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Abstract

The Haib porphyry copper deposit is situated in the Richtersveld Subprovince and is host to unique Palaeoproterozoic
porphyry copper mineralisation in Namibia. Several lines of evidence, including machine-learning geothermobarometry,
indicate that the deposit is exposed at mid- to upper-crustal levels, as constrained from average pressure and temperature
estimates of 4 kbar and 870°C, respectively. The Haib porphyry copper deposit is associated with, and is in close proximity
to, a mafic-ultramafic intrusion named the Kokerboom Intrusion (KI) in this study. Together with several other mafic
intrusions in this region, these intrusions are known collectively as the Vuurdood Subsuite of the Richtersveld Subprovince.
The purpose of this study is to demonstrate a genetic link between the KI and the Vuurdood Subsuite using lithological
characteristics, mineral and alteration assemblages, major and trace element geochemistry and U-Pb geochronology.
Pyroxenites from the KI contain magmatic sulphides and have a geochemical affinity with shallow plutonic and volcanic
rocks of the Haib porphyry, providing a unique mid-crustal perspective on porphyry copper deposit metallogenesis.
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ASSESSING THE GEOLOGICAL RELATIONSHIPS BETWEEN THE MAFIC-ULTRAMAFIC INTRUSION IN THE HAIB AREA

AND THE VUURDOOD SUBSUITE, RICHTERSVELD SUBPROVINCE

Introduction

Palacoproterozoic igneous rocks form a large magmatic arc
complex known as the Richtersveld Magmatic Arc (RMA), which
is well exposed in the lower Orange River region of South Africa
and Namibia (Macey et al., 2017). Recent studies have provided
evidence for its formation during the period between 1910 and
1865 Ma, with subsequent incorporation into a Mesoproterozoic
continental assembly, now preserved in the Namaqua-Natal
tectonic province (Macey et al., 2017 and references therein). The
RMA consists of a volcanic succession (the Orange River Group)
intruded by a mainly granitic batholith (the Vioolsdrif Suite), with
compositions ranging from ultramafic to felsic (Figure 1). The
ultramafic end member of the Vioolsdrif Intrusive Suite (VIS)
is known as the Vuurdood Subsuite. Epiclastic sedimentary
lithologies occur locally, interpreted as reworked lavas and
welded tuffs and products of erosion and re-deposition of exhumed
granitic members of the batholith, and also as extraneous
transported material tectonically juxtaposed during Meso- and
Neoproterozoic orogenesis (Macey et al., 2017). The VIS of the
RMA hosts the Haib porphyry copper deposit (Figure 2). This
deposit is unique as it may be the only known occurrence of this
specific style of mineralisation in southern Africa and one of the
few occurrences globally of Precambrian porphyry copper
mineralisation (Meng et al., 2021).

The current study focuses on mafic-ultramafic intrusions that
occur throughout the batholith, as numerous, relatively small
intrusions (Figures 1 and 2). Many of them appear to have been
emplaced before, and subsequently disrupted by, later granitic
intrusions of the VIS (Reid and Minnaar, 2021). They have been
assigned to a lithostratigraphic unit known as the Vuurdood

Subsuite of the VIS. Much of our knowledge of these early
mafic-ultra mafic components of the batholith has been confined
to localities in the Vioolsdrif area of South Africa, but several
intrusions have now been identified in the vicinity of the Haib
copper deposit in Namibia. This paper assesses the petrogenetic
links (if any) between the mafic-ultramafic intrusions associated
with mineralisation of the Haib deposit and the known
intrusions of the Vuurdood Subsuite, using petrography, major
and trace element geochemistry, as well as U-Pb ages
determined for these units.

Geological setting

The Mesoproterozoic (~1.1 Ga) Namaqua-Natal Province (NMP)
is a major orogenic belt that extends from Luderitz on the west
coast of Namibia to the eastern (KwaZulu-Natal) coast of South
Africa. It comprises igneous and metamorphic rocks that formed
or experienced metamorphism during the Namaqua Orogeny
(Cornell et al., 2006; Macey et al., 2017; van Niekerk et al., 2022).
The Namaqua “Sector” of the Namaqua-Natal Province consists of
five tectono-stratigraphic terranes, namely (from west to east) the
Richtersveld and Bushmanland subprovinces, and the Kakamas,
Areachap and Kaaien domains (Cornell et al., 2006; Macey et al.,
2017). The westernmost Richtersveld Subprovince is composed of
the oldest (Palacoproterozoic) supracrustal rocks in the NMP. It is
tectonically bounded by the Bushmanland Subprovince and
Kakamas Domain by thrusts or subvertical shear zones (Cornell
et al., 2006; Macey et al., 2017). In the west, southeast-directed
thrust and transpressive shear zones transported part of the
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Figure 1. Simplified geological map of the Richtersveld Magmatic Arc (RMA) in the Vioolsdrif-Haib area, showing the distribution of the Orange River
Group (ORG), Vioolsdrif Intrusive Suite (VIS) and the main localities of the Vuurdood Subsuite (Minnaar and Reid, 2021). Inset shows the position of
map with reference to the Namagqua-Natal tectonic province and the Kaapvaal Craton. The RMA is located in the north-western section of the Namaqua-
Natal tectonic province. In this study, the Kokerboom Intrusion (KI) is comprehensively sampled and compared with literature data from the Vuurdood

Subsuite in the Northern Cape Province of South Africa.
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Figure 2. Geological map of the Haib porphyry copper-molybdenum deposit with sample locations from this study. Map modified from Minnitt (1979)

and Meng et al. (2021).

Neoproterozoic Gariep Group over the Richtersveld Subprovince
during the “Pan-African” orogeny (Cornell et al., 2006; Macey
etal., 2017). The Richtersveld Subprovince covers an area of
approximately 29 000 km? and forms an approximately 200 km-
wide, wedge-shaped crustal block, composed of calc-alkaline
volcanic and plutonic rocks (including the poorly-studied mafic-
ultramafic intrusions of the Vuurdood Subsuite) that were formed
in an island-arc setting (Reid et al., 1987; Reid, 1997; Cornell et al.,

2006; Macey et al., 2017). According to Joubert (1986) and Macey

et al. (2017), the Richtersveld Subprovince is composed of two

zones of different tectono-metamorphic domains:

* a western section, known as the Vioolsdrif Domain, composed
of Palaeoproterozoic rocks that underwent greenschist-facies
metamorphism and were not pervasively reworked during
the Namaqua Orogeny, and

* an eastern section, known as the Pella Domain, composed
of Palaeoproterozoic rocks that were pervasively overprinted
during the Namaqua Orogeny.

The Haib porphyry copper-molybdenum deposit is situated in
the former and is host to disseminated, vein- and shear-zone-
localised copper mineralisation (Minnitt, 1979; Minnitt, 1986;
Barr and Reid, 1992; Colliston and Schoch, 2000; Walker and
Richards, 2018; Vermond, 2019). The shear-zone-localised
mineralisation is associated with early dark micaceous veins
(EDM veins) (Meng et al., 2021). Argillic and propylitic alteration
assemblages are missing, instead potassic and chlorite-sericite
alteration is dominant (Minnitt, 1979; Minnitt, 1986; Vermond,
2019; Meng et al., 2021).

Lithostratigraphy

The Richtersveld Subprovince consists of an older volcano-
sedimentary sequence, the Orange River Group (ORG), which
was intruded by an extensive composite and cogenetic suite of
plutonic rocks, the VIS (Minnitt 1979, 1986). The age range for
the Richtersveld Subprovince is between approximately 1910 to
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1865 Ma, based on U-Pb geochronology on zircon and rutile
(Meng et al., 2021). The ORG is composed of subaerial volcanic
rocks ranging in composition from basaltic andesite to rhyolite,
and cogenetic pyroclastic rocks, including ignimbrite and
welded lapilli tuff (Figure 2; Reid 1977; Reid, 1979a, 1979b, Minnitt,
1986; Reid et al., 1987; Cornell et al., 2006; Macey et al., 2017,
Meng et al., 2021). The VIS is composed of mafic-ultramafic
intrusions, diorite, tonalite, granodiorite, monzogranite, quartz-
feldspar porphyry (QFP) granodiorite and leucogranite (Figure 2;
Reid 1977; Reid, 1979a, 1979b, Minnitt, 1986; Reid et al., 1987;
Cornell et al., 2006; Macey et al., 2017; Meng et al., 2021). The
ORG has been subdivided into two subgroups, the De Hoop
and the Haib subgroups, within which several formations are
recognised (Reid, 1979a; Cornell et al., 2006; Minnaar, 2012;
Macey at al., 2017). In the Haib area, the Haib Subgroup of the
ORG has been further subdivided into the basal volcanic
Tsams Formation and the overlying volcanic Nous Formation
(Blignault, 1977; Minnitt, 19806).

Within this lithostratigraphic framework, the Haib porphyry
copper deposit is hosted by the coeval and comagmatic ORG
and VIS (Minnitt, 1979 and Minnitt, 1986). The volcanic rocks,
belonging to the Tsams Formation of the ORG, are interlayered
aphyric rhyolites, phyric rhyolites, plagioclase-phyric andesites
and mafic tuffs. The plutonic rocks, represented by a composite
plutonic mass belonging to the VIS, intrude the volcanic rocks
of the Tsams Formation. The VIS is subdivided into several
subunits, known as the Vuurdood Subsuite (mafic-ultramafic),
Gaobis Diorite, Khoromus Porphyry, Goodhouse Subsuite
(Granodiorite) and the Ramansdrif Alkali Granite (Minnitt, 1979,
1986). It is the poorly-described clinopyroxenites and gabbros
of the Vuurdood Subsuite that form the subject of this work,
which are named the Kokerboom Intrusion in this study.

The Vuurdood Subsuite

The mafic-ultramafic rocks of this subsuite are geologically
important but volumetrically minor (Minnitt, 1979; Reid, 1987,
Reid and Minnaar, 2021). These mafic-ultramafic intrusions are
predominantly exposed in the Northern Cape province (South
Africa), but extend into southern Namibia (Figure 1; Minnitt,
1979; Reid and Minnaar, 2021). The intrusions are recognised
in the field by their distinct dark colour and resistance to erosion
(Reid and Minnaar, 2021).

The Vuurdood Subsuite consists of lithologically composite
intrusions, predominantly composed of meta-gabbroic rocks
with minor (~25%) peridotites and pyroxenites. The intrusions
vary in size and shape, ranging from about 100 m to about 2 km
across (Minnaar, 2011; Reid and Minnaar, 2021). The rocks are
metamorphosed to amphibolite grade. The peridotites have been
serpentinised with variable amounts of secondary amphibole and
chlorite present. The gabbros and pyroxenites have been altered
to coarse-grained amphibolites, the primary magmatic pyroxene-
plagioclase assemblage has been replaced by actinolite-
hornblende, secondary plagioclase, epidote, chlorite and quartz
(Reid, 1987; Minnaar, 2011; Reid and Minnaar, 2021). In the Haib
area, apparently similar rocks are located east of the Haib
copper prospect and constitute several distinct gabbroic
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intrusions (Figures 1 and 2). For the purposes of this study, and
following the practice of naming discrete ultramafic intrusions
of the Vuurdood Subsuite, the mafic-ultramafic units in the
Haib area will be referred to as the Kokerboom Intrusion (KD).
The main intrusion in the Haib area is predominantly composed
of gabbros and is pervasively intruded by leucogranite dykes
and veins.

There are no published age data for the Vuurdood Subsuite
but other rocks from the Vioolsdrif Domain of the RMA have
been dated. The previous radiometric ages for the Vioolsdrif
Domain of the RMA have been presented by Reid (1987),
Grumbley (2015), Macey et al. (2017) and Meng et al. (2021)
(Table 1 of the Supplementary Material). (Supplementary data
files are archived in the South African Journal of Geology
repository (http://doi.org/10.25131/sajg.127.0011.sup-mat)). Meng
et al. (2021) conducted ID-TIMS U-Pb geochronology on zircon
and rutile from the intermediate-felsic rocks of the VIS; results
show that the RMA formed between 1881 to 1886 Ma, taking
the 26 uncertainty into account (Meng et al., 2021). This paper
presents the first U-Pb zircon age data for the ultramafic to mafic
component of the VIS known as the Vuurdood Subsuite.

Methodology

Details of the analytical procedures, including whole rock XRE,
ICPMS, mineral liberation and zircon LA-SF-ICPMS as well as
geothermobarometry, are detailed in the supplementary
material. Analytical data are reported in Tables 2 and 3 of the
supplementary material.

The Kokerboom Intrusion (KI) in the Haib area

The rocks show a range of mineralogical types, including
gabbro (95%) and clinopyroxenites (5%). Clinopyroxenites are
coarse-grained (~4 mm), dark grey-green, massive, composed
of clinopyroxene altered to fibrous-granular actinolite, and
contain disseminated and massive sulphides (chalcopyrite)
(Figure 3a). Gabbros are coarse-grained (3 mm), grey-coloured
with a distinct speckled appearance, equigranular and consist
of pyroxene and plagioclase (Figure 3b).

Several intrusions are located east of the Haib River (Figure 1
and 2). The largest is ~2 km in diameter, predominantly gabbroic
in composition, with grain-size and modal variations on the
outcrop scale (Figure 3b). The contacts with the surrounding
granodiorite are sharp, sheared or show signs of assimilation
(Figure 4a to ). The KI is composed of clinopyroxenites and
gabbros. The intrusion is pervasively intruded by leucogranitic
dykes as well as minor leucogranitic veins. Distinct mingling
textures can be observed along the contacts between the
surrounding granodiorite and the gabbroic intrusion (Figure 4c¢).

Alteration is pervasive throughout the mafic-ultramafic
complex and thus classification is based on the preserved
primary mineral phases as opposed to the altered mineral
assemblages.
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Figure 3. The plutonic lithologies of the Viooldrif Intrusive Suite (VIS) in the Haib area. (a) Coarse-grained clinopyroxenite hand samples. (b) Gabbros

showing grain-size variations on the outcrop scale. Certain sections of the outcrop are darker depicting a coarser grain size. (c) Distinctly speckled and

equigranular gabbros.

Figure 4. The contacts of the main gabbroic body with the surrounding granodiorite. (a) A distinct sharp contact. (b) northwest-southeast-trending

sheared contact. (¢) Diffuse contact with mingling textures.

Gabbro

The gabbro is medium- to coarse-grained (~3 mm), equigranular
and composed of plagioclase (60%), clinopyroxene (20%),
hornblende-actinolite (10%), quartz (7%), apatite (2%), rutile,
sphene and magnetite (1%) (Figures 5a and 6a). Cumulus
clinopyroxene is replaced by hornblende-actinolite-chlorite-
epidote pseudomorphs. Primary stubby prisms of hornblende/
actinolite are altered to chlorite and epidote, whereas
plagioclase is pervasively altered to sericite and epidote and
displays a myrmerkitic texture (Figure 5a). Intercumulus,
primary hornblende contains inclusions of magnetite, rutile and
quartz. Hornblende/actinolite exhibits exsolution lamellae or
simple twinning. Quartz is anhedral and displays a distinct

undulose extinction. Magnetite occurs as distinct bleb-like and
disseminated grains.

Clinopyroxenite

The clinopyroxenite is coarse-grained (~4 mm), massive and
composed predominantly of cumulus clinopyroxene (95%),
altered to fibrous-granular actinolite with minor chlorite-epidote-
hornblende (3%), rutile, sphene and sulphides (2%) (Figure 5¢
and 6¢). Actinolite has a fibrolite texture and shows exsolution
lamellae and simple twinning. Actinolite is altered to chlorite
and epidote. Magnetite is disseminated throughout and is
associated with rutile, sphene, chlorite and actinolite. Sulphides
in the clinopyroxenite occur as coarse (~2 mm) bleb-like
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aggregates of chalcopyrite rimmed by chalcocite-covellite
assemblages, which are subsequently rimmed by haematite-
magnetite-ilmenite assemblages (Figure 5¢).

Below the new data for the mafic-ultramafic intrusion (in
Namibia) will be supplemented and compared with literature
data for Vuurdood Subsuite, which is the mafic component of
VIS in South Africa.

Major and trace element geochemistry
The SiO,, ALO,, Fe,0,, CaO, TiO,, Na,O and K,O versus Mg#

diagrams show a general increase and a subsequent decrease
in concentration from the primitive to more evolved lithologies

of the mafic-ultramafic intrusion and Vuurdood Subsuite (Figure 7).
The only exception occurs in peridotite and gabbro, where the
AL O, contents decrease between Mg# 90 to 40 (Figure 7). For
the mafic-ultramafic intrusion, the clinopyroxenite has the lowest
concentrations of Al,O,, CaO, TiO,, Na,0 and K,O and the
highest Mg#, whereas Al,O;, CaO, TiO,, Na,0O and K,O
concentrations for the gabbro is higher, showing overall lower
Mg# values. For the Vuurdood Subsuite from literature, the
peridotite has the lowest TiO,, Al,O,and CaO concentrations
and the highest Mg#, whereas the Al,O,and CaO concentrations
for the pyroxenite and gabbro from literature show a broad
range (Figure 7). The AFM diagram illustrate a continuum of
compositions from the mafic-ultramafic to felsic units of the RMA

Figure 5. Plane polarised light (PPL) and cross polarised light (XPL) photomicrographs of gabbro (a), and clinopyroxenite (b) of the mafic-ultramafic

intrusion. (a) Primary stubby prisms of clinopyroxene are altered to hornblende (hbl), chlorite and epidote whereas plagioclase is pervasively altered to

sericite and epidote and displays a myrmerkitic texture. (b) Sulphides in the clinopyroxenite. Fibrous-granular actinolite is evident. Primary clinopyroxene

is altered to actinolite with minor chlorite and epidote and bas inclusions of magnetite (mag). Opaque material is prevalent in the reflected (REF) light

image. (c) Chalcopyrite (ccp) is being replaced by covellite (cv) and are rimmed by baematite-magnetite-ilmenite assemblages.
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Figure 6. False-colour maps produced using the Tescan Automated Mineral Analyser (TIMA) of representative thin sections for the gabbros (a), and

clinopyroxenites (b). Modal abundances of plagioclase decrease from the gabbros to clinopyroxenites. From the mineral liberation maps the non-cotectic

proportions of dominant mineral phases are clear.

(Figure 8). The felsic plutonic units of the RMA plot in the calc-
alkaline trend of the diagram whereas, the mafic units plot in
both the calc-alkaline and tholeiitic trends of the diagram (Figure
8a and b). The quartz-feldspar-porphyry granodiorites of the
Khoromus porphyry of the VIS are the host rocks of the Haib
deposit. The section of the AFM diagram illustrating the various
rock types constituting the mafic-ultramafic intrusion (Figure 8b)
shows that the clinopyroxenite from the mafic-ultramafic
intrusion plots in the tholeiitic trend , whereas the gabbro plots
in both the calc-alkaline and tholeiitic trends (Figure 8). The
AFM diagram also illustrates the various rock types constituting
the Vuurdood Subsuite for comparison (Figure 8b) and shows
that the peridotite and pyroxenite from literature plot distinctly
in the tholeiitic trend, whereas the gabbro from literature plots
in both the calc-alkaline and tholeiitic trends (Figure 8). In
addition, the AFM diagrams shows that the mafic-ultramafic

intrusion and the Vuurdood Subsuite overlap with average
compositions of deep crustal cumulates from continental and
island arc environments (Chin et al., 2018). The more evolved
composition of the mafic-ultramafic intrusion and Vuurdood
Subsuite trend towards the calc-alkaline array of the felsic and
intermediate components of the VIS.

Chondrite-normalised REE patterns for the various rock
types constituting the mafic-ultramafic intrusion are relatively
flat, with lower abundances for the clinopyroxenite. The gabbro
has slightly elevated concentrations and minor negative
Eu anomalies (Figure 9a). Mid-oceanic ridge basalt (MORB)-
normalised, multi-element variation patterns for the various
rocks of the mafic-ultramafic intrusion show a distinct
decoupling between the large ion lithophile elements (LILE) and
high field strength elements (HFSE) (Figure 9b). The LILE are
elevated relative to the HFSE. A distinct variation is observed
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Figure 9. (a) Chondrite-normalised (Anders and Grevesse, 1988) REE patterns for the various rock types of the mafic-ultramafic intrusion:

clinopyroxenites have relatively flat patterns, whereas the gabbros show LREE enrichment and minor Eu anomalies, both rock types bave very similar

patterns, Eu anomalies are identical within uncertainties. (b) Mid ocean ridge basalt (MORB)-normalised (White, 2005) multi-element patterns for the

various rock types constituting the mafic-ultramafic intrusion and the average Vuurdood Subsuite. The MORB-normalised multi-element patterns for

the mafic-ultramafic intrusion and average Vuurdood Subsuite overlap.

between the clinopyroxenite and gabbro of the mafic-ultramafic
intrusion, including: A systematic increase in LILE, and a decrease
in Ti. The average MORB-normalised multi-element variation
patterns for the mafic-ultramafic intrusion overlap with the
Vuurdood Subsuite (Figure 9b).

Machine learning geothermobarometry

A novel machine learning geothermobarometric method was
applied in this work to estimate pressure and temperature of
crystallisation/equilibration. A detailed explanation of this
method is described in Supplementary Information File 6, but
broadly involves a machine learning algorithm used to estimate
pressure and temperature of clinopyroxene and amphibole
crystallisation (Jorgenson et al., 2022; Higgins et al., 2022).
This approach, when conducted on geochemical data from
pyroxenes and amphiboles from the Vuurdood Subsuite
pyroxenites, yield average pressure and temperature estimates
of ~4 kbar and 870°C respectively with pressure and temperature
ranges from ~1.5 to 7 kbar and ~800 to 900°C (Figure 10). Table 1
shows the average P-T estimates for the Vuurdood Subsuite and
the Arizona arclogites (sub-arc residual eclogite facies
assemblages dominated by clinopyroxene-garnet-amphibole and
iron-titanium oxides) and Tongling cumulates from literature for
comparison. The Arizona arclogites represent lower crustal
material from a Phanerozoic arc and the Tongling cumulates
represents rare cumulate material associated with a Phanerozoic

porphyry deposit (Chang and Audetat, 2018; Chen et al., 2020).

Geochronology of the Kokerboom Intrusion (KI),
diorite, and granodiorite

Zircons (~70 to 100 pm in size) separated from gabbro,
clinopyroxenite, diorite and granodiorite are euhedral to
subhedral, generally stubby to elongate in morphology, show
no distinct core and rim domains based on CL imaging and
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Figure 10. P-T graph showing the resulls from the machine learning
geothermobarometry conducted on pyroxenes and hornblende grains
Jfrom the Vuurdood Subsuite pyroxenites. Pressure and lemperature, when
including procedural uncertainty, ranges, from ~1.5 to 7 kbar and ~800

to 900°C, respectively.

Table 1. Average pressure and temperature estimates for the Vuurdood

Subsuite pyroxenites, Arizona arclogites and Tongling cumulates.

Cumulates Pressure Temperature
Vuurdood Subsuite pyroxenites 4 kbar 870°C
Arizona arclogites 25 kbar 725°C
Tongling cumulates 4.7 kbar 980°C

contain inclusions of apatite. Thirty-eight U-Pb isotopic analyses
on zircons from the gabbro sample (AJ-21-04) provide a
concordia age of 1 878 + 3 Ma (MSWD = 0.44) (Figure 11a).
Thirty-two analyses on zircons from another gabbro sample
(AJ-21-23) yielded a concordia age of 1 883 + 6 Ma (MSWD = 0.71)
(Figure 11b). Thirty-five analyses on zircons from the
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clinopyroxenite sample (AJ-21-29) yield a concordia age of 1 893
+ 6 Ma (MSWD = 0.95) (Figure 11¢). The analyses on the
29 zircons from the granodiorite in contact with the gabbroic
intrusion (AJ-21-28) provide a concordia age of 1 902 + 6 Ma
(MSWD = 1.1) (Figure 11d). Thirty-five analyses conducted on
the diorite sample (AJ-21-34) yield a concordia age of 1 887 +
6 Ma (MSWD = 0.84) (Figure 11e). A full compilation of CL and
BSE images can be found in the Supplementary Information. The
cathodoluminescence images in Figure 11 show representative
zircon grains from the samples. The spots shown are the
areas that were lasered during the analyses. The red colours
on the diagram indicate discordance and the green colours
indicate concordance.

Discussion

Previous work has shown that there is a distinct petrological and
geochemical link between the ORG, VIS and Vuurdood Subsuite
(Reid, 1977; Minnitt, 1979; Macey et al., 2017). Reid (1977),
Minnitt (1979) and Macey et al. (2017) stated that the ORG
and VIS are comagmatic based on field relationships and
geochemical analyses. Reid (1997) proposed that the Vuurdood
Subsuite either represents primitive cumulate material of the VIS
or could have a different petrogenetic evolution relative to the
other units of the VIS. Studies conducted by Reid (1977),
Minnaar (2011) and Reid and Minnaar (2021) focused on the
Vuurdood Subsuite in the Vioolsdrif area of South Africa. This
study focuses on the poorly described mafic-ultramafic intrusion
which occurs in the Haib region, Namibia. The mafic-ultramafic
intrusion is compared to the Vuurdood Subsuite using combined
evidence from geochronology, petrology and geochemistry
perspective. Thereafter, we present evidence illustrating that the
Haib deposit and the associated mafic-ultramafic intrusion
represent the deeper parts of a porphyry system in a convergent
margin environment.

The mafic-ultramafic intrusion in the Haib area and the
Vuurdood Subsuite

This study reports the first U-Pb zircon ages from the mafic-
ultramafic intrusion in Namibia and represent the most recent
age determinations on the RMA. The U-Pb ages for the gabbro
samples within the mafic-ultramafic intrusion are 1878 + 3 Ma
and 1883 + 6 Ma (Figure 12), while the age for the clinopyroxenite
sample is 1893 + 6 Ma. A granodiorite in contact with the main
gabbroic intrusion returns an age of 1902 + 6 Ma. The age data
overlap within uncertainty. This granodiorite has been previously
mapped as part of the central granodiorite of the Haib area. Age
data of the northern granodiorite constrain crystallisation to
1887 + 7 Ma (Meng et al., 2021) suggesting that there is more
than one intrusive phase of the granodiorites in the Haib
region. Given the various ages for the mafic-ultramafic rocks
and the granodiorites, it is probable that there were multiple
phases of intrusions for the VIS, indicating coeval emplacement
of intrusive phases. Macey et al. (2017) also suggested a cyclic
model with multiple pulses of mafic to felsic volcanism and
plutonism. Age data agree with this cyclic model of multiple
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pulses rather than a single differentiation event of the Vuurdood
Subsuite, to the Goodhouse Subsuite and Ramansdrif Alkali
Granite. These new ages for the mafic-ultramafic intrusion in
the Haib area overlap with previous age data for the VIS
(Supplementary Information 1; Reid, 1987; Grumbley, 2015;
Macey et al., 2017; eng et al., 2021) and support the notion that
both of these units are coeval members of the VIS. These LA-
ICPMS ages also overlap with recent thermal ionisation mass
spectrometry (TIMS) zircon ages for the intermediate to felsic
rocks of the Haib porphyry deposit reported by Meng et al.
(2021), which range between 1920 and 1880 Ma with a 2c
uncertainty. Furthermore, our ages from the mafic-ultramafic
intrusion, agree with unpublished ages from outcrops of the
Vuurdood Subsuite in South Africa (unpublished, but reported
in Reid and Minnaar, 2021).

In comparison to the mafic-ultramafic intrusions of the
Vuurdood Subsuite in the northern Cape, the mafic-ultramafic
intrusion near Haib is predominantly composed of the
clinopyroxenite and gabbro members, but lacks the peridotitic
end member. The alteration assemblages of hornblende-
actinolite-chlorite-epidote pseudomorphs after clinopyroxene
observed in the mafic-ultramafic intrusion are similar to those
observed in the mafic-ultramafic intrusion of the Vuurdood
Subsuite. The mafic-ultramafic intrusion shows typical, coarse-
grained cumulate textures and is defined by non-cotectic
proportions of mineral phases.

As typical cumulates, the major element geochemistry of the
mafic-ultramafic intrusion is controlled by the proportion of
accumulating phases. This is clearly seen in Figure 7, where the
covariation of Mg# with ALO,, CaO, TiO,, Na,O and K,O is
indicative of fractional crystallisation of plagioclase, Fe-Ti oxides,
pyroxene and hornblende. Similar trends have been noted in the
differentiation sequence of the Vuurdood Subsuite in South Africa,
suggesting that the mafic-ultramafic intrusion in the Haib area and
the Vuurdood Subsuite form part of the same differentiated suite
(Reid, 1987; Miller, 2008 and Macey et al., 2017).

The comagmatic nature of these magmatic units is also
corroborated through analysis of typical AFM diagrams (Figure 8),
where broad overlap between the Vuurdood Subsuite and the
mafic-ultramafic intrusion is observed. The average compositions
of mafic cumulates sampled from the Vuurdood Subsuite and
the mafic-ultramafic intrusion correspond closely with the average
composition of deep- to mid-crustal island and continental
arc cumulates (Chin et al., 2018). Together, these mafic and
ultramafic cumulates form the earliest stages of a differentiation
sequence resembling a calc-alkaline trend with the more felsic
volcanic and plutonic members of the VIS.

The REE patterns of the mafic-ultramafic intrusion overlap
with patterns of the Vuurdood Subsuite from literature (Figure 9a).
These relatively flat REE patterns, lacking significant Eu
anomalies, are intriguing given the cumulate nature of this
subsuite. Inverse trace element modelling and radiogenic
isotope studies are required to fully understand the relationship
between these mafic-ultramafic intrusions, the VIS and putative
parental, which is beyond the scope of this work. An important
interpretation based on the mantle-normalised multi-element
variation patterns is the overlap of the mafic-ultramafic intrusion
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Figure 12. Compilation of ages for the Orange River Group (ORG), Kokerboom Intrusion (KI) and Vioolsdrif Intrusive Suite (VIS). The data for the ORG

and VIS are taken from Meng et al. (2020).

with the average Vuurdood Subsuite. Together with our new
U-Pb age data and machine learning geothermobarometry,
we show not only that the mafic-ultramafic intrusion is a coeval
and comagmatic component of the Vuurdood Subsuite, but that
these magmatic entities represent mid- to upper- crustal
cumulates (~12 km depth) formed during construction of the
calc-alkaline RMA. As a result of the cogenetic relationship
between the poorly described mafic-ultramafic intrusion in
the Haib area and the Vuurdood Subsuite, and following
the practice of naming discrete ultramafic intrusions of the
Vuurdood Subsuite, the mafic-ultramafic intrusion in the Haib
area is named the KI in this study.

Evidence for deeper levels of the porphyry system

The KI is intimately associated with the petrogenesis of the Haib

porphyry deposit, not only because of their grouping within the

VIS, but because the temporal and geochemical relationship

(Figure 8). The KI is also in close vicinity (approximately 5 km)

of the Haib porphyry deposit.

Several lines of evidence indicate that the Haib deposit and
the associated KI preserve the deeper levels of a porphyry system:
* The presence of early dark micaceous veins (the first phase

of veins observed in the Haib quartz-feldspar porphyry
granodiorites) composed of quartz and coarse mica (Runyon
et al., 2017, 2019). Early dark micaceous veins are located at
deep levels (palaeodepths of ~4 to 12 km), which is
indicative of the root zones of porphyry systems (Runyon

et al., 2017 and Runyon et al., 2019).

* Lack of evidence of shallow alteration assemblages, such
as propylitic and argillic types (Minnitt, 1979; Minnitt, 1980
Meng et al., 2021).

* Coarse-grained nature of the VIS (clinopyroxenites,
granodiorites, diorites, gabbros), indicative of slow cooling
at mid-crustal batholith depths (Vermond, 2019).

* The presence of geochemically primitive mafic units such as
the gabbros, and clinopyroxenites. The clinopyroxenites are
mafic, dense, and usually occur at mid to lower crustal levels
(Minnaar, 2012).

e Mineralisation linked with shear fractures, which is indicative
of deformation within the ductile regime (5 to 15 km depth)
(Davis et al., 2012).

* Finally, geothermobarometry on clinopyroxenes in

clinopyroxenites from the Vuurdood Subsuite yield average

pressure and temperature estimates of 5 to 15 km depth and

870°C, respectively.

Despite evidence for the Haib being located at deeper levels of
the porphyry system, hypabyssal volcanics are present in the
Haib area. These volcanics in the vicinity of the Haib porphyry
copper deposit have an approximate thickness of 5 to 8 km
(Minnitt, 1979), which has previously been cited as the intrusion
depth of the Haib porphyries of the Vioolsdrif Suite. Our new
geothermobarometry suggests that the emplacement depth of
the Vuurdood Subsuite may extend to up 15 km. The mafic-
ultramafic cumulates studied here may represent the deeper
components of this system.

These lines of evidence agree with and refine previously
estimated emplacement pressures of 2 to 3 kbar for the VIS
(Minnitt, 1979 and Meng et al., 2021), which according to Minnitt
(1979) and Meng et al. (2021) are comparable to deeper sections
of Phanerozoic porphyry deposits (such as San-Manuel-
Kalamazoo Ore body, Arizona (Lowell and Guilbert, 1970);
Fortuna pluton, Chile (Sillitoe, 1973); Los Loros, Chile,
Appalachian porphyry systems (Hollister et al., 1974); Cornelia
Pluton, Arizona (Wadsworth, 1968), Little Mine Area, Arizona
(Durning and Davis, 1978), Laramide porphyry system, Arizona
(Seerdoff et al, 2008; Runyon et al., 2017) and Yerington
batholith, Nevada (Seerdoff et al, 2008; Runyon et al., 2017). Our
refined average pressures of 4 kbar for the mafic-ultramafic
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cumulates of the Vuurdood Subsuite correspond to a crustal
depth of ~12 km. These pressures and depths are comparable
to the crustal depths of other cumulates formed in porphyry
systems and arc environments, such as the Tongling cumulates
(~14 km). However, the pressures and temperatures are not
comparable with the Arizonan arclogites (20 to 70 km crustal
depth) as these occur at much deeper crustal depths. The
Tongling cumulates represent rare mid-crustal cumulate material
associated with a Phanerozoic porphyry copper deposit (Du and
Audetat; 2020), while the Arizonan arclogites represent lower
crustal cumulate material (Lee and Tang, 2020).

The KI and the Haib porphyry deposit therefore provide a
unique insight into the development of the mid-crustal root
zones of a Palaeoproterozoic porphyry deposit.

Conclusion

The purpose of this work was to establish a possible link
between the mafic-ultramafic intrusion in the Haib area and
the Vuurdood Subsuite. Petrological, geochemical and
geochronological observations document that the KI (the name
given to the mafic-ultramafic intrusion in this study) is a
continuation of the Vuurdood Subsuite into Namibia, but is
crucially associated with Cu mineralisation of the Haib. These
similarities include lithological variation within the intrusion,
mineral and alteration assemblages, major and trace element
geochemistry and U-Pb zircon age data. The overlap of the major
element compositions shown by the AFM diagram for the KI and
Vuurdood Subsuite with the lower crustal cumulates in both
island and continental arc settings is significant and provides
evidence in favour of an arc tectonic setting for these Richtersveld
lithologies based on the cumulate nature. The sulphides in the
clinopyroxenite are significant and confirm studies by Wilkinson
(2013), Du and Audetat (2020) and Chen et al. (2020), which
proposed that early sulphide saturation is not detrimental to
porphyry copper metallogenesis. Magmatic sulphides are
observed in the lower arc sections of the Talkeetna gabbros,
Khohistan cumulates, Arizona garnet pyroxenite cumulates, as
well as in the amphibole-rich cumulate xenoliths and amphibole
megacrysts of the Late Jurassic to Early Cretaceous (~147 to
136 Ma) Tongling porphyry deposit (Deng et al., 2007; Wu et al.,
2010; Audetat and Simon, 2012; Lee et al., 2012; Hou et al., 2017;
Jenner, 2017; Chang and Audetat, 2018; Chen et al., 2020). The
amphibole-rich cumulate xenoliths and amphibole megacrysts of
the Late Jurassic to Early Cretaceous Tongling deposit are linked
to porphyry copper formation. Based on observations from
Phanerozoic porphyry copper deposits that are related with
cumulate material at mid- to lower crustal levels, such as the
Tongling deposit, the KI may either represent a cumulate source
for the Haib deposit magmas or could simply be the cumulate
counterpart to the magmas forming this porphyry intrusion.
These notions need to be tested using other geochemical
approaches, e.g. inverse trace element modelling and radiogenic
isotope analyses. A link between the KI and the Haib porphyry
copper deposit can also be established based on the overlapping
ages of the KI and the Haib mineralisation. Future work may aim
at conducting copper and iron isotope analyses on the Haib
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deposit, which will shed light on our global understanding of
the metallogenesis of porphyry copper deposits from both a
temporal and trans-crustal perspective, as the Haib deposit is
Palaeoproterozoic in age when compared to predominantly
Phanerozoic porphyry deposits. The Haib deposit represents
deeper levels of the porphyry system in contrast to shallower
level younger Phanerozoic porphyry deposits.
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