagram in which zircon grains from multiple regional sediment sources likely forms the

Neoproterozoic to Devonian age population.

Given the north to northeasterly paleocurrent data collected from the Ecca Group

(Veevers et al., 1994), source regions surrounding the margins of the Kalahari Craton can be
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ruled out as the primary sediment sources for the Karoo basin therefore new sources for the
Neoproterozoic-Devonian zircon must be considered (Fig. 59). The Neoproterozoic to
Devonian population ranges from 16% to 61% of grains in each sample and ~40% of grains in
all samples combined (Fig. 45). The majority of grains within this age population are likely
sourced from erosion of the Cape Supergroup and Cape Granite Suite due to their proximity to
the Karoo basin. Vorster (2013) reported that 30% to 70% of detrital zircon grains within the
Cape Supergroup are Neoproterozoic in age and were derived from rocks related to the Pan
African Orogeny such as the Saldania Belt, Gariep Belt, Damara Belt, and Mozambique Belt
to the (south, west, northwest, and northeast respectively) of the Karoo basin (Fig. 59). Vorster
(2013) also adds that the Dwyka group contains significant amounts of Neoproterozoic grains
which were likely eroded from exposed Pan African Belts during the Carboniferous glaciation.
Therefore, it is likely that the Neoproterozoic grains within the Ecca and Beaufort groups may
be derived from reworking of the older, underlying Cape Supergroup and Dwyka Group
during the Permian. However, the Cape Granite Suite is currently exposed along the southern
margin of South Africa, thus, may have been uplifted during Ecca and Beaufort Group
deposition to supply first-cycle Neoproterozoic-Devonian zircon to Karoo basin-fill in
addition to the contribution of Neoproterozoic-Devonian zircon derived from reworking of the
Cape Supergroup. Based on presence of abundant feldspar and quartz revealed by sandstone
framework grain compositions, it is likely that both the Cape Supergroup and Cape Granite
Suite supplied sediment to Karoo basin-fill causing modal abundance data to plot in the mixed
affinity provenance field of the provenance ternary diagrams (Fig. 64, 65, 66, and 67).

Smaller contributions of Ordovician to Devonian grains are also present within the Ecca

and Beaufort Groups (17% of all grains) (Fig. 58). These grains were most likely sourced by
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recycling from the Cape Supergroup and Dwyka Group, or possibly by erosion of terranes

lying south of Gondwanna which include; the Deseado Massif, the North Patagonian Massif,

and the Sierra Pampeana granite (Fig. 59). Grains supplied by terranes to the south/southwest

of the Karoo basin must have crossed the developing Cape Fold belt, possibly via transport

through the Ceres syntaxis during the Permian deposition of the Ecca and Beaufort Groups.

Table 6: Regional source material and their associated tectonic events.

--Age of Zircons
Tectonic Event JSource Material Super%‘roup Group (Ma) Litholug.‘ Reference
Voleanic Arc 245-200 Granite Rhyolite Fildamni et al. (2008)
Witteberg 350-2700 Phyllites Mudrocks Vorster (2014
Gondwanide
-27 Torster (2
OTogeny Cape (CFB) Boldeveld 400-2700 CQuartzites Mudrocks Vorster (2014
Table Mountain|  400-2700 Quartzites Vorster (2014
Dwyka Glacial chm s A . Craddoeck and Thomas
Deposits 500-3300 Glacial Diamectites 0011)
Pampean .
Orogeny Pampia Terrane 384 Granite van Lente (2004)
. High Grade
Nw‘v::ﬁ,m” 235-580 Metamorphics and van Lente (2004)
i Granitoids
High Grade . -
. - = Moreira et al. (2013);
o o] e
Deseado Massif 344 521 Ildetamgi?h_-[lcu and Pankhurst f al. {IU{B
Granitoids
Cape Granite Suite 515-355 Granite Kisters et al. (2002)
. Saldania Belt sedi r Rock
Pan African Malmesbury 520.580 | Metasedimentary Rocks|p oo 201 et al (1999)
Orogeny and Granitods
: N Metasedimentary Focks | Smithies (1992); Frinunel
S i -
GariepBelt 07529 and Granitods (2000)
Medinm to High-Grade
Damara Belt 488-650 Metamorphics and | Kréner and Stemn (2004)
Damara Orogeny Grainites
East Afvican Medinm to High-Grade
Mozambique Belt 500-1100 Metamorphics and Meert (2003)
Orogeny .
= Grainites
Namagua-Natal | Namaqua-Natal . Medium to High-Grade : .
Orogeny Province 1000-2100 Metamorphic Rocks Eglington (2006)
High Grade
Kaapvaal Craton =1300 Metamorphics and Jahn and Condie (1995)
Volcanics
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4.1.3 Carboniferous and Paleoproterozoic-Mesoproterozoic
Populations

Carboniferous and Paleoproterozoic-Mesoproterozoic populations within the Ecca and
Beaufort Groups are relatively minor with respect to the two prominent age populations
discussed above. Carboniferous grains are likely sourced from detrital grains contained by the
Cape Supergroup, however; these grains suggest sediment influx from source regions to the
south of Gondwanna, such as the Deseado Massif and North Patagonian Massif (Fig. 67). The
Paleoproterozoic-Mesoproterozoic population is very minor in all samples ranging from a few
grains to single grains (Fig 58). These grains are likely the result of recycling of older
sedimentary rocks such as the Cape Supergroup and Dwyka Group which contain these older
zircon grains [Vorster, 2013]. Ultimately these grains were probably contributed to the Cape
Supergroup and Dwyka Group from the Kaapvaal Craton and Namaqua-Natal Province which
were sources of the Cape Supergroup [Vorster, 2013].

Overall, detrital zircon samples collected within the Ecca and Beaufort Groups contain
relatively uniform age populations with only slight variations in grain contributions in the
Tanqua, Laingsburg, and Ripon sub-basins, and therefore are all likely sourced from the same

sediment sources.
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Figure 58: Cumulative probability density diagram including zircon age data from all
seven detrital zircon samples (553 grains). Grains were derived from rocks that formed as
the result of four tectonic events (Gondwanide Orogeny, Pampean Orogeny, Pan African
Orogeny, and the Namaqua- Natal Orogeny), amalgamated terranes and massifs (North
Patagonian Massif, Deseado Massif, and the Kaapvaal Craton), glacial deposits (Dwyka
Glacial Group), and passive margin sediment uplifted by the Gondwanide Orogeny (Cape
Supergroup). The colored boxes with the plot area correspond to prominent age
populations in all samples (Red= Permian-Triassic; Green= Neoproterozoic-Devonian;
and Blue= Mesoproterozoic and older). Colored, labeled boxes outside of the plot area are
source terranes or lithologic groups which contain grains of corresponding age to
prominent age group outline inside the plot area. The Cape Supergroup and Dwyka Group
glacial deposits contain grains which span across prominent age thresholds and likely
only contain grains from older units due to erosional resampling. Refer to Table 2 for
ages of all potential source material and references.
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4.2 Zircon Source Comparison

Dominant U-Pb detrital zircon age populations can easily be compared to regional
source data using a stacked, normalized relative probability density diagram. The prominent
Permian age population is present within all detrital zircon samples and matches late
stage North Patagonian Massif igneous events. These events were likely a result of active
tectonism along the Panthalassan margin. The 400-750 Ma population matches several source
terranes. Detrital grains within this age population match zircon ages from the entire Cape
Supergroup, Cape Granite, and North Patagonian Massif (Fig. 59). These grains are likely
products of the Pan African Orogeny. Lastly, the 900- 1300 Ma population is relatively minor
in the detrital samples. These grains are likely soured from the Cape Supergroup. Grains of
this age were probably the source for Cape Supergroup sediment and are now a product
of erosional resampling in which rocks that sourced the Cape Supergroup are now being
eroded from the out of the Cape Supergroup and deposited in the Karoo basin.

K-S tests performed on each of the detrital samples suggest that the juvenile age
population in each sample are statistically similar, therefore, are likely from the same source
(Table 2). K-S tests were not performed by comparing older grains within each detrital sample
to published (potential) source data because 1) older aged grains tend to be slightly dispersed
in detrital samples and published data which has an adverse effect of K-S tests and 2) some
detrital samples contain less than 20 grains of older age populations causing the K-S test to be

statistically meaningless.

126



South Africa Detrital Zircon: Voice et al. (2011)

Dwyka GroupThomas and Craddock (2011)
n=ﬂ§_\_

T

Morth Patagonian Massif: Pankhurst et al. (2006)n=182

ﬁ Cape Granite: Da Silva et al. (2000) n=39

J\/\/\ Cape Supergroup: Fourie et al. (2010) n=278

z BB 12ZA13: Waterford Formation (n=110) — _ o oo2
B8

E A e 13ZA74: Waterford Formation (n=97) — Ripon
S h 13ZA68: Ripon Formation (n=86) — Sub-basin
<\ ) 13ZA93: Beaufort Group (n=87) —

h ) 13ZA91: Waterford Formation {n=89)

09-BL-C1: Laingsburg Formation (n=82)

12ZA26: Laingsburg Formation (n=86) __|

;_T
|

500 1000 1500 2000 2500 3000 3500 4000

=

Age (Ma)

Figure 59: Normalized relative probability density diagram showing the relationship between
detrital samples and proposed source terranes/sediments.
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4.3 KDE Versus Probability Density Plots

The use of KDE plots versus probability density plots for detrital zircon
geochronology is a topic for debate. The view of the Arizona Laserchron lab is that probability
density plots are appropriate to use for detrital zircon data because they provide a robust
depiction of the measured ages and uncertainties [www.laserchron.org]. KDE plots assesses
detrital zircon data by increasing the uncertainty of each age which effectively smoothes the
entire age distribution. This approach, however, may not be useful for detrital zircon data sets
because the measured age distribution approaches the true age distribution with increasing
analysis with the main change being the proportion of ages rather and the distribution of ages
in each population [www.laserchron.org]. This study uses and compares both KDE (Fig. 22,
25,28, 22,36, 40, and 43) and probability density plots (Fig. 21, 24, 27, 31, 35, 39, and 42). In
general, the difference between KDE and probability density plots in negligible in which the
smoothness of the curve is affected and some age populations are slightly shifted in some

samples.

4.5 Geospatial Trends of the Ecca and Beaufort Sandstone Compositions

From the 18 point counted samples, (from the Tanqua, Laingsburg, and Ripon sub-
basins) several trends were observed. The texture and compositions of all samples were
relatively uniform despite stratigraphic and basin location. Previous provenance studies
conducted by King et al., (2004) and Johnson, (1991) differ significantly in Karoo sandstone
composition causing their data points to plot mostly in the mixed and transitional continental
provenance fields and the transitional arc provenance field (Fig. 60 & 61). However, these

studies likely differ significantly due to the lack of stratigraphic resolution within each sub-
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basin and the sampling of different units across sub-basin boundaries. This study produces
slightly different provenance for the Ecca and Beaufort sandstones in the Tanqua, Laingsburg,

and Ripon sub-basin when compared to the results from King et al. (2004) and Johnson

(1991).
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Figure 60: QmFLt ternary diagram of Tanqua and Laingsburg sub-basin sandstones.
Note the similar composition and provenance of the sandstones in both sub-basins.

The black points represents the data from this study [Taken from King et al., 2004;
Provenance fields from Dickinson et al., 1983]
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Figure 61: QmFLt ternary diagram of Ecca Group sandstones. Ecca Group
sandstones (Waterford Formation: 1,2, & 3; Fort Brown Formation tuff: 4; and Ripon
Formation: 5 & 6) are indicated by the black diamonds. The black points represents
the data from this study. Note the difference in provenance from King et al. (2004)
(Fig. 60). [Taken from Johnson, 1991]

4.5.1 Ripon Sub-basin

The six point counted samples from the Ripon sub-basin contain slightly varying

amounts of mineralogical abundances within each sample. The samples appear to display an
overall increase in total quartz grains up section (Ripon Formation: 42% to Beaufort Group:
59%) whereas total lithic grains appear to decrease upwards (Ripon Fm: 35% to Beaufort
Group: 14%) (Fig. 50, 54 & 62). Total feldspar grains vary slightly throughout the section

with no evident trend present. Volcanic and Metamorphic lithic grains are very minor
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constituents in all samples whereas sedimentary lithic grains are the dominant lithic type. The
majority of sedimentary lithic grains appear to be chert and other rock fragments. This is
consistent with the hypothesis that Karoo sediments may have been partially sourced by the
Dwyka Group due to the Dwyka group being the only chert bearing rock in the region [Visser
et al., 1986].

On the QmFLt and QtFL diagrams, (Fig. 62) all samples plot in either mixed affinity,
recycled orogenic or dissected arc fields. These data likely represent the result of source
mixing in which nearly equal amounts of multiple source terranes of varying lithology (Cape
Supergroup, Cape Granite, Dwyka Group and, southern magmatic arc) supply sediment to the
Karoo basin causing data points to plot in the mixed and dissected arc diagram fields. Points
plotting in the recycled orogenic field of the QtFL diagram are appear to be more quartz-rich
due to the presence of polycrystalline quartz that was likely derived from the quartzite portions
of the Cape Fold Belt (Fig. 60). LmLvLs diagrams indicate that sedimentary lithics are the
most dominant lithic type within these samples. Lithic grains range from sedimentary
fragments and microcrystalline chert grains. Chert grains may be derived from chert clasts
contained by the Dwyka Group, isolated highly silicified fine grain sandstones in the lower
Ecca, and/or silicified ashes within the Dwyka and Ecca Groups [Rubidge et al., 2000]. The
moderate amount of feldspar within these samples was likely derived from the Cape Granite
Suite and/or igneous events related to the North Patagonian Massif as well as the Sierra
Pampeana granites; and buried rapidly to prevent weathering.

Overall, the Ripon sub-basin sandstone composition is highly similar to that of
sandstones within the Tanqua and Laingsburg sub-basins, however, zircon age populations

differ slightly. Ripon sub-basin sandstone samples appear to contain a higher abundance of
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zircons source from the magmatic arc and slightly less contribution from the Cape Supergroup
when compared to the samples from the Tanqua and Laingsburg sub-basins. This could be
caused by the CFB’s resistance to physical weathering or its absence during the deposition of

these sediments.
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Figure 62: Qm FLt, QtFL, and LmLvLs diagrams for samples from the Ripon sub-basin.
Diagram fields after Dickinson (1983).
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4.5.2 Laingsburg Sub-basin

The eleven point counted samples from the Laingsburg sub-basin contain relatively
uniform amounts of mineralogical abundances within each sample. The samples contain
amounts of total quartz ranging between 30-53% with higher amounts in the Beaufort Group
(13ZA93: 53%) (Fig. 51, 52 & Fig. 54). Total feldspar grains (22-36.5%) vary slightly
throughout the section with a slight decreasing trend upward from the Waterford Formation to
the Beaufort Group. Volcanic and Metamorphic lithic grains are very minor constituents in all
samples whereas sedimentary lithic grains are the dominant lithic type (Fig. 63 & Fig. 64).
The majority of sedimentary lithic grains are chert along with other rock fragments. This is
consistent with the hypothesis that Karoo sediments may have been partially sourced by the
Dwyka Group due to the Dwyka group being the only chert bearing rock in the region (Visser
et al., 1986).

On the QmFLt and QtFL diagrams, (Fig.63 & Fig. 64) all samples plot in either mixed
affinity, recycled orogenic or dissected arc fields. These data likely represent the result of
source mixing in which nearly equal amounts of multiple source terranes of varying lithology
(Cape Supergroup, Cape Granite, Dwyka Group and, southern magmatic arc) supply sediment
to the Karoo basin causing data points to plot in the mixed and dissected arc diagram fields. In
general, samples within the Laingsburg sub- basin have very little polycrystalline quartz (<
10%) causing little change in QtFL and QmFLt diagrams (Fig. 54, 63 & 64). LmLvLs
diagrams indicate that sedimentary lithics are the most dominant lithic type within these
samples. Lithic grains range from sedimentary rock fragments and microcrystalline chert
grains. Chert grains may be derived from chert clasts contained within the Dwyka Group,

1solated highly silicified fine grain sandstones in the lower Ecca, and/or silicified ashes within
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the Dwyka and Ecca Groups [Rubidge et al., 2000]. The moderate amount of feldspar within
these samples is likely derived from the Cape Granite Suite and/or igneous events related to
the North Patagonian Massif as well as the Sierra Pampeana granites; and buried rapidly to

prevent weathering.
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Figure 63: Qm FLt, QtFL, and LmLvLs diagrams for samples from the Laingsburg sub-basin.
Diagram fields after Dickinson (1983).
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Figure 64: Qm FLt, QtFL, and LmLvLs diagrams for samples from the Laingsburg
sub-basin. Diagram fields after Dickinson (1983).
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4.5.3 Tanqua Sub-basin

The single point counted sample from the Tanqua sub-basin contains variable amounts
of mineralogical abundances compared to samples collected in the Tanqua and Laingsburg
sub-basins. This sample appears to contain slightly higher amounts of total quartz (57%)
compared to other analyzed samples (Fig. 53 and Fig. 54). Total feldspar grains (22%) are
slightly variable with respect to other Waterford samples (13ZA74: 29%; 13ZA91: 36%).
Volcanic and Metamorphic lithic grains are very minor constituents within this sample
whereas sedimentary lithic grains are the dominant lithic type (Fig. 65). The majority of
sedimentary lithic grains are chert along with other rock fragments. This is consistent with the
hypothesis that Karoo sediments may have been partially sourced by the Dwyka Group due to
the Dwyka group being the only chert bearing rock in the region (Visser et al., 1986).

On the QmFLt and QtFL diagrams, (Fig. 65) for this sample plot in the mixed affinity
and recycled orogenic or dissected arc fields. This data likely represents the result of source
mixing in which nearly equal amounts of multiple source terranes of varying lithology (Cape
Supergroup, Cape Granite, Dwyka Group and, southern magmatic arc) supply sediment to the
Karoo basin causing data points to plot in the mixed and dissected arc diagram fields. In
general, the sample within the Tanqua sub- basin has very little polycrystalline quartz (< 10%)
causing little change in QtFL and QmFLt diagrams (Fig. 54 and Fig. 65). The LmLvLs
diagram indicates that sedimentary lithics are the most dominant lithic type within this sample.
Lithic grains range from sedimentary rock fragments and microcrystalline chert grains. Chert
grains may be derived from chert clasts contained within the Dwyka Group, isolated highly
silicified fine grain sandstones in the lower Ecca, and/or silicified ashes within the Dwyka and

Ecca Groups [Rubidge et al., 2000]. The moderate amount of feldspar within these samples is
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likely derived from the Cape Granite Suite and/or an igneous event related to the North
Patagonian Massif as well as the Sierra Pampeana granites; and was buried rapidly to prevent

weathering.
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Figure 65: Qm FLt, QtFL, and LmLvLs diagrams for samples from the Tanqua sub-
basin. Diagram fields after Dickinson (1983).
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4.6 Heavy Mineral Abundance Trends

Geospatial trends in heavy mineral assemblages can be observed within all analyzed
samples. The Laingsburg Formation turbidite fan samples contain slightly more zircon grains
than analyzed samples higher in the stratigraphy (Waterford Formation and Beaufort group).
Topaz grains are common in low abundances throughout all samples with the exception of
sample 13ZA91 (Fig. 55). Topaz is a relatively common mineral found in granites which may
be a Cape Granite Suite provenance indicator. Phyllosilicates phosphates are uniform
throughout all samples which may indicate Cape Supergroup and Cape Granite provenance;
however, these minerals are relatively common in all types of igneous rocks as well as
gneisses, greenschist, and amphibolites facies. Sphene is also present in low amounts in all
samples. Sphene could indicate end- phase magmatism associated with arc magmatism off the
southern coast of Gondwanna. Overall samples contain relatively uniform heavy mineral
assemblages and most heavy minerals present within all samples are common minerals in”
two-mica grainites” which contain both muscovite and biotite with low amounts of hornblende
[Armstrong and Boudette, 1984]. There is little evidence suggesting the weathering of other
sedimentary rocks or metamorphic rocks due to the low amounts of metamorphic mineral

phases.

4.7 Sediment Pathways
4.7.1 Ceres syntaxis
The Ceres syntaxis also known as the Hex River anticlinoria represents a 40-80° turn in
the Cape Fold Belt as a result of right-lateral transpression [Johnston, 2000] (Fig. 7). The

Ceres syntaxis is also the result of topographic inversion in which the structural high was
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incised to create pathway through the Cape Fold Belt [Brezinski, 1989]. The Ceres syntaxis is
located northeast of Cape Town and separates the two branches of the Cape Fold Belt.
Formation of the Ceres syntaxis also resulted in the development of the Tanqua and
Laingsburg sub-basins [Wickens, 1994]. The Tanqua and Laingsburg sub- basins present a
similar mixture of depositional ages whereas the composition of siliciclastic deposits in both
sub-basins is nearly identical [Fildani et al., 2007]. Due to the presence of an extensive
magmatic arc positioned along the southern margin of Gondwana and a prominent Permian
age component present in Karoo basin-fill, an isolated sediment pathway through/around the
Cape Fold Belt must have existed in order to deliver detritus to the Karoo basin. The Ceres

syntaxis may have served as this pathway.

4.7.2 Port Elizabeth Anti-taxis

The Port Elizabeth antitaxis lies to the north of Port Elizabeth and formed in response
to right-lateral transpression produced by the Gondwanide Orogeny [Johnston, 2000]. The
Ripon sub-basin lies to the north of the Port Elizabeth antitaxis and contains the same juvenile
Permian age component as the Laingsburg sub-basin. It is possible that Port Elizabeth antitaxis
contained sediment pathways around its flanks allowing sediment to be transported from the
active volcanic arc to the Karoo basin. It is also possible that Port Elizabeth antitaxis was the
result of present day tectonic processes associated with the Agulhas Falklands Fracture Zone
and had no impact on sediment delivery into the Karoo basin during the Permian [Booth,

2011].
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4.8 Detrital Versus Airfall Ash Ages: Laingsburg Sub-basin

Maximum deposition ages acquired from this study can be compared to airfall ashes
found within the same stratigraphic interval. Detrital zircon maximum depositional ages were
determined by taking a weighted average (using Microsoft Office Excel with and Isoplot 4.1
add-in) of the youngest age population that has not experienced discernible lead loss. The
weighted average is determined by averaging all selected data points and weighting them by
the inverse square of their assigned errors. It has been proposed that airfall ash ages may
become “out of sequence” up section into the Beaufort group, [McKay pers. comm.] that is,
stratigraphically older zircon ages appear above younger aged zircons (assuming no structural
juxtaposition has occurred) violating Stenos law of superposition [Steno, 1669].

Figure 55 displays detrital zircon and ash ages produced within the Lower Ecca Group
and above and below the Ecca/Beaufort contact. In the lower Ecca, sample 12ZA26 lies between
two ash ages. The maximum depositional age of sample 12ZA26 is 265 + 4.4 Ma which appears
to be “in-sequence” with the ash ages of 272.2 £ 3 Ma and 263.8 + 2.2 Ma respectively above
and below the detrital zircon sample (Fig. 66). Farther up section in the Middle Ecca, sample 09-
BL-C1 yields a maximum depositional age of 270 + 5 Ma which is “out-of- sequence” with the
ash ages of 254.3 = 3 Ma and 248.9 = 2.6 Ma respectively above and below the sample. This
could be due to internal “lag time” within the system in which, assuming all zircon grains are
autocrystic (i.e., from the same source as airfall ash), the time required for sediment to deposited
causes the age separation between detrital zircon maximum depositional ages and airfall ash ages
due to the different modes of sediment transportation. The two detrital samples above and below
the Ecca/Beaufort contact (13ZA91 and 13ZA93) yield maximum depositional ages of 269 + 2
Ma and 262 + 1.5 Ma, respectively, which appear to be “in-sequence” with the ash age of 262+

3.6 Ma above, however; the ash age is “out- of-sequence” being 14 Ma older than the ash age
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below it (Fig. 66). It is likely that the 262+ 3.6 Ma ash age comes from xenocrystic zircons
which may have been assimilated from older plutonic rock that had previously crystallized
within the magmatic system. An alternative hypothesis may be that the ash was detritally

contaminated or reworked to incorporate older zircon from underlying strata.
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Figure 66: Composite stratigraphic column of the Laingsburg sub-basin displaying the
relationship between airfall ash ages and detrital zircon ages. Thicknesses for formations
from Visser (1993), Faure and Cole (1999), Grecula et al. (2003), Hodgson et al. (2006),
King (2005), Wild (2005), Sixsmith et al. (2004), and McKay, pers. comm..
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4.9 Karoo basin Model

The Karoo basin of South Africa represents a major Late Paleozoic-Early Mesozoic
Gondwanan depocenter produced by active convergent tectonism along the Panthalassan margin
(Fig. 68) [Fildani et al., 2008]. U-Pb detrital zircon analyses suggests that the volcanic arc to the
south of the Karoo basin was likely a primary sediment source for Karoo basin fill. Sediment
from the volcanic arc must have crossed the rising CFB in order to be deposited in the Karoo
basin. The most likely sediment pathways connecting the volcanic arc to the Karoo basin are the
Ceres syntaxis and Port Elizabeth antitaxis (Fig. 67). Due to the proximity of the North
Patagonian Massif and Deseado massif to the Ceres syntaxis and Port Elizabeth antitaxis and
proposed paleocurrent direction, it is likely that sediment from these source terranes are present
in the Karoo basin (Fig. 67). It is also likely that sediment from the Cape Supergroup and

Namaqua-Natal metamorphic supply sediment to Karoo basin-fill (Fig. 68).
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Figure 67: Sketch map of southern Gondwanna displaying the approximate location of the
Karoo basin (yellow dashed line) with respect to surrounding source areas during the Mid-Late
Permian. The black arrows indicate detrital input from various aged source terranes for the Ecca
and Beaufort Groups. The solid yellow lines represent the Ceres syntaxis and Port Elizabeth
antitaxis. It is also likely that sources to the north may input detritus into the Karoo basin. Also,
note the likely position of the North Patagonian Massif and Deseado Massif to the south of
southern Africa [Modified from Pankhurst et al., 2006; Rapela et al., 2011; Uriz et al., 2011;
Veevers and Saced 2013; and Vorster 2013].
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Figure 68: Schematic representation of the deposition of the Ecca Group during
the Early to Late Permian. From Vorster (2013). DM= Deseado Massif, NNMP=
Namanqua-Natal metamorphic provence.

Chapter V: Conclusions

1. U-Pb analysis of 553 detrital zircon grains from seven samples provide ages that are
coeval with multiple potential source terranes and tectonic events. These include the
Gondwanide Orogeny (235-290 Ma), North Patagonian Massif (235-580 Ma), Cape Fold
Belt (350-2700 Ma), Deseado Massif (344-521 Ma), Dwyka Glacial deposits (500- 3500
Ma), Pampean Orogeny (384 Ma: post orogenic granites; 525-550 Ma: orogenic event),
Pan African Orogeny (488-1100 Ma) and associated terranes (Table 2), The Namaqua-
Natal Orogeny (1000-2100 Ma) and the Kaapvaal Craton (>1800 Ma). The U-Pb age
distributions of the events and source terranes allowed for the determination of

provenance of the Ecca and Beaufort groups within the Karoo basin.

2. The prominent Permian-Triassic age population (235-290 Ma) within the Ecca and
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Beaufort groups was likely derived from a southern magmatic arc positioned to the south
of Gondwanna. Airfall ash deposits present in the lower Ecca and Dwyka Group is
evidence that the arc may have existed. U-Pb age Vs U/Th ratio plots also indicates that
juvenile zircons were derived from a magmatic source.

Previous studies conducted within the Karoo basin have established that the north to
northeasterly paleocurrent data acquired from the Ecca and lower Beaufort Groups
indicates that sediment from source terranes located to the south of Gondwanna likely
entered the Karoo basin through the Ceres syntaxis and Port Elizabeth antitaxis. Although
the Ceres syntaxis presents as a structural high, the Ceres syntaxis is likely
topographically inverted allowing sediment to flow from southwest to northeast.

The Neoproterozoic to Devonian age population (359-1000 Ma) present in Karoo basin-
fill was likely derived from the Cape Supergroup and rocks that source the Cape
Supergroup as well as the Cape Granite Suite and Dwyka Group. The Deseado Massif
may also contribute grains to Karoo basin-fill given its proposed position during the
Permian and presence of the Port Elizabeth antitaxis. The north/northeast paleocurrent

indicators present in Permian strata support this hypothesis.

Due to the north to northeasterly paleocurrent direction, source terranes surrounding the
margins of the Kaapvaal Craton (Gariep Belt, Namaqua-Natal metamorphic provence,
Damara Belt, and Mozambique Belt) can be ruled out as primary sediment sources for
Karoo basin-fill. Although grains from these source terranes appear in Karoo basin- fill,
they are likely derived from the Cape Supergroup and Dwyka Group which already
contained significant amounts of grains from these source terranes. Therefore, the

likely primary sediment sources for Karoo basin fill >300Ma are the Cape Supergroup
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10.

and the Dwyka Group as well as the Cape Granite Suite which may also supply sediment

to the Karoo basin as well.

The Cape Fold Belt was likely subaerial during the deposition of Karoo basin-fill based
on the *°Ar/*°Ar data and abundance of detrital zircons >300 Ma that were probably
eroded from the Cape Supergroup (or Dwyka Group). The presence of a North-
Northeasterly paleocurrent direction during the Permian supports this hypothesis.

Detrital zircon samples collected within the Ecca and Beaufort Groups contain relatively
uniform age populations with only slight variations in grain contributions in the Tanqua,
Laingsburg, and Ripon sub-basins. Since there are no significant increases in any one age
population or presence of ambiguous age populations in samples collected across the
Karoo basin it is likely that there are no additional source areas supplying sediment to
Karoo basin-fill (Ecca and Beaufort Groups).

Point counting of 18 thin-sections from separate sandstone samples within the Tanqua,
Laingsburg, and Ripon sub-basins determined that all samples either plot as lithic arkose
or feldspathic litharenite. Beaufort Group samples tend to have slightly more quartz than
samples from lower in the stratigraphy (middle to upper Ecca Group).

Determining provenance from thin-section petrography is difficult because multiple
source locations with differing lithologies (magmatic arc, CFB, Cape Granite, and Dwyka
Group) likely supply sediment into the Karoo basin simultaneously causing a mixing

effect. All samples plot within the mixed and dissected arc fields on QmFLt diagrams.

Heavy mineral assemblages are relatively uniform with slightly varying amounts of
neosilicates and phyllosilicates. Determining provenance from heavy minerals was

difficult due to the non-uniqueness in abundant heavy mineral assemblages. Abundant

146



heavy mineral assemblages tend to be common minerals in most surrounding source

locations including two-mica granites, quartzite, and magmatic arc terranes.
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Appendix A: U-Pb Detrital Zircon Isotopic Analysis

Appendices
Sample (ppm) | 204Pb 207Pb* | (%) | 235U* | (%) 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | (Ma) (Ma) | (Ma) (%)
Best

U 206Pb U/Th 206Pb* + 207Pb* 2 206Pb* 2 error 206Pb* + 207Pb* + 206Pb* + age 25 Conc
12ZA13-
22 225 1056 0.8 17.11 3.6 0.31 4.5 0.0388 2.7 0.60 245.4 6.5 276.2 10.9 546.6 78.9 245.4 7 NA
12ZA13-
12 471 830 1.0 17.06 2.8 0.32 3.6 0.0391 2.3 0.64 247.4 5.6 279.0 8.8 553.5 60.7 247.4 6 NA
12ZA13-
10 447 2490 1.1 18.15 6.2 0.31 7.4 0.0409 4.1 0.55 2582 10.3 274.5 17.8 4164 138.0 2582 10 NA
12ZA13-
61 82 11325 0.9 19.31 13.2 0.30 15.0 0.0416 7.0 0.47 263.0 18.0 264.4 34.8 276.1 304.1 263.0 18 NA
12ZA13-
18 519 2449 0.8 18.60 32 0.31 3.6 0.0417 L5 0.43 263.6 4.0 273.8 8.5 361.7 72.2 263.6 4 NA
12ZA13-
21 497 62134 1.0 18.98 1.8 0.30 2.1 0.0418 1.2 0.55 263.7 3.0 269.0 5.0 3154 40.7 263.7 3 NA
12ZA13-
35 129 4045 0.9 19.01 8.5 0.30 8.9 0.0418 5] 0.28 263.9 6.5 268.8 21.0 311.4 194.2 263.9 6 NA
12ZA13-
42 160 627 0.8 16.12 8.3 0.36 10.5 0.0423 6.4 0.61 2673 16.7 313.8 28.3 675.5 178.1 267.3 17 NA
12ZA13-
69 391 2791 0.8 18.52 3.7 0.32 3.9 0.0425 1.0 0.26 268.1 2.7 278.9 9.5 3703 84.3 268.1 3 NA
12ZA13-
59 289 1485 0.7 17.40 12.7 0.34 12.8 0.0425 1.9 0.15 268.5 5.1 295.0 329 509.9 [ 280.2 268.5 5 NA
12ZA13-
30 134 10054 0.7 18.59 7.7 0.32 8.1 0.0429 2.5 0.31 271.1 6.6 280.8 19.8 362.8 172.8 271.1 7 NA
12ZA13-
8 142 20190 1.0 18.18 9.4 0.33 10.0 0.0430 3.4 0.34 271.3 9.0 286.5 25.0 412.4 211.3 271.3 9 NA
12ZA13-
16 418 13985 0.8 18.77 3.1 0.32 3.3 0.0431 0.9 0.27 271.8 23 279.0 79 3403 71.0 271.8 2 NA
12ZA13-
28 167 43370 0.8 19.25 5.1 0.31 53 0.0432 1.6 0.30 272.4 42 273.5 12.8 282.7 116.3 272.4 4 NA
12ZA13-
57 479 61902 1.0 18.95 1.4 0.31 3.4 0.0432 3.1 0.91 272.7 8.2 271.5 8.2 3184 315 2727 8 NA
12ZA13-
7 451 12236 0.9 19.19 1.9 0.31 2.9 0.0433 2.2 0.75 273.2 5.8 274.9 7.0 290.2 44.4 273.2 6 NA
12ZA13-
66 260 18087 0.9 19.05 4.2 0.31 4.5 0.0434 1.6 0.35 273.6 43 277.1 11.0 306.5 96.7 273.6 4 NA
12ZA13-
67 432 3839 0.9 18.68 1.4 0.32 2.7 0.0436 2.4 0.87 274.9 6.4 283.2 6.8 351.7 30.6 274.9 6 NA
12ZA13-
54 338 34774 1.0 18.89 2.7 0.32 3.6 0.0436 2.3 0.64 275.0 6.1 280.4 8.7 326.2 62.3 275.0 6 NA
12ZA13-
9 170 5998 0.7 18.87 5.9 0.32 6.7 0.0440 3.2 0.48 277.6 8.7 283.1 16.5 328.0 133.5 271.6 9 NA
12ZA13-
23 377 55656 0.8 19.40 1.7 0.32 2.2 0.0445 1.3 0.61 280.8 3.7 279.2 5.4 265.6 40.0 280.8 4 NA
12ZA13-
48 346 19472 1.1 18.84 2.3 0.33 2.7 0.0450 1.5 0.56 284.0 4.2 289.4 6.8 3327 51.0 284.0 4 NA
12ZA13-
65 204 25135 0.6 19.67 5.0 0.32 5.1 0.0452 1.1 0.21 284.7 29 279.3 12.5 234.1 116.0 284.7 3 NA
12ZA13-
39 221 7430 0.8 17.69 11.1 0.35 11.5 0.0452 3.1 0.27 284.9 8.5 306.4 30.5 472.8 246.5 284.9 9 NA
12ZA13-
20 416 11205 1.0 19.10 1.5 0.33 1.8 0.0460 1.0 0.57 289.8 29 291.1 4.5 301.4 33.1 289.8 3 NA
12ZA13-
68 343 1452 1.3 17.21 12.0 0.38 12.0 0.0471 1.0 0.08 296.6 2.9 325.1 335 534.4 263.3 296.6 3 NA
12ZA13-
55 149 11544 0.9 19.38 7.6 0.34 8.1 0.0471 2.8 0.35 296.9 8.1 293.6 20.7 267.6 175.0 296.9 8 NA
12ZA13-
38 218 2819 0.8 18.81 10.5 0.35 11.4 0.0483 44 0.39 304.1 13.2 307.8 304 336.2 239.3 304.1 13 NA
12ZA13-
70 242 14036 2.0 17.83 3.5 0.38 43 0.0485 2.6 0.59 305.5 7.1 323.5 12.0 455.3 71.7 305.5 8 NA
12ZA13-
31 158 5807 0.4 18.90 5.9 0.35 6.3 0.0486 2.1 0.33 305.6 6.1 307.9 16.6 324.7 134.3 305.6 6 NA
12ZA13-
43 297 1459 1.1 16.44 59 0.41 8.7 0.0487 6.3 0.73 306.8 19.0 348.0 25.5 632.9 126.9 306.8 19 NA
12ZA13-
36 259 3087 0.6 18.58 8.0 0.37 83 0.0497 2.1 0.25 3129 6.3 319.0 22.6 363.9 180.7 3129 6 NA
12ZA13-
53 108 31799 1.8 16.26 58 0.45 6.5 0.0527 2.9 0.45 331.0 9.4 375.0 20.2 656.7 123.6 331.0 9 NA
12ZA13-
41 200 3409 0.6 18.69 9.1 0.39 11.2 0.0528 6.5 0.58 3319 21.1 3342 31.8 3504 | 2049 3319 21 NA
12ZA13-
47 243 2723 0.6 17.75 7.6 0.41 7.8 0.0530 1.6 0.20 332.7 5.2 349.9 23.1 465.5 169.6 332.7 3 NA
12ZA13-
17 291 17928 4.5 18.11 1.7 0.43 3.1 0.0569 2.6 0.85 356.8 9.2 365.5 9.6 421.3 36.9 356.8 9 NA
12ZA13-
5 87 1272 0.8 17.03 8.5 0.51 9.6 0.0627 4.4 0.46 392.0 16.6 416.9 32.8 557.3 186.5 392.0 17 NA
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

12ZA13-

15 192 | 45434 0.9 1728 | 28 053 | 35 | 00660 | 2.0 | 057 412.0 8.0 4296 | 122 5251 | 625 | 4120 8 | 785

12ZA13-

60 324 3336 2.3 1769 | 3.1 052 | 36 | 00671 | 20 | 054 418.6 8.0 4272 | 127 4737 | 617 | 4186 8 | 884

12ZA13-

11 207 | 55449 23 1795 | 18 052 | 23 | 00676 | 15 | 0.64 421.6 6.0 4247 8.0 4412 | 393 | 4216 6 | 956

12ZA13-

6 147 | 25138 4.9 17.58 | 2.1 055 | 63 | 00700 | 59 | 094 4359 | 25.1 4442 | 227 487.6 | 470 | 4359 25 | 894

12ZA13-

40 123 665 1.8 1500 | 15.1 066 | 151 | 00717 | 1.0 | 007 446.6 44 5144 | 611 828.0 | 3165 | 4466 4 | 539

12ZA13-

13 211 3675 2.9 1633 | 80 065 | 89 | 00764 | 39 | 044 4747 | 178 5055 | 355 647.6 | 1723 | 4747 18 | 733

12ZA13-

51 276 | 46865 23 1729 | 16 061 | 23 | 00770 | 1.7 | 071 478.4 7.6 486.4 9.0 5238 | 357 | 4784 8 | 913

12ZA13-

34 167 | 38720 22 1502 | 2.0 071 | 41 | 00777 | 36 | 088 4826 | 167 546.9 | 174 824.8 | 414 | 4826 17 | 585

12ZA13-

63 121 | 23033 2.0 1784 | 32 061 | 37 | 0078 | 1.8 | 049 487.5 8.4 4818 | 142 4549 | 719 | 4875 8 | 1072

12ZA13-

19 247 7465 L6 1759 | 2.0 062 | 22 | 00788 | 1.0 | 043 489.2 45 488.7 8.7 4860 | 447 | 4892 4 | 1007

12ZA13-

58 247 | 13550 32 1726 | 24 063 | 42 | 00792 | 35 | 082 4912 | 164 4977 | 167 5280 | 535 | 4912 16 | 930

12ZA13-

29 231 | 28759 52 1726 | 19 066 | 23 | 00825 | 13 | 056 511.0 6.3 514.0 93 5275 | 418 | 5110 6 | 969

12ZA13-

1 226 | 115132 1.6 1735 | 17 068 | 20 | 00858 | 09 | 047 530.8 47 528.0 8.1 5159 | 382 | 5308 5 | 1029

12ZA13-

25 175 | 80071 L5 1666 | 2.1 074 | 27 | 00898 | 1.6 | 0.60 554.2 8.6 s64.1 | 116 604.0 | 464 | 5542 9 | 917

12ZA13-

27 327 | 59989 1.8 1710 | 18 072 | 22 | 00898 | 13 | 058 554.3 6.8 553.1 9.4 5483 | 394 | 5543 7 | 1011

12ZA13-

32 241 9977 3.8 1633 | 13 076 | 39 | 00901 | 36 | 094 5559 | 194 5744 | 169 6482 | 273 | 5559 19 | 858

12ZA13-

3 574 | 46396 | 137 1688 | 08 075 | 14 | 00923 | 1.1 | 080 569.0 6.2 570.3 62 5758 | 183 | 569.0 6 | 988

12ZA13-

24 350 8111 0.5 1545 | 9.6 083 | 115 | 00930 | 64 | 055 573.0 | 348 6133 | 53.0 7650 | 2025 | 573.0 35 | 749

12ZA13-

56 184 6141 1.1 1721 | 34 076 | 39 | 00945 | 1.8 | 048 5819 | 103 5721 | 169 5334 | 740 | 5819 10 | 109.1

12ZA13-

46 111 | 32904 2.0 1435 | 29 118 | 39 | 01233 | 26 | 067 749.5 | 186 793.6 | 217 9193 | 603 | 7495 19 | 815

12ZA13-

2 199 | 28216 11 1374 | 07 147 | 21 | 01461 | 20 | 094 879.1 | 16.1 9165 | 126 | 1007.6 | 145 | 1007.6 15 | 872

12ZA13-

14 95 | 68488 24 1363 | 20 177 | 23 | 01753 | 1.1 | 048 | 10414 | 106 | 10360 | 149 | 10247 | 409 | 10247 41 | 1016

12ZA13-

44 320 | 44900 2.6 1356 | 08 174 | 1.7 | 01715 | 14 | 086 | 10205 | 136 | 10249 | 108 | 10343 | 170 | 10343 17 | 987

12ZA13-

37 156 | 771117 0.7 1216 | 0.6 253 | 16 | 02236 | 15 | 092 | 13010 | 173 | 12821 | 117 | 12505 | 125 | 1250.5 13 | 104.0

12ZA26-

38 298 665 25 16.03 | 133 034 | 155 | 00399 | 79 | 051 2523 | 196 299.6 | 40.1 687.1 | 2846 | 2523 20 NA

12ZA26-

12 437 | 51549 | 132 1871 | 26 030 | 51 | 00412 | 43 | 085 2606 | 11.0 2694 | 12.0 3473 | 599 | 2606 11 NA

12ZA26-

7 90 | 26554 0.9 1595 | 135 036 | 139 | 00420 | 34 | 024 265.2 3.8 3145 | 377 698.5 | 2894 | 2652 9 NA

12ZA26-

9 522 3041 15 1841 | 39 032 | 51 | 00423 | 33 | 065 266.9 8.7 2793 | 125 3844 | 867 | 2669 9 NA

12ZA26-

61 383 9090 14 1887 | 27 031 | 44 | 00426 | 34 | 078 269.2 9.0 2753 | 106 3283 | 622 | 2692 9 NA

12ZA26-

3 379 7183 0.9 1879 | 1.7 031 | 28 | 00427 | 22 | 079 269.3 5.9 276.5 6.8 3381 | 39 | 2693 6 NA

12ZA26-

5 435 1594 12 1697 | 127 035 | 132 | 00427 | 33 | 025 269.7 8.8 302.5 | 345 563.9 | 2787 | 269.7 9 NA

12ZA26-

66 369 5868 1.0 1880 | 38 031 | 39 | 00428 | 08 | 020 2704 2.1 277.4 95 3372 | 867 | 2704 2 NA

12ZA26-

19 330 2779 1.2 18.13 | 59 033 | 61 | 00429 | 1.5 | 025 271.0 4.1 2869 | 152 4186 | 1312 | 2710 4 NA

12ZA26-

28 268 1158 0.9 1744 | 5.1 034 | 53| 00432 | 15 | 029 272.9 4.1 298.6 | 137 5045 | 1113 | 2729 4 NA

12ZA26-

42 524 | 13065 1.2 1883 | 25 032 | 43 | 00434 | 35 | 08I 273.8 9.3 280.1 | 106 3333 | 576 | 2738 9 NA

12ZA26-

15 297 | 22979 15 1840 | 54 033 | 60 | 00434 | 25 | 042 2739 6.7 2859 | 149 3849 | 1224 | 2739 7 NA

12ZA26-

18 586 | 109371 1.7 1923 | 20 031 | 24 | 00435 | 13 | 053 2743 34 275.4 57 285.1 | 459 | 2743 3 NA

12ZA26-

44 316 | 17938 1.0 1921 | 27 031 | 35 | 00435 | 23 | 065 274.8 6.2 276.1 8.5 2875 | 615 | 2748 6 NA

12ZA26-

65 155 | 15146 1.0 1991 | 64 030 | 68 | 00438 | 2.1 | 031 276.3 5.7 269.0 | 16.0 2053 | 1490 | 2763 6 NA
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

12ZA26-

17 271 4151 1.0 18.13 | 69 033 | 73 | 00438 | 26 | 035 276.5 7.0 292.1 | 186 4188 | 1534 | 2765 7 NA

12ZA26-

21 377 2075 15 1693 | 155 036 | 157 | 00440 | 24 | 0.5 2773 6.4 3107 | 421 569.7 | 3398 | 2773 6 NA

12ZA26-

14 336 3853 1.2 1758 | 55 035 | 65 | 00440 | 34 | 052 277.6 9.1 3010 | 1638 4865 | 1220 | 2776 9 NA

12ZA26-

47 222 3254 0.7 1735 | 938 035 | 102 | 00440 | 28 | 028 277.7 7.7 3046 | 2638 5162 | 2154 | 2777 8 NA

12ZA26-

13 429 | 20134 1.4 1836 | 38 033 | 39 | 00441 | 09 | 022 278.0 24 290.2 9.9 3901 | 862 | 2780 2 NA

12ZA26-

30 234 | 26868 0.8 1924 | 34 032 | 54 | 00444 | 42 | 078 2798 | 116 280.2 | 133 2840 | 768 | 2798 12 NA

12ZA26-

8 40 6782 2.1 25.15 | 293 024 | 294 | 00445 | 23 | 008 280.4 6.4 2214 | 586 | 3669 | 7735 | 2804 6 NA

12ZA26-

11 146 6344 1.4 1797 | 58 034 | 59 | 00446 | 13 | 022 281.0 36 298.6 | 154 4384 | 1288 | 281.0 4 NA

12ZA26-

32 314 | 40669 1.7 1933 | 3.1 032 | 33 | 00446 | 09 | 026 281.6 24 280.7 8.0 2731 | 720 | 2816 2 NA

12ZA26-

34 380 2358 1.2 1847 | 41 033 | 47 | 00447 | 23 | 048 282.1 6.2 2925 | 120 3765 | 929 | 2821 6 NA

12ZA26-

63 280 | 30486 15 1924 | 35 032 | 36 | 00449 | 08 | 022 283.0 22 283.1 8.9 2839 | 806 | 283.0 2 NA

12ZA26-

68 221 7037 14 1851 | 73 034 | 76 | 00455 | 21 | 028 286.8 6.0 2963 | 195 3717 | 1643 | 2868 6 NA

12ZA26-

55 371 | 25159 1.4 1889 | 3.6 034 | 50 | 00464 | 36 | 071 2927 | 103 2964 | 13.0 3261 | 807 | 2927 10 NA

12ZA26-

1 275 10914 0.9 1876 | 32 034 | 34 | 00467 | 09 | 027 294.2 26 299.6 8.7 3424 | 732 | 2942 3 NA

12ZA26-

27 142 | 40282 1.0 1900 | 77 034 | 87 | 00469 | 42 | 048 2952 | 121 2959 | 225 3012 | 1753 | 2952 12 NA

12ZA26-

46 841 4679 24 18.15 | 6.7 036 | 67 | 00474 | 1.0 | 0.5 298.4 2.9 3122 | 181 4162 | 1489 | 2984 3 NA

12ZA26-

40 332 | 10260 L6 1885 | 6.1 035 | 87 | 00480 | 62 | 071 3024 | 184 3057 | 230 3311 | 1388 | 3024 18 NA

12ZA26-

39 153 | 34495 1.4 1964 | 47 034 | 50 | 00482 | 1.5 | 030 303.5 44 296.0 | 127 237.1 | 1093 | 3035 4 NA

12ZA26-

25 224 2420 0.6 1786 | 122 037 | 125 | 00485 | 2.5 | 020 305.3 75 3229 | 346 4520 | 2726 | 3053 7 NA

12ZA26-

53 232 | 25383 1.8 1894 | 5.0 036 | 53 | 00491 | 1.8 | 033 308.7 53 3101 | 141 3200 | 1129 | 3087 5 NA

12ZA26-

4 206 726 0.8 17.00 | 143 040 | 144 | 00492 | 1.8 | 0.3 309.6 55 3410 | 418 5609 | 3135 | 309.6 6 NA

12ZA26-

62 123 3782 0.9 1727 | 123 040 | 124 | 00503 | 1.3 | 0.10 316.1 3.9 3425 | 360 5257 | 2706 | 3161 4 NA

12ZA26-

29 97 | 27229 1.8 1769 | 6.6 047 | 67 | 00607 | 12 | 018 380.0 45 393.5 | 218 4735 | 1453 | 3800 5 NA

12ZA26-

59 298 1198 1.6 1406 | 4.9 065 | 68 | 00660 | 48 | 0.69 412.1 | 190 5068 | 273 960.5 | 100.6 | 412.1 19 | 4209

12ZA26-

49 376 | 74531 1.6 1728 | 18 056 | 55 | 00703 | 52 | 094 4381 | 222 4523 | 202 5248 | 399 | 4381 22 | 835

12ZA26-

41 554 | 11652 6.6 1681 | 94 060 | 94 | 00731 | 12 | 013 454.8 5.4 4770 | 359 5853 | 2035 | 45438 51 717

12ZA26-

37 357 | 12285 1.0 1703 | 47 062 | 48 | 00763 | 09 | 018 473.7 3.9 4883 | 186 557.1 | 103.0 | 4737 4 | 850

12ZA26-

45 173 | 15597 22 1739 | 238 062 | 29 | 0078 | 08 | 027 487.6 37 4917 | 113 5107 | 612 | 4876 4 | 955

12ZA26-

20 153 6792 11 1605 | 84 068 | 86 | 00794 | 1.6 | 0.19 492.5 7.6 528.1 | 353 685.0 | 180.0 | 4925 8 | 719

12ZA26-

26 104 | 13089 1.1 1753 | 5.6 065 | 57 | 00820 | 13 | 024 508.3 6.6 505.6 | 2238 4932 | 1229 | 5083 7 | 103.1

12ZA26-

33 228 | 33389 13 1731 | 20 066 | 23 | 00826 | 11 | 047 5115 53 5133 9.2 5212 | 445 | 5115 5 | 981

12ZA26-

69 372 2857 0.9 1620 | 63 070 | 65 | 00828 | 1.5 | 024 512.5 7.6 5413 | 274 6642 | 1359 | 5125 8 | 772

12ZA26-

57 187 | 47909 11 1724 | 27 067 | 3.6 | 00840 | 23 | 065 5200 | 115 5219 | 146 5305 | 597 | 5200 12 | 980

12ZA26-

52 138 2724 26 1563 | 116 076 | 11.7 | 00863 | 1.8 | 0.5 533.5 9.0 5747 | 514 7409 | 2458 | 5335 9 | 7120

12ZA26-

50 197 2764 35 1662 | 4.6 072 | 57 | 00872 | 33 | 059 539.0 | 172 5526 | 24.1 609.0 | 988 | 539.0 17 | 885

12ZA26-

10 257 | 212156 | 512 1696 | 0.9 076 | 1.1 | 00931 | 07 | 063 574.1 3.9 5724 4.9 5655 | 19.1 574.1 4 | 1015

12ZA26-

58 269 | 144496 15 1674 | 13 080 | 1.7 | 00966 | 12 | 068 594.2 6.7 594.1 7.8 593.6 | 277 | 5942 7 | 100.1

12ZA26-

31 99 | 117858 12 1223 1.1 248 | 17 | 02197 | 13 | 077 | 12800 | 149 | 12651 | 121 | 12398 | 21.1 | 1239.8 21 | 1032

09BLCI-

23 69 | 10354 1.4 19.86 | 19.8 029 | 203 | 00420 | 45 | 022 2650 | 118 259.6 | 46.6 2111 | 4627 | 265.0 12 NA
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

09BLCI-

15 144 5236 1.4 18.60 | 82 032 | 86 | 00431 | 26 | 030 271.9 6.9 2813 | 212 360.8 | 1856 | 2719 7 NA

09BLCI-

2 532 3890 3.0 1869 | 6.7 032 | 78 | 00431 | 39 | 050 2722 | 103 280.5 | 19.0 3505 | 1522 | 2722 10 NA

09BLCI-

100 254 1844 0.8 1926 | 93 031 | 95 | 00432 | 20 | 021 2724 54 2734 | 227 2823 | 2122 | 2724 5 NA

09BLCI-

7 171 15801 0.9 1917 | 75 031 | 79 | 00433 | 23 | 030 273.1 6.3 2751 | 19.0 2022 | 1717 | 2731 6 NA

09BLCI-

18 108 | 23625 1.4 2007 | 88 030 | 90 | 00434 | 1.7 | 019 273.8 4.6 2648 | 209 1865 | 2048 | 2738 5 NA

09BLCI-

33 89 | 10994 0.9 20.64 | 22.0 029 | 221 | 00437 | 25 | 0.1 275.9 6.7 2602 | 508 1211 | 5232 | 2759 7 NA

09BLCI-

28 98 8750 0.7 2099 | 19.1 029 | 192 | 00439 | 1.6 | 0.09 277.0 44 2573 | 437 815 | 4577 | 2770 4 NA

09BLCI-

67 303 | 36082 15 1931 | 34 031 | 35| 00440 | 1.0 | 029 2773 2.8 277.2 8.6 2762 | 779 | 2713 3 NA

09BLCI-

99 330 | 37308 11 1972 | 38 031 | 51 | 00440 | 34 | 067 277.6 9.2 2724 | 122 2276 | 877 | 2776 9 NA

09BLCI-

84 143 | 17511 15 1825 | 52 033 | 66 | 00441 | 41 | 062 2785 | 113 2923 | 169 4044 | 1163 | 2785 11 NA

09BLCI-

48 401 52000 0.9 1917 | 17 032 | 20 | 00443 | 11| 052 279.2 2.9 280.6 5.0 2920 | 399 | 2792 3 NA

09BLCI-

76 235 15800 0.8 1838 | 5.1 034 | 52 | 00447 | 12 | 023 281.9 32 2935 | 132 387.3 | 1138 | 2819 3 NA

09BLCI-

93 135 | 10803 1.0 19.19 | 64 033 | 66 | 00453 | 1.8 | 028 285.6 5.1 286.0 | 166 289.7 | 1461 | 2856 5 NA

09BLCI-

83 115 10281 1.7 1852 | 63 034 | 7.6 | 00456 | 43 | 056 2873 | 121 296.7 | 19.6 3713 | 1423 | 2873 12 NA

09BLCI-

41 102 | 19594 1.2 1932 | 115 033 | 117 | 00461 | 23 | 019 290.3 6.4 288.5 | 295 2745 | 2643 | 2903 6 NA

09BLCI-

50 348 | 34704 11 1904 | 37 034 | 37 | 00466 | 07 | 0.19 293.5 2.0 295.2 9.6 3086 | 836 | 2935 2 NA

09BLCI-

12 196 | 20906 1.4 1921 | 77 034 | 78 | 00471 | 13 | 017 296.4 3.9 2955 | 200 2883 | 1759 | 296.4 4 NA

09BLCI-

6 233 | 52952 1.4 1950 | 45 034 | 47 | 00484 | 12 | 027 304.5 37 298.6 | 12.0 253.0 | 103.1 | 3045 4 NA

09BLCI-

40 139 | 13501 14 1986 | 9.9 034 | 101 | 00487 | 21 | 020 306.5 6.2 2956 | 259 2107 | 2296 | 3065 6 NA

09BLCI-

9 326 | 25104 | 116 1839 | 23 043 | 34 | 00573 | 25 | 075 359.0 8.8 362.6 | 104 3861 | 509 | 359.0 9 NA

09BLCI-

53 181 3219 1.8 1775 | 93 046 | 94 | 00580 | 13 | 0.14 368.7 4.8 3823 | 300 4654 | 2067 | 368.7 5 NA

09BLCI-

17 338 8100 0.9 1761 | 34 050 | 41 | 00641 | 23 | 056 400.5 9.0 4129 | 140 4827 | 754 | 4005 9 | 830

09BLCI-

69 101 25216 1.4 1891 | 93 047 | 95 | 00641 | 1.7 | 018 400.5 6.8 389.3 | 306 3234 | 2115 | 4005 7 | 1239

09BLCI-

49 285 3773 1.8 18.12 | 4.0 050 | 65 | 00653 | 52 | 079 4076 | 204 4093 | 219 4193 | 89.0 | 407.6 20 | 972

09BLCI-

85 298 | 73097 2.0 18.11 | 20 050 | 2.1 | 00662 | 08 | 036 413.1 3.0 414.4 72 4215 | 440 | 4131 3| 980

09BLCI-

55 275 | 42670 23 1827 | 26 051 | 29 | 00671 | 14 | 046 4189 55 4162 | 10.0 4014 | 583 | 4189 5 | 1044

09BLCI-

26 82 | 17165 0.9 1793 | 114 052 | 137 | 00672 | 7.6 | 055 4192 | 307 4229 | 474 4431 | 2546 | 4192 31 | 946

09BLCI-

44 355 | 56647 74 1796 | 2.1 056 | 27 | 00728 | 1.7 | 063 452.9 7.4 450.7 9.8 4392 | 469 | 4529 7 | 103.1

09BLCI-

5 486 4672 26 1730 | 38 059 | 45 | 00742 | 25 | 055 4616 | 11.1 4719 | 17.0 5221 | 826 | 4616 11 | 884

09BLCI-

16 122 | 17852 2.1 1757 | 5.6 059 | 57 | 00757 | 13 | 022 4704 5.7 4736 | 216 488.7 | 1230 | 4704 6 | 963

09BLCI-

10 150 | 11856 1.1 17.11 | 42 061 | 44 | 00759 | 12 | 026 4715 53 4845 | 17.0 5467 | 929 | 4715 5 | 862

09BLCI-

65 32 4848 1.1 2005 | 121 053 | 126 | 00771 | 34 | 027 4786 | 158 4319 | 444 189.6 | 283.6 | 478.6 16 | 2525

09BLCI-

73 88 | 12595 1.5 1887 | 88 057 | 89 | 00776 | 13 | 0.5 481.9 6.2 4562 | 328 329.0 | 2004 | 4819 6 | 1465

09BLCI-

92 278 | 58156 1.9 1775 | 28 060 | 29 | 00777 | 09 | 030 4822 4.1 4793 | 112 4656 | 617 | 4822 4 | 1036

09BLCI-

91 162 | 43171 35 1761 | 25 061 | 27 | 00779 | 1.0 | 038 483.7 4.7 4836 | 102 4836 | 542 | 4837 5 | 1000

09BLCI-

98 151 | 34238 1.9 1767 | 33 062 | 38 | 00798 | 1.9 | 051 495.0 9.2 4915 | 149 4757 | 727 | 4950 9 | 104.0

09BLCI-

78 250 | 41987 1.2 1770 | 3.7 062 | 45 | 00799 | 27 | 059 4952 | 127 4911 | 177 4718 | 816 | 4952 13 | 1050

09BLCI-

66 166 | 36029 2.6 1747 | 33 064 | 35| 00805 | 12 | 034 499.1 5.7 4995 | 137 5011 | 720 | 499.1 6 | 996

09BLCI-

70 163 | 29964 1.8 1724 | 40 067 | 43 | 00842 | 1.6 | 037 5214 8.1 523.0 | 176 5208 | 876 | 5214 8 | 984
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

09BLCI-

11 203 | 58037 1.0 1726 | 22 067 | 24 | 00844 | 08 | 033 522.0 3.9 522.9 9.6 5269 | 488 | 5220 4 | 9.1

09BLCI-

38 141 | 66642 62 1755 | 34 067 | 37 | 00852 | 1.6 | 043 527.3 8.1 5204 | 152 4905 | 747 | 5213 8 | 1075

09BLCI-

9 83 | 25873 15 1809 | 76 065 | 78 | 00852 | 20 | 026 5274 | 103 5083 | 314 4234 | 1693 | 5274 10 | 1245

09BLCI-

89 73 | 17545 13 17.58 | 9.0 067 | 92 | 0085 | 16 | 0.8 529.3 83 5213 | 373 486.6 | 199.1 529.3 8 | 10838

09BLCI-

43 60 | 20237 0.8 18.76 | 112 063 | 113 | 00861 | 1.8 | 0.16 532.6 9.3 4979 | 445 3415 | 2533 | 5326 9 | 1559

09BLCI-

29 109 | 32434 1.8 1690 | 5.1 070 | 57 | 00863 | 25 | 045 533.6 | 13.0 5411 | 238 5729 | 1104 | 5336 13 | 931

09BLCI-

36 118 | 119594 1.8 1735 | 23 070 | 3.0 | 00876 | 2.0 | 0.64 5412 | 102 5363 | 127 5156 | 513 | 5412 10 | 1050

09BLCI-

51 177 | 61658 1.8 1699 | 2.1 072 | 27 | 00882 | 1.8 | 0.66 544.8 9.4 5480 | 116 5616 | 451 | 5448 9 | 970

09BLCI-

20 156 | 47745 24 1739 | 38 070 | 41 | 00882 | 1.7 | 041 544.8 8.9 5384 | 172 5114 | 825 | 5448 9 | 1065

09BLCI-

74 160 | 66020 4.7 1727 | 28 071 | 29 | 00890 | 1.0 | 033 549.6 5.0 5451 | 124 5266 | 609 | 549.6 5 | 1044

09BLCI-

58 127 | 25490 1.4 1740 | 4.1 071 | 46 | 00894 | 2.1 | 046 5517 | 112 5435 | 193 5094 | 893 | 5517 11| 1083

09BLCI-

32 51 15433 L5 1801 | 124 069 | 126 | 00906 | 22 | 017 5591 | 118 5351 | 525 4340 | 2776 | 559.1 12 | 12838

09BLCI-

19 70 | 14602 1.9 1773 | 5.6 071 | 59 | 00917 | 1.7 | 028 565.6 9.0 546.7 | 248 468.7 | 1248 | 565.6 9 | 1207

09BLCI-

2 372 | 138875 2.1 1688 | 1.1 076 | 15 | 00931 | 1.0 | 068 573.6 54 574.0 6.4 5756 | 233 | 5736 5| 997

09BLCI-

94 210 | 36388 1.4 1675 | 17 077 | 32 | 00931 | 28 | 0386 5739 | 152 577.8 | 142 5934 | 359 | 5739 15 | 967

09BLCI-

8 431 | 236994 27 1631 1.8 079 | 40 | 00933 | 36 | 0389 5750 | 19.7 590.5 | 179 6505 | 387 | 5750 20 | 884

09BLCI-

77 83 | 20284 35 1684 | 45 077 | 92 | 00934 | 80 | 087 5757 | 443 577.0 | 406 5818 | 981 | 5757 44 | 990

09BLCI-

68 169 | 43569 15 1659 | 1.6 078 | 32 | 00939 | 28 | 0386 5785 | 153 585.6 | 143 6133 | 356 | 5785 15 | 943

09BLCI-

64 202 | 58164 4.5 1687 | 23 078 | 24 | 00949 | 07 | 031 584.4 4.1 582.9 | 105 5771 | 49.0 | 5844 4 | 1013

09BLCI-

54 22 6696 4.8 18.07 | 134 073 | 142 | 00955 | 47 | 033 587.8 | 266 5557 | 61.0 426.1 | 3007 | 5878 27 | 1379

09BLCI-

81 456 7036 6.4 1622 | 3.1 082 | 51 | 00963 | 41 | 0380 592.6 | 234 607.2 | 235 661.7 | 656 | 5926 23 | 896

09BLCI-

79 366 7787 2.0 1619 | 1.0 08 | 1.6 | 01012 | 12 | 076 621.5 7.2 631.1 75 6660 | 222 | 6215 7 | 933

09BLCI-

90 162 | 69878 2.9 1656 | 33 085 | 35| 01019 | 1.1 | 03I 625.5 6.4 6238 | 162 617.7 | 716 | 6255 6 | 1013

09BLCI-

97 222 | 57526 4.0 1597 | 16 089 | 22 | 01026 | 15 | 0.69 629.6 8.8 6440 | 103 6946 | 334 | 6296 9 | 906

09BLCI-

57 481 | 123520 | 485 1628 | 09 090 | 44 | 01067 | 43 | 098 653.6 | 267 6538 | 212 6543 | 200 | 6536 27 | 999

09BLCI-

59 220 | 82156 3.8 1512 | 29 105 | 62 | 01150 | 55 | 088 701.8 | 364 7283 | 323 8109 | 617 | 7018 36 | 865

09BLCI-

13 227 | 153436 52 1560 | 14 104 | 53| 01171 | 52 | 097 7141 | 349 7217 | 276 7455 | 295 | 7141 35 | 958

09BLCI-

45 102 | 23224 11 1573 | 34 105 | 36 | 01195 | 1.0 | 028 727.6 7.0 727.6 | 186 7275 | 728 | 7276 7 | 1000

09BLCI-

26 549 | 17023 1.8 1533 | 08 114 | 17 | 01265 | 15 | 090 767.8 | 111 771.2 93 7812 | 161 | 7678 11| 983

09BLCI-

42 46 | 23726 4.6 1397 | 27 164 | 35 | 01661 | 23 | 0.64 990.7 | 207 9858 | 224 9747 | 558 | 9747 56 | 1016

09BLCI-

37 119 | 53361 24 1374 | 16 1.66 | 26 | 01652 | 2.1 | 080 9857 | 19.1 9925 | 166 | 10077 | 322 | 1007.7 32 | 978

09BLCI-

87 369 | 10460 1.6 1348 | 1.0 177 | 15 | 01730 | 1.1 | 076 | 10284 | 107 | 10344 96 | 10472 | 195 | 10472 19 | 982

09BLCI-

4 323 | 93625 1.2 1343 | 03 184 | 21 | 01789 | 2.1 | 099 | 10612 | 204 | 10588 | 138 | 1053.9 50 | 1053.9 5 | 1007

09BLCI-

95 206 | 33083 24 1319 | 21 183 | 73 | 01749 | 7.0 | 096 | 10390 | 667 | 10558 | 478 | 10908 | 42.8 | 1090.8 43 | 953

09BLCI-

21 231 | 377967 23 1313 | L1 197 | 1.8 | 01875 | 13 | 076 | 11078 | 135 | 11047 | 118 | 10987 | 229 | 1098.7 23 | 1008

09BLCI-

30 111 | 107136 15 1312 | 14 189 | 30 | 01802 | 27 | 088 | 1067.8 | 263 | 1078.7 | 20.1 | 11007 | 282 | 1100.7 28 | 970

09BLCI-

31 158 | 12975 25 1305 | 16 192 | 20 | 01818 | 12 | 060 | 10767 | 11.8 | 10881 | 132 | 1111 | 316 | 11111 32 | 969

09BLCI-

56 281 | 179213 5.0 13.04 | 09 204 | 23 | 01930 | 21 [ 091 | 11378 | 219 | 11292 | 157 | 11127 | 189 | 11127 19 | 102.3

09BLCI-

63 101 | 103702 1.6 1288 | 19 203 | 38 | 01894 | 33 | 086 | 11182 | 334 | 11250 | 257 | 11381 | 384 | 1138.1 38 | 983
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

09BLCI-

47 423 | 30085 1.6 971 | 03 408 | 13 | 02873 | 13 | 098 | 16280 | 187 | 1650.6 | 108 | 1679.4 49 | 1679.4 5| 969

09BLCI-

30 81 | 141751 0.9 924 | 12 471 18 | 03157 | 14 | 077 | 17687 | 217 | 17692 | 152 | 17699 | 21.0 | 1769.9 21 | 999

09BLCI-

61 84 | 54778 1.7 527 | 06 1264 | 38 | 04820 | 38 | 099 | 25397 | 799 | 2653.0 | 362 | 27406 9.6 | 2740.6 10 | 927

13ZA91-

10 426 | 69711 11 1942 | 31 030 | 3.7 | 00424 | 20 | 054 267.7 5.1 267.3 8.6 2634 | 711 | 2677 5 NA

13ZA91-

14 305 | 53610 13 1873 | 27 031 | 30 | 00425 | 13 | 043 268.1 34 276.2 73 3460 | 618 | 268.1 3 NA

13ZA91-

68 235 8786 1.4 1925 | 26 031 | 32 | 00427 | 19 | 058 269.5 5.0 270.9 7.7 2831 | 604 | 2695 5 NA

13ZA91-

51 207 | 20687 12 1936 | 7.5 031 | 7.6 | 00420 | 13 | 017 270.8 34 2708 | 182 2702 | 1728 | 2708 3 NA

13ZA91-

48 516 | 33640 1.2 1913 | 25 031 | 38 | 00429 | 28 | 0.74 271.0 7.4 273.7 9.1 2973 | 581 | 2710 7 NA

13ZA91-

87 151 | 23954 11 1899 | 7.8 031 82 | 00430 | 24 | 030 271.4 6.5 2758 | 19.8 313.9 | 178.1 | 2714 6 NA

13ZA91-

66 349 | 40483 1.1 1958 | 35 030 | 39 | 00432 | 1.7 | 044 2724 4.6 269.4 92 2438 | 800 | 2724 5 NA

13ZA91-

89 301 | 20745 0.9 1888 | 5.7 032 | 61 | 00433 | 22 | 036 2734 5.9 279.1 | 149 327.1 | 1288 | 2734 6 NA

13ZA91-

97 260 9414 0.9 1941 | 36 031 | 43 | 00433 | 23 | 054 273.4 6.2 2724 | 102 2637 | 829 | 2734 6 NA

13ZA91-

80 211 19390 1.0 1873 | 5.1 032 | 52 | 00434 | 12 | 022 273.7 3.1 2813 | 1238 3448 | 1154 | 2737 3 NA

13ZA91-

92 453 | 147542 0.9 1887 | 22 032 | 33 | 00434 | 25 | 076 274.0 6.7 279.8 8.1 3288 | 494 | 2740 7 NA

13ZA91-

34 525 | 15437 1.4 18.61 1.7 032 | 24 | 00434 | 1.7 | 070 274.0 4.6 283.1 6.0 3504 | 391 | 2740 5 NA

13ZA91-

86 213 | 13353 1.2 1906 | 3.6 031 | 41 | 00434 | 20 | 047 274.2 53 277.5 | 101 3059 | 830 | 2742 5 NA

13ZA91-

41 161 4040 L6 2052 | 115 029 | 117 | 00435 | 1.8 | 0.5 274.4 48 2603 | 2638 1354 | 2717 | 2744 5 NA

13ZA91-

58 100 | 11826 1.0 18.66 | 9.6 032 | 99 | 00435 | 24 | 024 274.7 6.4 2832 | 244 3545 | 2164 | 2747 6 NA

13ZA91-

61 279 | 72908 1.9 1889 | 18 032 | 20 | 00435 | 09 | 044 274.7 24 280.3 4.9 3266 | 410 | 2747 2 NA

13ZA91-

100 328 | 41796 0.9 1963 | 1.9 031 | 24 | 00436 | 1.5 | 063 275.2 4.1 271.4 57 2387 | 432 | 2752 4 NA

13ZA91-

70 137 1803 0.9 1965 | 7.9 031 82 | 00437 | 22 | 026 275.8 5.8 271.6 | 195 2359 | 1825 | 2758 6 NA

13ZA91-

71 298 | 26825 11 1945 | 65 031 | 67 | 00438 | 1.6 | 024 276.3 43 2746 | 16.0 2597 | 1484 | 2763 4 NA

13ZA91-

9% 216 | 28446 0.7 1997 | 45 030 | 60 | 00440 | 39 | 065 2774 | 106 269.2 | 14.1 1988 | 1052 | 2774 11 NA

13ZA91-

67 65 9723 0.9 1951 | 159 031 | 166 | 00442 | 48 | 029 2786 | 13.0 275.7 | 40.1 2518 | 368.0 | 2786 13 NA

13ZA91-

50 168 2913 13 1767 | 95 035 | 96 | 00445 | 15 | 0.5 280.6 4.0 3025 | 251 4753 | 2105 | 2806 4 NA

13ZA91-

81 136 | 38045 11 1992 | 107 031 | 113 | 00446 | 38 | 033 2812 | 104 273.1 | 272 2043 | 2488 | 2812 10 NA

13ZA91-

47 245 | 18662 11 1939 | 4.0 032 | 44 | 00446 | 1.7 | 039 281.3 47 279.7 | 107 2663 | 925 | 2813 5 NA

13ZA91-

15 522 | 77228 0.9 1938 | 26 032 | 42 | 00446 | 32 | 078 281.5 8.9 280.0 | 102 2672 | 607 | 2815 9 NA

13ZA91-

90 192 | 13444 1.0 1825 | 109 034 | 111 | 00454 | 22 | 020 286.5 6.3 299.7 | 289 403.8 | 2446 | 2865 6 NA

13ZA91-

22 95 | 16410 13 18.16 | 12.4 035 | 127 | 00463 | 28 | 022 291.9 8.0 3059 | 336 4143 | 2782 | 2919 8 NA

13ZA91-

32 133 | 25484 11 1922 | 86 033 | 88 | 00467 | 1.7 | 020 2942 5.0 2933 | 224 2865 | 197.0 | 2942 5 NA

13ZA91-

43 238 | 21839 1.4 1929 | 5.1 034 | 63 | 00470 | 36 | 058 2958 | 105 293.9 | 16.0 2786 | 1174 | 2958 11 NA

13ZA91-

91 316 | 79760 2.0 1884 | 33 035 | 43 | 00484 | 26 | 062 304.6 7.8 307.7 | 113 3318 | 758 | 3046 8 NA

13ZA91-

64 129 9853 0.6 1955 | 53 035 | 60 | 00493 | 28 | 047 310.2 8.6 303.1 | 157 2482 | 1217 | 3102 9 NA

13ZA91-

69 178 | 14440 13 18.19 | 6.1 038 | 64 | 00497 | 20 | 031 3124 6.0 3244 | 177 4116 | 1354 | 3124 6 NA

13ZA91-

4 275 | 39485 11 1883 | 32 037 | 39 | 00504 | 22 | 057 317.0 6.9 3189 | 106 3328 | 719 | 3170 7 NA

13ZA91-

6 179 | 44722 1.8 16.10 | 2.6 053 | 39 | 00613 | 28 | 073 3836 | 105 4286 | 135 6782 | 562 | 3836 10 NA

13ZA91-

94 382 6628 2.0 1788 | 36 048 | 44 | 00617 | 26 | 057 385.7 9.6 395.1 | 146 4500 | 808 | 3857 10 NA

13ZA91-

5 302 | 61256 | 129 1768 | 17 051 | 20 | 00652 | 1.1 | 056 407.3 45 4175 7.0 4745 | 376 | 4073 4 | 858
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

13ZA91-

18 115 | 16113 2.0 1770 | 4.1 051 | 44 | 00657 | 1.7 | 038 410.0 6.6 4194 | 152 471.8 | 909 | 4100 7 | 869

13ZA91-

24 317 3368 34 1743 | 64 053 | 66 | 00671 | 1.5 | 023 418.8 6.2 4325 | 233 5057 | 1419 | 41838 6 | 8238

13ZA91-

74 350 | 62561 82 1782 | 15 055 | 57 | 00710 | 55 | 097 4421 | 236 4445 | 205 4572 | 324 | 4421 24 | 967

13ZA91-

35 145 | 33026 13 1737 | 3.1 059 | 39 | 00746 | 24 | 062 463.7 | 109 4722 | 149 513.8 | 680 | 4637 1| 902

13ZA91-

13 331 | 46197 1.8 1772 | 17 059 | 25 | 00759 | 1.8 | 073 471.7 83 4714 9.4 4699 | 376 | 4717 8 | 1004

13ZA91-

8 204 | 43029 1.4 1787 | 4.1 059 | 44 | 00760 | 1.6 | 036 472.1 73 468.6 | 16.6 4514 | 917 | 4721 7 | 1046

13ZA91-

20 661 | 119378 | 15.1 1734 | 13 061 | 22 | 00764 | 1.7 | 081 474.8 8.0 482.1 83 517.0 | 279 | 47438 8 | o918

13ZA91-

59 176 | 18510 0.7 1769 | 5.0 060 | 51 | 00771 | 09 | 018 478.7 4.1 4717 | 194 4728 | 1111 | 4787 4 | 1012

13ZA91-

75 205 | 48444 15 1775 | 1.6 060 | 21 | 00772 | 13 | 063 479.4 6.1 477.1 7.9 4659 | 358 | 4794 6 | 1029

13ZA91-

42 240 | 45391 1.8 1797 | 32 059 | 35 | 00774 | 13 | 036 480.9 5.9 4736 | 132 4386 | 722 | 4809 6 | 109.6

13ZA91-

83 84 | 12026 1.2 1749 | 938 061 | 100 | 00775 | 23 | 023 481.1 | 109 4840 | 387 4979 | 2155 | 4811 11| 9.6

13ZA91-

16 140 | 32778 24 1726 | 43 062 | 48 | 00777 | 22 | 046 4824 | 103 4903 | 187 527.5 | 937 | 4824 10 | 914

13ZA91-

49 305 9937 3.1 1743 | 31 062 | 54 | 00783 | 44 | 082 4858 | 20.6 4894 | 209 5063 | 67.8 | 4858 21 | 959

13ZA91-

76 148 | 13014 14 1752 | 18 062 | 25 | 0078 | 1.8 | 0.69 487.9 8.2 489.1 9.8 4947 | 403 | 4879 8 | 986

13ZA91-

39 201 10864 L6 1785 | 44 061 | 46 | 00780 | 1.1 | 024 489.4 52 4832 | 175 4539 | 982 | 4894 5 | 1078

13ZA91-

63 12 | 10571 2.8 1762 | 6.0 062 | 87 | 0079 | 63 | 073 490.1 | 297 488.6 | 33.6 481.8 | 1317 | 490.1 30 | 1017

13ZA91-

30 164 | 23624 L6 1705 | 43 065 | 58 | 00809 | 39 | 067 5012 | 187 5109 | 233 5543 | 944 | 5012 19 | 904

13ZA91-

73 132 | 27844 1.7 1746 | 54 066 | 66 | 00835 | 37 | 057 5168 | 184 5141 | 265 5024 | 1191 | 5168 18 | 1029

13ZA91-

56 197 3127 1.8 1673 | 27 072 | 30 | 00874 | 14 | 046 540.2 7.2 550.8 | 12.9 5949 | 585 | 5402 7 | 908

13ZA91-

31 62 | 18605 1.9 1668 | 9.7 073 | 98 | 00884 | 14 | 014 546.0 7.1 557.0 | 422 6025 | 2113 | 546.0 7 | 906

13ZA91-

85 263 | 50943 0.9 1733 | 20 071 | 27 | 0088 | 1.9 | 0.69 547.4 9.9 5418 | 114 5180 | 430 | 5474 10 | 1057

13ZA91-

25 211 9883 0.7 1643 | 33 075 | 57 | 00891 | 46 | 081 5502 | 244 566.8 | 24.8 6341 | 720 | 5502 24 | 868

13ZA91-

6 558 | 166380 4.1 1694 | 08 073 | 1.8 | 00891 | 1.6 | 088 550.4 83 554.0 7.6 568.7 | 184 | 5504 8 | 9638

13ZA91-

72 340 2778 2.6 1678 | 4.0 074 | 42 | 00898 | 12 | 029 554.3 6.5 5612 | 182 589.0 | 877 | 5543 7 | 941

13ZA91-

12 250 | 66116 1.9 17.05 | 2.0 073 | 21 | 00902 | 07 | 033 556.9 3.8 556.4 9.1 5543 | 439 | 5569 4 | 1005

13ZA91-

79 170 | 33852 1.6 17.15 | 32 074 | 33 | 00916 | 09 | 026 565.1 4.6 5603 | 14.1 5412 | 69.1 565.1 5 | 1044

13ZA91-

60 126 | 28478 14 1729 | 16 074 | 32 | 00934 | 28 | 087 5756 | 154 5653 | 14.0 5239 | 351 | 5756 15 | 1099

13ZA91-

77 350 | 93478 | 104 1561 | 42 084 | 73 | 00949 | 60 | 082 584.6 | 336 6183 | 339 7437 | 880 | 5846 34 | 786

13ZA91-

78 137 | 51763 3.0 1662 | 43 080 | 47 | 00960 | 1.8 | 039 590.8 | 102 5947 | 211 609.7 | 934 | 5908 10 | 969

13ZA91-

21 366 | 153879 2.8 1635 | 09 088 | 14 | 01047 | 11 | 077 641.9 6.6 642.6 6.8 645.1 196 | 6419 7| 995

13ZA91-

99 195 | 20095 1.8 1641 | 21 088 | 60 | 01047 | 57 | 094 6420 | 346 641.1 | 287 6377 | 453 | 6420 35 | 100.7

13ZA91-

23 209 | 91666 1.4 1556 | 1.7 093 | 34 | 01053 | 29 | 0386 645.1 | 18.0 669.0 | 166 7500 | 360 | 645.1 18 | 860

13ZA91-

3 113 | 35041 1.7 1544 | 27 097 | 67 | 0.1088 | 61 | 091 666.0 | 384 689.4 | 333 7662 | 577 | 666.0 38 | 869

13ZA91-

62 143 | 98091 1.7 1592 | 11 095 | 53 | 01094 | 52 | 098 669.0 | 329 676.7 | 26.1 7023 | 236 | 669.0 33 | 953

13ZA91-

9 336 | 38937 1.7 1597 | 11 094 | 1.7 | 01095 | 13 | 075 669.7 8.2 675.5 8.5 6949 | 240 | 669.7 8 | 964

13ZA91-

57 285 5737 5.0 1462 | 42 114 | 52| 01207 | 30 | 058 7343 | 207 7714 | 280 8802 | 875 | 7343 21 | 834

13ZA91-

28 242 | 53911 24 1532 | 12 116 | 3.6 | 01288 | 34 | 094 7810 | 25.1 781.6 | 198 7833 | 262 | 7810 25 | 997

13ZA91-

37 144 | 49478 1.8 1459 | 33 125 | 50 | 01318 | 37 | 074 7980 | 275 8212 | 279 884.7 | 69.1 798.0 28 | 902

13ZA91-

55 188 | 151023 44 1446 | 16 130 | 47 | 01361 | 44 | 094 8224 | 341 844.6 | 269 9034 | 321 | 8224 34 | 910
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

13ZA91-

36 104 | 37223 1.1 1458 | 25 138 | 3.1 | 01463 | 18 | 0.60 880.1 | 15.0 882.0 | 18.0 886.7 | 50.8 | 880.1 15 | 993

13ZA91-

93 135 | 18375 1.9 1362 | 28 174 | 47 | o0a715 | 37 | 080 | 10205 | 352 | 10221 | 300 | 10253 | 564 | 10253 56 | 995

13ZA91-

45 140 | 83918 1.9 1362 | 15 141 | 28 | 01395 | 24 | 084 8418 | 188 8942 | 167 | 10261 | 305 | 1026.1 30 | 820

13ZA91-

82 137 | 86216 1.9 13.51 13 1.81 1.9 | 01775 | 14 | 073 | 10532 | 137 | 10496 | 127 | 10422 | 27.0 | 10422 27 | 1011

13ZA91-

52 135 7034 0.7 1329 | 15 184 | 24 | 01772 | 19 | 078 | 10519 | 182 | 10595 | 158 | 10753 | 30.1 | 10753 30 | 978

13ZA91-

33 130 | 133472 3.1 1326 | 15 191 | 39 | 01840 | 36 | 092 | 10886 | 358 | 10856 | 259 | 10795 | 303 | 10795 30 | 1008

13ZA91-

53 291 | 100068 4.1 1323 | 08 188 | 1.9 | 01807 | 1.7 | 091 | 10706 | 171 | 10751 | 126 | 10844 | 159 | 10844 16 | 987

13ZA91-

7 174 | 108331 24 1313 | 17 193 | 45 | 01836 | 42 | 093 | 10866 | 422 | 1090.7 | 304 | 10989 | 337 | 1098.9 34 | 989

13ZA91-

38 35 | 24184 1.0 13.10 | 5.9 199 | 63 | 01890 | 2.0 | 032 | 11158 | 205 | 11115 | 423 | 11032 | 1186 | 11032 | 118 | 1011

13ZA91-

98 145 | 24031 1.7 128 | 12 205 | 25 | 01906 | 22 | 087 | 11247 | 230 | 11319 | 174 | 11456 | 246 | 11456 25 | 982

13ZA91-

19 158 | 124408 2.1 1267 | 23 196 | 61 | 01804 | 56 | 093 | 10694 | 554 | 11032 | 409 | 11705 | 455 | 11705 46 | 914

13ZA91-

1 85 | 31445 14 12,51 L5 226 | 20 | 02047 | 14 | 067 | 12004 | 148 | 11987 | 143 | 11956 | 298 | 11956 30 | 100.4

13ZA91-

54 130 | 21515 13 1240 | 07 233 | 20 | 02095 | 19 | 093 | 12262 | 208 | 12212 | 142 | 12124 | 146 | 12124 15 | 1011

13ZA91-

44 163 6129 13 1193 | 38 241 | 58 | 02087 | 43 | 075 | 12220 | 483 | 12464 | 414 | 12888 | 739 | 128838 74 | 948

12ZA93-

73 192 | 21671 0.8 1935 | 72 029 | 78 | 00410 | 29 | 037 259.2 7.4 2604 | 179 2710 | 1656 | 2592 74 NA

12ZA93-

90 169 | 94263 0.7 2075 | 5.1 027 | 57 | 00412 | 27 | 047 260.3 6.8 2457 | 125 1092 | 1195 | 2603 6.8 NA

12ZA93-

87 635 | 119887 24 1934 | 17 030 | 1.8 | 00415 | 06 | 032 261.9 15 262.9 42 2720 | 390 | 2619 15 NA

12ZA93-

99 576 2212 0.7 1881 | 32 031 | 35| 00420 | 13 | 037 265.1 34 272.4 83 3354 | 736 | 265.1 34 NA

12ZA93-

7 345 4771 0.8 1908 | 28 030 | 29 | 00421 | 07 | 025 265.6 1.9 268.2 6.9 2909 | 651 | 2656 1.9 NA

12ZA93-

31 208 4134 0.7 18.33 | 10.0 032 | 101 | 00422 | 18 | 018 266.7 48 280.2 | 248 3944 | 2243 | 2667 48 NA

12ZA93-

89 106 9651 0.7 2013 | 154 029 | 157 | 00422 | 3.0 | 019 266.8 7.8 258.1 | 358 180.0 | 361.1 | 266.8 7.8 NA

12ZA93-

8 156 | 22365 0.9 1903 | 52 030 | 58 | 00422 | 25 | 043 266.8 6.5 2700 | 137 297.8 | 1194 | 26638 65 NA

12ZA93-

74 707 | 16580 27 1905 | 23 031 | 25 | 00428 | 07 | 030 270.4 1.9 273.0 5.9 2953 | 537 | 2704 1.9 NA

12ZA93-

42 128 1965 1.1 1774 | 124 033 | 126 | 00429 | 22 | 0.8 270.6 59 2921 | 321 4674 | 2764 | 2706 59 NA

12ZA93-

62 511 | 60594 | 194 1871 | 2.1 032 | 48 | 00429 | 43 | 090 2710 | 113 279.1 | 116 3473 | 476 | 2710 | 113 NA

12ZA93-

24 352 | 10002 13 19.09 | 35 032 | 42 | 00438 | 23 | 055 276.1 6.2 2788 | 102 301.8 | 797 | 2761 6.2 NA

12ZA93-

65 204 | 12318 0.8 1874 | 49 032 | 52 | 00438 | 1.8 | 035 276.3 5.0 2835 | 13.0 3437 | 1113 | 2763 5.0 NA

12ZA93-

77 252 | 14968 0.7 1907 | 6.1 032 | 6.1 | 00439 | 09 | 0.14 276.7 23 279.6 | 15.0 3045 | 1386 | 2767 23 NA

12ZA93-

100 106 1401 0.7 19.10 | 115 032 | 118 | 00441 | 28 | 024 278.2 7.6 280.6 | 29.0 300.5 | 2629 | 2782 7.6 NA

12ZA93-

46 243 | 23337 2.0 1904 | 36 032 | 38 | 00442 | 13 | 034 278.6 35 281.8 93 3084 | 813 | 2786 35 NA

12ZA93-

19 480 2119 0.7 1876 | 5.6 033 | 61 | 00448 | 23 | 038 282.7 6.3 2892 | 153 3420 | 1271 | 2827 6.3 NA

12ZA93-

88 344 3401 1.2 1881 | 5.6 034 | 58 | 00459 | 1.7 | 030 289.6 4.9 2948 | 149 3364 | 1259 | 2896 4.9 NA

12ZA93-

71 177 | 20276 1.2 1913 | 55 034 | 57 | 00471 | 11 | 019 296.6 3.1 296.7 | 145 2969 | 1267 | 296.6 3.1 NA

12ZA93-

80 66 2950 13 17.07 | 182 041 | 183 | 00512 | 1.6 | 0.09 3217 4.9 3512 | 543 5512 | 4005 | 3217 4.9 NA

12ZA93-

63 280 | 41750 72 1720 | 3.1 051 | 45 | 00634 | 32 | 072 3961 | 125 417.1 | 154 5352 | 682 | 3961 | 125 NA

12ZA93-

20 297 | 75183 1.5 1740 | 21 057 | 23 | 00717 | 1.0 | 041 446.4 42 456.8 8.6 509.6 | 469 | 4464 42 | 876

12ZA93-

21 117 | 31865 0.8 1741 | 70 058 | 7.7 | 00732 | 33 | 043 4552 | 146 4642 | 2838 509.0 | 1537 | 4552 | 146 | 894

12ZA93-

41 150 | 44217 2.8 1847 | 26 056 | 34 | 00748 | 22 | 065 4648 | 10.0 4502 | 125 376.6 | 587 | 4648 | 10.0 | 1234

12ZA93-

9 271 | 91208 1.4 1733 | 20 060 | 35 | 00749 | 29 | 082 465.6 | 13.1 4747 | 134 5190 | 441 | 4656 | 131 | 897
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Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

12ZA93-

9 56 | 11867 1.2 2126 | 26.5 049 | 270 | 00751 | 49 | 018 466.6 | 223 402.8 | 90.0 514 | 6434 | 4666 | 223 | 9073

12ZA93-

56 342 | 63692 1.1 1775 | 14 059 | 43 | 00757 | 41 | 095 4701 | 186 4693 | 162 4655 | 305 | 4701 | 186 | 101.0

12ZA93-

33 273 5376 0.9 1717 | 64 061 | 70 | 00761 | 30 | 042 4728 | 136 484.1 | 271 5382 | 1394 | 4728 | 136 | 878

12ZA93-

48 278 | 75186 2.9 1776 | 1.6 059 | 28 | 00763 | 23 | 082 473.7 | 104 4720 | 104 4639 | 350 | 4737 | 104 | 102.1

12ZA93-

18 140 | 23750 23 18.00 | 24 058 | 26 | 00763 | 09 | 035 4742 4.1 4674 9.7 4341 | 541 | 4742 41 | 1092

12ZA93-

47 316 | 38417 15 1752 | 15 060 | 25 | 00764 | 2.0 | 0380 474.8 9.1 478.1 95 4943 | 333 | 4748 9.1 | 96.1

12ZA93-

50 339 | 98352 1.7 17.75 L5 060 | 23 | 00768 | 1.7 | 076 476.7 8.0 474.7 8.7 465.1 | 330 | 4767 8.0 | 1025

12ZA93-

94 541 | 75117 34 1644 | 34 064 | 46 | 00769 | 32 | 0.69 4773 | 146 5051 | 185 6329 | 727 | 4773 | 146 | 754

12ZA93-

78 124 | 14610 1.6 1747 | 36 061 | 39 | 00772 | 15 | 039 479.2 7.1 4830 | 150 5009 | 792 | 4792 7.1 | 957

12ZA93-

61 53 | 14311 L6 18.76 | 104 057 | 108 | 00772 | 2.7 | 025 4797 | 125 4565 | 39.7 3417 | 2368 | 4797 | 125 | 1404

12ZA93-

12 261 59577 1.8 17.50 | 2.1 061 | 27 | 00773 | 1.6 | 062 480.1 7.6 4830 | 102 496.7 | 46.1 | 480.1 76 | 966

12ZA93-

52 166 | 29631 3.1 1750 | 27 062 | 39 | 0078 | 27 | 071 4898 | 128 4912 | 150 4976 | 604 | 4898 | 128 | 984

12ZA93-

25 395 | 103108 0.9 1708 | 15 068 | 29 | 00848 | 25 | 085 5248 | 124 5206 | 119 5504 | 331 | 5248 | 124 | 954

12ZA93-

32 571 13272 1.7 1701 | 09 071 | 25 | 00873 | 23 | 093 539.5 | 12.1 5432 | 106 558.8 | 201 | 5395 | 121 | 965

12ZA93-

60 194 | 15461 1.9 1685 | 23 073 | 33 | 00895 | 24 | 073 5527 | 128 558.0 | 142 5798 | 489 | 5527 | 128 | 953

12ZA93-

15 331 87121 4.1 1688 | 13 073 | 21 | 0089 | 1.6 | 077 555.0 8.4 559.3 8.8 5764 | 284 | 5550 84 | 963

12ZA93-

64 253 | 55523 5.6 17.18 | 24 073 | 32 | 00906 | 22 | 068 5589 | 117 5548 | 137 5380 | 514 | 5589 | 117 | 1039

12ZA93-

58 153 | 10565 13 1673 | 33 075 | 44 | 00910 | 29 | 0.66 5613 | 158 568.1 | 194 5954 | 725 | 5613 | 158 | 943

12ZA93-

51 414 | 184452 13 16.65 L5 080 | 23 | 00962 | 1.7 | 075 591.9 9.6 5949 | 102 6063 | 328 | 5919 96 | 976

12ZA93-

35 72 | 40338 1.8 1675 | 2.7 082 | 52 | 01000 | 44 | 085 614.6 | 26.0 609.9 | 238 5923 | 583 | 6146 | 260 | 1038

12ZA93-

11 364 | 181662 1.6 1609 | 14 087 | 37 | 01020 | 34 | 092 6260 | 203 637.6 | 174 6788 | 300 | 6260 | 203 | 922

12ZA93-

76 289 | 127733 L5 1624 | 18 08 | 1.8 | 01053 | 03 | 017 645.2 1.9 648.5 8.8 660.0 | 386 | 6452 19 | 978

12ZA93-

36 75 | 45191 2.6 1589 | 29 092 | 78 | 01055 | 72 | 093 6465 | 444 659.9 | 378 7058 | 618 | 6465 | 444 | 916

12ZA93-

75 418 | 162164 | 14.6 16.03 11 091 14 | 01057 | 09 | 0.60 647.8 52 656.7 6.9 6872 | 244 | 6478 52 | 943

12ZA93-

44 346 6865 8.1 1525 | 23 096 | 59 | 01060 | 54 | 092 649.7 | 335 682.7 | 292 7933 | 476 | 6497 | 335 | 819

12ZA93-

54 459 | 276391 35 1629 | 06 090 | 2.1 | 01063 | 2.0 | 096 6514 | 124 651.6 | 10.0 6523 | 128 | 6514 | 124 | 999

12ZA93-

17 577 | 146639 9.0 1626 | 05 090 | 24 | 01065 | 24 | 098 6525 | 1438 653.6 | 118 6573 | 115 | 6525 | 148 | 993

12ZA93-

95 78 | 33822 15 1640 | 49 092 | 53| 01093 | 1.9 | 037 6685 | 123 661.7 | 256 6384 | 105.1 | 668.5 | 123 | 1047

12ZA93-

34 304 | 238260 11 1607 | 06 099 | 24 | 01149 | 24 | 097 7011 | 157 696.7 | 123 6823 | 127 | 7011 | 157 | 1028

12ZA93-

72 170 4014 2.1 1443 | 29 121 | 33 | 01264 | 1.7 | 050 767.1 | 119 804.0 | 183 907.8 | 588 | 767.1 | 119 | 845

12ZA93-

27 184 | 114060 32 1424 | 23 122 | 38 | 01264 | 30 | 080 767.6 | 219 811.7 | 213 9348 | 473 | 7676 | 219 | 821

12ZA93-

2 397 | 134529 2.1 1415 | 08 143 | 22 | 01471 | 20 | 092 884.5 | 164 902.7 | 129 947.6 | 173 | 9476 | 173 | 933

12ZA93-

6 129 | 61639 2.6 1402 | 18 151 | 31 | 01539 | 25 | 082 9225 | 218 9358 | 19.0 9670 | 367 | 967.0 | 367 | 954

12ZA93-

13 166 | 69585 2.7 1399 | 18 157 | 39 | 01593 | 35 | 089 953.0 | 31.0 958.5 | 243 9712 | 359 | 9712 | 359 | 98.

12ZA93-

79 120 | 12389 2.8 1379 | 20 163 | 24 | 01632 | 13 | 055 9746 | 119 982.7 | 150 | 1000.8 | 403 | 10008 | 403 | 974

12ZA93-

37 198 | 66641 22 1376 | 12 171 | 38 | 01703 | 3.6 | 095 | 10137 | 339 | 10109 | 243 | 10049 | 236 | 10049 | 236 | 100.9

12ZA93-

84 226 | 58658 8.8 1375 | 09 157 | 1.7 | 01562 | 15 | 085 9358 | 128 9572 | 108 | 1006.6 | 18.8 | 10066 | 188 | 93.0

12ZA93-

10 151 | 104672 2.6 1367 | 1.0 171 | 36 | 01696 | 34 | 096 | 10100 | 319 | 10128 | 228 | 10187 | 21.0 | 10187 | 21.0 | 99.1

12ZA93-

97 152 | 110859 2.8 1364 | 09 176 | 32 | 01740 | 3.1 | 096 | 10344 | 295 | 10306 | 209 | 10225 | 191 | 10225 | 19.1 | 1012

166




Best

Analysis U 206Pb | U/Th | 206Pb* | & | 207Pb* | & | 206Pb* | =+ | error | 206Pb* + 207Pb* + 206Pb* + age + Conc
(ppm) | 204Pb 207Pb* | (%) | 235U* | (%) | 238U | (%) | corr. | 238U* | (Ma) | 235U | (Ma) | 207Pb* | Ma) | (Ma) | (Ma) (%)

12ZA93-

49 189 | 23047 27 1362 | 27 1.60 | 56 | 01582 | 49 | 088 947.0 | 43.0 971.1 | 349 | 10262 | 545 | 10262 | 545 | 923

12ZA93-

82 144 | 55834 1.2 1353 | 15 1.81 17 | 01774 | 07 | 041 | 1053.0 67 | 10485 | 109 | 1039.0 | 305 | 1039.0 | 305 | 1013

12ZA93-

93 503 | 107912 1.9 1351 | 07 171 | 23 | 01678 | 22 | 095 999.7 | 206 | 10131 | 149 | 10420 | 143 | 10420 | 143 | 959

12ZA93-

28 63 | 24695 2.9 1348 | 20 172 | 25 | 01684 | 15 | 059 | 1003.1 | 137 | 10167 | 160 | 10461 | 403 | 1046.1 | 403 | 959

12ZA93-

53 282 | 199379 1.8 1342 | 09 179 | 16 | 01742 | 13 | 082 | 10353 | 123 | 10418 | 102 | 10554 | 182 | 10554 | 182 | 98.1

12ZA93-

29 210 | 53895 23 1326 | 0.6 190 | 31 | 01822 | 3.1 | 098 | 10792 | 305 | 1079.6 | 208 | 10803 | 125 | 10803 | 125 | 99.9

12ZA93-

30 326 | 157024 35 1321 | 07 1.81 1.0 | 01733 | 07 | 072 | 10303 70 | 1048.6 67 | 1087.1 141 | 1087.1 | 141 | 943

12ZA93-

86 182 | 142258 5.9 1315 | 1.0 189 | 22 | 01799 | 20 | 090 | 10662 | 196 | 10761 | 147 | 10962 | 19.1 | 10962 | 19.1 | 973

12ZA93-

98 307 | 92268 1.4 13.10 | 09 197 | 25 | 01871 | 23 | 093 | 11059 | 235 | 11050 | 167 | 11033 | 176 | 11033 | 17.6 | 1002

12ZA93-

81 145 | 115107 13 1286 | 15 206 | 1.9 | 01925 | 1.1 | 057 | 11348 | 111 | 11369 | 128 | 11410 | 305 | 11410 | 305 | 995

12ZA93-

39 141 61276 3.8 1279 | 11 208 | 24 | 01932 | 2.1 | 089 | 11388 | 222 | 11431 | 165 | 11513 | 221 | 11513 | 22.1 | 989

12ZA93-

45 127 | 61841 22 1274 | 08 215 | 1.7 | 01990 | 15 | 087 | 11702 | 156 | 11662 | 116 | 11589 | 163 | 11589 | 163 | 101.0

12ZA93-

67 296 | 158469 27 1154 | 06 200 | 15 | 02430 | 14 | 092 | 14024 | 172 | 13825 | 112 | 13521 112 | 13521 | 112 | 1037

12ZA93-

38 78 | 108380 13 1149 | 16 276 | 26 | 02303 | 20 | 079 | 13363 | 244 | 13456 | 192 | 13604 | 305 | 13604 | 305 | 982

12ZA93-

69 77 | 28139 22 1127 | 13 302 | 66 | 02465 | 65 | 098 | 14203 | 827 | 14115 | 505 | 13982 | 245 | 13982 | 245 | 1016

12ZA93-

70 109 | 49492 2.0 1016 | 08 375 | 1.0 | 02764 | 05 | 054 | 15734 73 | 15822 77 | 15940 | 151 | 15940 | 151 | 987

12ZA93-

83 127 | 76756 25 985 | 1.1 356 | 2.6 | 02544 | 24 | 091 | 14614 | 312 | 15407 | 208 | 16513 | 200 | 16513 | 200 | 885

12ZA93-

66 201 | 29324 6.7 874 | 04 523 | 22 | 03314 | 22 | 098 | 18453 | 349 | 18578 | 189 | 18717 8.0 | 18717 80 | 986

12ZA93-

43 236 | 45147 1.6 767 | 05 674 | 38 | 03746 | 3.7 | 099 | 20508 | 658 | 20773 | 334 | 21037 32 | 21037 82 | 975

12ZA93-

40 140 | 209045 1.6 537 | 06 1385 | 78 | 05393 | 7.8 | 1.00 | 27804 | 175 | 27393 | 738 | 27092 9.3 | 2709.2 93 | 102:6
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Appendix B: Ecca/Beaufort Sandstone Composition

Sample Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
12ZA13

Total 230 201 35 88 48 36 4 82 74 5 3
Total/400 0.575 | 0.5025 0.0875 0.22 0.12 0.09 0.01 | 0.205 0.185 | 0.01 | 0.008
Relative % 57.5 50.25 8.75 22 12 9 1 20.5 185 | 1.25 0.75
137Z.A68 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 191 159 32 66 35 26 5 143 125 16 2
Total/400 0.4775 | 0.3975 0.08 0.165 | 0.0875 0.065 | 0.0125 | 0.358 | 0.3125 | 0.04 | 0.005
Relative % 47.75 39.75 8 16.5 8.75 6.5 1.25 | 35.75 31.25 4 0.5
13ZA71 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 215 199 16 85 53 32 5 101 85 11 4
Total/400 0.5375 | 0.4975 0.04 | 0.2125 | 0.1325 0.08 | 0.0125 | 0.253 | 0.2125 | 0.03 0.01
Relative % 53.75 49.75 4 21.25 13.25 8 1.25 | 25.25 2225 | 275 1
13ZA72 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 236 206 30 106 43 55 8 58 37 17 4
Total/400 0.59 0.515 0.075 0.265 | 0.1075 | 0.1375 0.02 | 0.145 | 0.0925 | 0.04 0.01
Relative % 59 51.5 7.5 26.5 10.75 13.75 2 14.5 9.25 | 425 1
13ZA73 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 228 193 35 76 49 24 3 96 65 27 4
Total/400 0.57 | 0.4825 0.0875 0.19 | 0.1225 0.06 | 0.0075 0.24 | 0.1625 | 0.07 0.01
Relative % 57 48.25 8.75 19 12.25 6 0.75 24 16.25 | 6.75 1
13ZA74 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 188 165 23 117 54 60 3 95 71 22 2
Total/400 0.47 | 0.4125 0.0575 | 0.2925 0.135 0.15 | 0.0075 | 0.238 | 0.1775 | 0.06 | 0.005
Relative % 47 41.25 5.75 29.25 13.5 15 0.75 | 23.75 17.75 5.5 0.5
13ZA78 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 168 154 14 125 45 78 2 107 73 30 4
Total/400 0.42 0.385 0.035 | 0.3125 | 0.1125 0.195 0.005 | 0.268 | 0.1825 | 0.08 0.01
Relative % 42 38.5 3.5 31.25 11.25 19.5 0.5 | 26.75 18.25 7.5 1
127Z.A26 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm
Total 180 144 36 104 58 41 5 116 107 6 3
Total/400 0.45 0.36 0.09 0.26 0.145 | 0.1025 | 0.0125 0.29 | 0.2675 | 0.02 | 0.008
Relative % 45 36 9 26 14.5 10.25 1.25 29 26.75 1.5 0.75
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13Z.A86 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 157 145 12 126 65 59 2 117 81 30 6
Total/400 0.3925 | 0.3625 0.03 0.315 | 0.1625 | 0.1475 0.005 | 0.293 | 0.2025 | 0.08 | 0.015
Relative % 39.25 36.25 3 31.5 16.25 14.75 0.5 | 29.25 20.25 7.5 1.5
13ZA87 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 172 155 17 115 68 47 1 113 90 18 5
Total/400 0.43 | 0.3875 0.0425 | 0.2875 0.17 | 0.1175 | 0.0025 | 0.283 0.225 | 0.05 | 0.013
Relative % 43 38.75 4.25 28.75 17 11.75 0.25 | 2825 22.5 4.5 1.25
13ZA88 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 186 173 13 94 51 40 3 120 98 22 0
Total/400 0.465 | 0.4325 0.0325 0.235 | 0.1275 0.1 | 0.0075 0.3 0.245 | 0.06 0
Relative % 46.5 43.25 3.25 23.5 12.75 10 0.75 30 24.5 5.5 0
13ZA90 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 183 162 21 137 54 80 3 80 71 8 1
Total/400 0.4575 0.405 0.0525 | 0.3425 0.135 0.2 | 0.0075 0.2 | 0.1775 | 0.02 | 0.003
Relative % 45.75 40.5 5.25 34.25 13.5 20 0.75 20 17.75 2 0.25
13Z.A91 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 156 142 14 146 79 61 6 98 84 10 4
Total/400 0.39 0.355 0.035 0.365 | 0.1975 | 0.1525 0.015 | 0.245 0.21 | 0.03 0.01
Relative % 39 355 3.5 36.5 19.75 15.25 1.5 24.5 21 2.5 1
13ZA92 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 168 151 17 123 73 45 5 109 88 20 1
Total/400 042 | 0.3775 0.0425 | 0.3075 | 0.1825 | 0.1125 | 0.0125 | 0.273 0.22 | 0.05 | 0.003
Relative % 42 37.75 4.25 30.75 18.25 11.25 1.25 | 27.25 22 5 0.25
13ZA93 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 213 176 37 93 58 32 3 94 83 11 0
Total/400 0.5325 0.44 0.0925 | 0.2325 0.145 0.08 | 0.0075 | 0.235 | 0.2075 | 0.03 0
Relative % 53.25 44 9.25 23.25 14.5 8 0.75 23.5 20.75 | 2.75 0
09-BL-A1 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 166 153 13 114 63 44 7 120 92 19 9
Total/400 0.415 | 0.3825 0.0325 0.285 | 0.1575 0.11 | 0.0175 0.3 0.23 | 0.05 | 0.023
Relative % 41.5 38.25 3.25 28.5 15.75 11 1.75 30 23 | 4.75 2.25
09-BL-C1 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 173 161 12 90 67 20 3 137 99 34 4
Total/400 0.4325 | 0.4025 0.03 0.225 | 0.1675 0.05 | 0.0075 | 0.343 | 0.2475 | 0.09 0.01
Relative % 43.25 40.25 3 22.5 16.75 5 0.75 | 34.25 24.75 8.5 1
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09-BL-E1 Qt Qm Qp Ft Fpu Fpt Fk Lt Ls Lv Lm

Total 159 140 19 130 57 69 4 111 79 31 2
Total/400 0.3975 0.35 0.0475 0.325 | 0.1425 | 0.1725 0.01 | 0.278 | 0.1975 | 0.08 | 0.005
Relative % 39.75 35 4.75 325 14.25 17.25 1| 27.75 19.75 | 7.75 0.5
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