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The Rehoboth Basement Inlier in the Southern Margin Zone of the Damara Orogen in Namibia comprises two main groups of vol-
canic and intrusive units: the ca. 1200 Ma Sinclair Sequence and the ca. 1800 Ma Rehoboth Sequence. Till recently, the evolution of
the Rehoboth Sequence remained largely unknown. We present results of geochemical investigations carried out on the ca. 1765 Ma
Weener Igneous Complex which represents a prominent igneous center in the Rehoboth Sequence. The WIC is a calc-alkaline gabbroic
to granodioritic suite. Petrographic features from the other units of the Rehoboth Sequence and the so-called pre-Rehoboth basement are
reviewed and support the emplacement of the older part of the Rehoboth Basement Inlier within an arc setting.

Introduction

The Rehoboth Basement Inlier (RBI) in the South-
ern Margin Zone of the Damara Orogen (Namibia)
comprises igneous and sedimentary rocks (Fig. 1) that
formed during Palaeoproterozoic and Mesoproterozic
crustal growth. The tectonic setting and stratigraphy
of Palaeoproterozoic (Ubendian-Eburnian) rocks are
poorly understood. Contacts between individual forma-
tions are either tectonic and/or obscured by intrusions of
which the Weener Igneous Complex (WIC) is a promi-
nent representative. Being predominantly of interme-
diate composition, it is intrusive into and comagmatic
with the metavolcanic rocks of the Gaub Valley Forma-
tion (Becker et al., 1994). Meso-proterozoic volcano-
sedimentary rocks of Kibaran age (1150-1250 Ma) are
grouped into the Sinclair Sequence and coeval intru-
sives, interpreted to represent a major rift event (Borg,
1988). The aim of this study was two fold: (1) to give
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Figure 1: Areal extent of the Rehoboth Sequence and pre-
Rehoboth units within the Southern Marginal Zone and
the Southern Foreland of the Damara Orogen (study area
shown by box).

a detailed petrographic and geochemical description of
the different rock types of the WIC and (2) to interpret
the geotectonic setting of the Rehoboth Sequence with-
in the framework of the Ubendian-Eburnean orogenic
cycle.

Regional geology

The RBI is subdivided in Table 1 into (i) formations
and high-grade metamorphic complexes of assumed
pre-Rehoboth age (Neuhof and Elim Formations,
Moorivier Complex), (ii) the ca. 1800 Ma Rehoboth
Sequence (Marienhof, Billstein and Gaub Valley For-
mations), and (iii) intrusives temporally linked to the
Rehoboth Sequence and show wide variation in com-
position (e.g. WIC, Piksteel Suite, Alberta and Doorn-
boom Complexes). However, this stratigraphy is rather
poorly constrained because most contacts between in-
dividual units are tectonic or obscured by subsequent
intrusions. Distinction between pre-Rehoboth units and
the Rehoboth Sequence itself is questionable because
at present the pre-Damaran structural and metamorphic
history is only poorly documented. Recent field work
(Becker, in prep.) shows that (i) the Elim Formation
transgresses the Gaub Valley Formation; and (ii) the
Mooirivier Complex comprises rock types of the Gaub

Table 1: Stratigraphy proposed by Becker and Brandenburg (2000)
based on new field evidence and geochronological data.

Stratigraphy Intrusive units fge Method Ref
Finclair [Farnsberg IU/EL zircon | 3
PequenceBillstein Fm [Franite Buite UPE

Pilcsteel Granite [1645 £41 [VFb zircon | 7
blarierhof Fm
lberta Complex 755144 Br/MNdwr | 8
[laub Dicrite 725 £25 Rb/3r wr 2
Echoboth [Weener Tonalite [[765+21 [IWFbzircon | 5
——— Elim Frm including 820 + 144 Em/Mdwr | 4
4 Flarnasis hMermber & 764 + 36 [I/Fb sphene| &
bloorivier Metber 725+ 10 [IPb zircon | 4
[Faub Valley Fm 782+£10 [VEb zircon | 6
[euhof Frm T84 £45 VP zircon | 1
eterences: 1-Burger & Walraven (1973), 2-Eeud 2f af (1988), 3-Plurr of ol (1951), 4-

Fiegler & Stoessel (1993), 5-Becker of af (1936), 6-Nagel or ol (1996);, 7-Hilken
(1998}, 8-Becker et af (in prep)
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Valley and Elim Formations that have been subjected
to a higher metamorphic grade as a result of injection
migmatisation rather than from a regional metamorphic
event. In addition, age determinations on igneous rocks
of both the pre-Rehoboth basement and the Rehoboth
Sequence using the conventional U/Pb bulk zircon
method yielded similar ages between 1860-1700 Ma,
and suggest evolution of both units in only one major
orogenic event (Becker, 1995; Becker, et al, 1996;
Nagel et al., 1996).

The oldest unit of the sequence, the Neuhof Forma-
tion, comprises a bimodal volcanic succession and ter-
restrial sediments (Table 2). U/Pb zircon ages of sup-

posedly Neuhof felsic volcanic rocks range from 1294
+25 Mato 1784 £ 45 Ma (Burger and Walraven, 1978).
Clearly, some supposed Neuhof acid volcanic rocks
belong to the Sinclair Sequence. No contact has been
reported with the Gaub Valley Formation to the north.
Conventional bulk zircon ages of the Gaub Valley
Formation vary from 1747 +11 -8 Ma to 1794 +146 -
75 Ma (Nagel et al., 1996). Limnic-fluviatile metasedi-
ments predominate at the base of this unit; they interfin-
ger with and are overlain by felsic tuffite. Geochemical
results document affinity of these volcanic rocks with
the WIC but they have a higher degree of differentia-
tion (Becker, 1995). The contact to the overlying Elim

Table 2: Petrographic data of units of the Rehoboth Basement Inlier

Lithological Petrography (after de Waal, 1966, Brewitz, 1974, Schulze-Hulbe, 1979; Schall 1988, Becker, 1995)
unit
igneous rocks | omtruded by Gamsherg Gramte Swte (of Simnclawr age)
top | lavas and sills: i few places mntermediate to mafic famyedaloidal) lavas or sills included in the Billstemn F; usually altered to amphibolite;
L schistoze succession: mainly sericitic phyllite with intercalations of conglomerate and layers of grey quartzite; probably overlies sericite
Billstein quartzite;
Formation | sericite quartzite: hundreds of meters thick, from quartz-sencite schist to dense, sericitic gquartzite often with cross-bedding and heawy-
mmineral hands up to 2 mm thick, bands or lenses of conglomerates mtercalated i upper portion of unit; ubiguitous magnetite.
b basal conglomerate: pebbles from few cm to more than 20 cm (quartzite, granite, vein quartz, abundant fragments of sericite phyllite and
hase | rarely of mafic rocks); towards the east grades mto gritty quartzite.

jAreh Shear Zone

I prominant E-W strildang shear helt; several phases of deformation.

L later phase of intense shearing results in predominant transposition foliation and frequent zones of blastomylonite; these structures largely
ohliterate earliest phase of deformation.

b earliest phase with tight to 1zoclinal folds plunging at varying angles from NW-3E to NNW-35W, presumably pre-Damara.

Piksteel Suite | granodioritic to granitic 5- to I-type sutte; 875r®05r-initial 0.707 to 0.709; ASCNE values 1.0 to 1.4; at present 11 defined and probably
often confused with gramitoids of Sinclawr age; in general, only wealdy deformed; intrustve into deformed rocks of the Rehoboth
Sequence, ages vary fom 1200 to 1730 Ma
most prominent representatives of a senes of mafic to ultramafic zoned and partly serpentinized bodies of hornblende gabbro from several
I T— meters to 16 ki in size. ) N o N ) ) ]
layered sequence of metagabbros mtruded by a pegmatitic phasze of sinilar composition as well as by pyroxenite, harzburgite and dunite.
[é':mmjer: outcrops form belt within the RBI with change m strike from -5 in the W (close to Solitaire) to W-E strike i the E.

some geochernical affinity to mafic volcanic rocks of the Elim Formation.
age pootly constrained at oo, 1442 Ma (Reid et ol, 1938) and ca. 1750 Ma (Becker, et al, subm. ).

1gneous rocks

witruded by Doormboom Complesx
mafic voleanics: abundant schistoze mafic layers intercalated in sedimentary rocks, probably mafic to mtermediate sils.
conglomerate: of minor ocourence and laterally not persistent; lenses and layers with grey quartzite, vein quartz, chert, rare gramite and

pelitic rocks: mostly altered to fine-gramned sericitic phyllite forming horizons up to several 100 m thick; very monotonous i appearance;
locally bedding preserved, layers few mm to cm thick with gradation in grain size (slightly darker colour in lower portion).
sericite gquartz phyllite: often grading mto soft sencitic quartzite or locally mto slate; thin layers of fine-gramed gquartzite < 1 m thick

metaquartzite; grey to white, very dense, ranging in composition from pure quartzites (fine to medium grammed, extremely dense, locally
ripple-matks or cross-bedding preserved) to feldspathic or serictic varieties. However, probably not part of the Marienhof Formation but

felsic wolcanics: at the base voluminous masses of quartz-feldspar porphynes (~1200 Ma), besides angular cognate clast fragments of
sedimentary rocks (manly gquartzite), many mtercalated layers of coarse pyroclasts. Felsic volcanics are probably part of Simclar
Sequence (1200 Ma).

top | phyllitic fragments, interbedded with phyllite and quartzite.
Marienhof
Formation intercalated in thick phyllite horizons.
rather of the overlying Billstein Formation.
hase

1gneous rocks

witruded by Weener Ieneous Complex, Alherta Complex, Haub diorite; minimum age s 1768 Ma

ore deposits: several small occurences of Zn, Cu sulfides and Au (1 e Kobos, Sambubis, Moutonsvled, Witkrans) ore deposits of probable
submarine exhalative ongin.

voleanic rocks: several hundred meters mtermediate to mafic lavas; primary structures often preserved (amygdales, flow-top breceias and

marhle: caleitic and dolomitic marble at various levels; combined thickness more than 400 m; often imnterfingers with caleareous schists;
mica schist: usually interbedded in successions of quartzite and mafic metalava, i some places nich i hematite pzeudomorphs after
magnetite quartzite (ron cherts): up to 1 m thick and partly with layenng or lamimation; associated won-poor cherts.

sericite gquartzite: reddish to greyish senicite-rich quartzite dominates at the hase of Elim F, primary structures (npples, cross bedding)
locally preserved, transition into mature quartzite and phyllite depending on sericite content.

top
scoriae); subordinate tuffites and felsic volcanic rocks.
nodules of cherts and quartz encrustations ubiguitous.
Elim Fm
pytite.
hase

1gneous rocks

witruded by Weener Igneous Complex, Alherta Complex, Pilsteel Granite Suite; munimum age ca 1752 Ma
ferruginous quartzite: confined to highest level of sericite schist; transition into sericite schist and quartzite of Elim Fm

top | magnetite quartzite: very subordinate, in various stratigraphic positions.
sericite phyllite: finely laminated (metatuffites); locally chaotic volcanic deposits (conglomerate, breceia, lavas).
Gauh Valley quartzite: hard, grey gquartzite intercalated m sencite phyllite; rare cross-bedding preserved.
Formation conglomerate: more than 1000 m thick coarse conglomerate (gquartzite, vein gquartz, amphibolite, quartz porphyry, granite); intercalations
hage i

of brown gquartzite and micaceous gquartzite; transition into monotonous succession of micaceous quartzite, and gquartz sencite phyllite
with intercalations of ferruginous quartzite; lenses of small pebble conglomerates comprise redeposited sericite phyllite.

igneous rocks
Neuhof
Formation

mtruded by Harmmerstemn gramte (of unlmown age) as well az Mubth gramite (of Sinclawr age).
layered succession of felsic and mafic volcanics, the latter mostly altered to amphibolites.

varying sediments such as fine-gramed quartzites, conglomerates, phyllites and minor calesilicates.
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Formation, while mostly tectonised, seems to be gra-
dational elsewhere and is marked by a transition from
terrestrial to marine deposition, the latter predominat-
ing. Highly sheared mafic hyaloclastic volcanic rocks
dominate at the top of the Elim Formation (Brewitz,
1974). They are intercalated with shallow marine sedi-
ments. One U/Pb sphene age of 1757 +67 -52 Ma has
been determined on a rare interbedded felsic volcanic
horizon (Becker et al., in prep.). The final stage in basin
evolution is marked by clastic sediments of the Marien-
hof Formation. Again, mafic volcanic rocks as well as
intrusive sills are abundant, while calcareous rocks are
missing.

The Marienhof and Elim Formations are cut by ul-
tramafic to mafic intrusions that are partly layered.
Geochemical data suggest a similar mantle source as
for the volcanic rocks of the Elim Formation (Becker
and Brandenburg, 2000). One Rb/Sr whole rock age
of 1442 + 32 Ma has been determined for the Alberta
Complex (Reid et al., 1988) which has a Sm/Nd whole
rock age of 1750 = 140 Ma (Becker et al., in prep). All
Palaeoproterozoic units were intruded by the Piksteel
Suite of batholithic dimensions which varies in com-
position from granite through granodiorite to minor
tonalite. U/Pb bulk zircon ages vary from 1057 + 35
Ma to 1782 + 8 Ma for supposed Piksteel rocks which
again documents the difficulty of distinguishing simi-
lar looking Rehoboth and Sinclair granitoids. A syn- to

post-collisonal origin of this magmatic suite has been
proposed relative to deposition of the Rehoboth Se-
quence (Boehm, 1998). Finally, the youngest unit of
the Rehoboth Sequence is the Billstein Formation. It
comprises a fining-upward sequence of clastic rocks,
with conglomerates and gritty quartzites grading up-
wards into schistose sericite quartzite. In contrast to the
underlying formations, deformation and metamorphic
grade are relatively low and intrusions are of Mesopro-
terozoic age only.

Weener Igneous Complex

The WIC is a ca. 110 km? elliptical complex contain-
ing a great diversity of fine- to medium-grained orthog-
neisses. Composition ranges from tonalite and granodi-
orite in the centre through gabbro and granodiorite in
the marginal zone. Microgranite forms a ring dyke (Fig.
2). Various types of mafic enclaves occur throughout
the central body. These are amphibole/biotite-rich en-
claves, and rounded, magmatic amphibole/plagioclase
enclaves up to several decimetres in size. Mafic and
felsic angular fragments up to 5 m across occur mainly
close to the margin of the complex and are clearly xe-
noliths from underlying country rock. The WIC is in-
trusive into the surrounding volcanic rocks of the Gaub
Valley Formation which are thought to be coeval with
the WIC (Becker et al., 1994). The WIC is intruded by
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Figunre 2: Simplified geological map of the study area showing location of samples.
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the younger Gamsberg granite.

The magmatic texture of the WIC has been over-
printed by at least three metamorphic events which
have blurred primary structures: (i) Pre-Sinclair meta-
morphism is documented by xenoliths of gneissic WIC
in the Gamsberg granite; (ii) contact metamorphism in
the vicinity of the Gamsberg granite is shown by a zone
of hornblende hornfels several metres wide which indi-
cates intrusion of the granite at a shallow crustal level;
(iii) regional-scale overprint of greenschist to lower
amphibolite facies metamorphism during the Damara
orogeny which produced a ramifying gneissic refolia-
tion.

The main components of WIC rocks are plagioclase
(unzoned oligoclase with local retrograde alteration
rims of albite), quartz, biotite, varying amounts of am-
phibole (Ca-Mg hornblende to tschermakite), as well
as secondary epidote and chlorite (Table 3). Accessory
phases comprise zircon, sphene, apatite, magnetite and
secondary muscovite and garnet. Modal proportions of
the main intrusive phases suggest classification as horn-
blende gabbro, tonalite and trondhjemite for the central
body and granite for the ring dyke.

Conventional U/Pb bulk zircon analyses yielded ages
between 1743 +87 -61 and 1767 +53 -24 Ma for the
WIC (Becker, et al., 1996). Gaub Valley Formation
ages range between 1747 +11 -8 and 1794 +146 -75 Ma
(Nagel et al., 1996).

Geochemical characteristics of the WIC have been
based on few whole rock analyses (de Waal 1966;
Stoessel and Ziegler, 1988; Ziegler and Stoessel, 1993).
A/CNK ratios above 1.1, together with low Rb, Nb and
Y contents, suggest that the WIC granitoids originated
from the melting of a sedimentary source rock during a
collisional event. However, this is in conflict with low
initial ¥’Sr/*¢Sr values reported by Seifert (1986) and
Reid et al. (1988).

Geochemistry
Sampling

Samples (PR01-PR23) with ca. 500 m sample spac-
ing were taken roughly along the long axis of the WIC

Table 3: Mineral composition of samples of the Weener Igneous
Complex (data from Groote-Biedlingmeier, 1974; de Waal,
1966; Becker, 1995).

CA17CA31CA4T CASD W R SAW SAW PR24 PR127 PRI13
524  S24A

quartz 25 159 141 245 84 241 3ia 143 25T 245
plagioclase|39.8 461 347 384 372 554 334 232 358 384
biotite 4.1 Z1e 196 187 158 101 7 95 145 193
epidote g2 117 8O0 94 145 24 27 63 6.0 9.5
albite 23 16 55 0.6 24 1.3
amnplibole | 87 - - 34 6.8 28 424 64 6.3
chlorite 14 23 = 54 = 075 83 0.5
garnet E: 01 1.5 = -
apatite 0z 0& 12 0l 0.1
ore 0.8 02 1.0 0.5 1.2 1.5 29 11 1.2
minerals

(Fig. 2). Additional samples stem from the gabbroic
margin (PR24), ring dyke (RDO1-RD07), ultramafic
pyroxenites (now amphibolite) in stocks and dykes
(AMO3) and amphibolitic (XE01, XE02, XE04) and
amphibole/biotite-rich enclaves (XE03, XE05) of the
central intrusion.

Analytical methods

Samples were powdered with the aid of a jaw crusher
and an agate mill. Major and trace elements (Table 4)
were determined using a Philips PW 1400 sequential
X-ray fluorescence spectrometer and ARL 72000 quan-
tometer (Institute of Mineralogy, Gottingen). Analytical
errors are below 1% for major elements and below 5%
relative for trace elements. Detection limits are 5 ppm
for Sc, V, Co, Cr, Zn, Rb, Ga, Sr, Y and Nb, and 10 ppm
for Ni, Zr, Ba, Pb and Ce. Concentrations of Nb are
close to the detection limit and, hence, subject to high
analytical uncertainties. H,O+ was determined by the
Karl-Fischer method. Twelve samples were analysed
for REE, U and Th using an ICP-MS (Table 5). Prepara-

A203

CoO+Na20 K20

4 fing dyke
= central body
= mme

A203 Ca0

anonhite

Figure 3: Assessment of alteration: a) Comparison of data sef with
fresh plutonic rocks (Nesbitt and Young, 1984); b) presenta-
tion of rocks samples in the Na,0/CaC vs. SiQ; [mol] dia-
gram, and ¢) in a ternary CaQ-Na;Q-ALQ; [mol] diagram
showing the mixing line between albite and anorthite.
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tion of the solutions followed Heinrichs and Hermann
(1990). International standards (Ja-2, Jb-3) were ana-

28 oL i
FEIT £ LLTT
TET  QO0E  SFT
T 156 EAT
[ a It
LE 19 78
¥F1 ZET  EQT
I 28 i1
8 1] ¥
18 EE ST
£l ¥l L1
01T BET
J2 A R
091 [ 4§
TéF  £E FOR
£ 10T 00007 6286
WL £
L6810 900 0
tFF 0 AF%
9ERD A0T 90
Ly S0 ¥
60¢C 9El FC
ST0 0 LE0 970

T L8121
FEl  EEOEED
LE0 ATT w01
A o 4.5

SO FOAX E0TX

lysed at the same time as the samples and are compared

with accepted values.

o
LIE
B0
QLL

s
AL
Tl

a1

i
ol

il

i
ikl

e
TEL

L5001
SEE
1
9Tt
A

TET
Lo
Tl
611
2T
ik

FAIC K

Assessment of alteration

i
¥l
£6T
Lo
i
o
CL
91
1]
oFl
9
e
[
z
£
1626
A1
1o
i1

a0a
FLE
ira
1
[
41
ER

SEFTOT 0T L0OT 0T 09T S L0 0T OF £1 90 £0 4T 91 £7 91 91
E0ET £ OE $EET OT #E £€ 02 0T 27 E0 LT £7 OF $7 £7 00 07 £2

[0EX 0NV L00Y 9004 $00d £0dd C0dd [00d

Lower amphibolite facies metamorphism of the WIC

is likely to have mobilised H,O and CO, as well as al-
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oo
6T
it 4
2201
¥oo
E0D
e
61
aro
T84

Petrographic observations document limited element

0o
1A
it
15T
e
oo
LEE
el
g
0L

transport of soda and calcium by saussuritisation of
plagioclase. Binary diagrams show considerable scatter

Tee
oot
L0

0
Ll
16t
gl
fati i
0
Sl
TEl
on
AL

not only of alkalis but of all elements around inferred

linear or curved trends.

oo
PET
19e
T
670
]
182
[4 4
610
9L

However, straight liquid lines of descent are un-
likely to occur within the WIC since cumulate forma-
tion, assimilation of country rock, mixing of different
magma sources and autometasomatism are likely to
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obscur simple fractionation trends. Bivariate diagrams

of alkalis vs. immobile incompatible elements (i.e. Zr,
Nb) are even less applicable within granitoids because

these elements are concentrated in accessory phases

with uneven distribution. However, several points ar-
gue against extensive exchange of mobile elements

during metamorphism. (1) All samples plot in fields of
unweathered rocks (Fig. 3a). This is supported by CIA
values ranging from 45 to 55 (Table 4) which are typi-

cal for fresh rocks of tonalitic to granitic composition.

(2) Limited transport of soda and calcium is suggested
by the steady increase of these elements as well as the

Na,0/CaO ratio with increasing SiO,. This most likely
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results from primary fractionation processes (Figs. 3b

and 9) as major element transport would have obscured
such trends. Samples clearly define a magmatic trend
with early separation of Ca-rich plagioclase and horn-

blende (enclaves and hornblende gabbro) followed by
fractionation of Na-rich plagioclase as well as biotite in

tonalitic rocks and, in addition, by muscovite in granitic

rocks of the ring dyke (Fig. 3¢). Accordingly, early, Ca-

rich, fractionated rocks gradually changing into more
evolved rocks with higher aluminium and soda content.

(3) Rb/Sr whole rock and U/Pb bulk zircon ages yielded

similar results (1650 Ma vs. 1750 Ma) for the WIC, and

document only limited alteration of rubidium and stron-

tium. Accordingly, the alteration present in the WIC is

not considered to be sufficiently intense to preclude the
employment of geochemical classification methods on

these rocks. In contrast, considerable element transport

took place within mafic magmatic enclaves and is docu-

mented by a high scatter of most elements.

Major elements

The main intrusion of the WIC is characterised by

SiO2 values between 58-68 wt.% with a bimodal dis-

tribution (e.g. 60-62 and 66-68 wt.%). Rocks with dis-
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Table 5: ICP-MS analyse of selected samples of the WIC. Comparizon of our analyzes of international standards (JA2, TB3) with val-

ues given by Govindaraju, 1995; relative errors are calculated using the averages of our values and those of Govindaraju, 1995.

FROL PRI PR14 PRI8 PR20 PRM

de 144 171 10 87 149 256
Rh 22 53 60 54 B9 a9
B 05 345 287 a0t 58 75
Hh 159 117 97 38 166 T3
cd 003 007 n0m oo 0.06 0.o7
Ce 242 094 342 09z 1.44 124
Ba 914 &07 03 1449 648 473
La 126 ] 166 a0 352 131
Ce 325 577 T 469 703 BE
Pr 330 7.53 40 569 &0z 400
Hd 140 ang 152 2232 356 181
Sm 333 6.7 im 414 7Al 442
Eu 1.50 151 087 1.26 1.64 1.44
d 335 60 293 324 a7 431
Th 0.49 0.9 0.4 049 1.02 077
Dy 200 541 343 276 .14 4354
Ho 057 1.08 048 0.53 123 099
Er 1.35 308 139 148 340 281
Tm 022 045 022 0zl 055 0.4z
Th 1.36 186 135 120 356 263
Lu 0.0 041 019 0.0 053 0.40
Hf 0.41 084 1.00 0.a0n 1.55 1.04
Ta 1.47 189 246 1.50 323 1.73
o 95 a8 94 1112 121 a3
Th 535 6.2 434 60 23 428
u 0.56 087 077 024 134 058

Ja-2+ JA-2 Ia-2 Ia.2 JAZ relative error

[%]

3c 1925 1960 1825 16281 16.90 -10.84
Rh 72 73 Tl a7 a7 -6.04
3t 250 248 250 234 246 -4.00

Hhb 1000 947 432 367 2.36 -64.2
Cs 4483 463 317 404 471 450
Ba 281 321 321 ane ang 407
La 1648 1580 1696 16.62 16 66 375
Ce sm 3270 3504 343% 3395 1.66
Bm 332 il 3.52 34 346 a.49
Eu 087 093 096 094 001 403
Th 051 044 0.50 0.50 0.42 -00%
Th 130 1.62 1.74 1.76 1.79 3n4
Lu 033 0z 0.26 027 027 -1041
Hf 2480 286 158 29 278 086
Ta 088 080 .50 251 137 19g
Th 543 503 355 581 545 843
u 208 221 4.23 243 220 [

RDD3 RDOT AMDZ XE01 XE02 XF03 XE0S
477 653 242 nT 3rn T30 773
52 57 2 1 37 2 174
28 189 94 144 149 28 198
125 157 416 178 T3 g 188
003 003 0ns 010 013 022 034
021 058 oon oo 008 oon 354
1377 281 77 2 G324 48 1202
11.5 363 142 323 174 181 435
323 818 6.9 771 500 63 106
301 101 432 164 T 114 177
16.6 P9 216 016 349 0.2 e
493 ) 503 327 885 184 13
097 137 131 107 1.92 230 247
467 6.5 427 473 o5 199 263
0382 092 0.5% b1 123 298 19,2
5355 5.14 306 420 72T 194 193
1.19 098 0.54 105 141 380 413
363 178 1.46 310 467 0z 17
040 0.40 020 045 048 1.5 159
406 163 137 2188 438 03 93
061 033 019 0.4z 064 129 138
306 318 188 042 1.42 136 039
368 372 1.90 103 311 436 131
a0 123 351 479 344 179 95
92 143 233 0o 1.78 1.26 408
1.36 187 047 ooy 048 033 068

JB3* JB-3* IB-3 IB-3  telative error

[%]

3581 3380 3363 333% Byl

14 15 15 15 2

419 403 Im ang Rl

200 247 175 284 2502

090 094 085 086 RNk

245 245 336 prict.} -4

828 8.81 462 844 1.00

2094 2150 2198 3217 403

436 427 476 473 993

1325 132 134 133 37

0.66 0.73 073 0.74 A.06

2463 255 249 242 =300

0.40 039 037 038 -4.63

2.66 267 162 266 -102

0.1s 0.1s 227 328 1417

128 17 137 1.34 630

039 048 044 0.42 6.72

S Fahau ghven by Govindave, 1005

tinctly lower SiO, occur in the marginal zone of the
WIC (sample PR24), whereas the highest SiO, contents
(75-78%) was found in rocks of the ring dyke.

The main WIC body comprises dominantly tonalite
and granodiorite, whereas the ring dyke is granitic (Fig.
4). A/CNK values of 0.83-1.08 [mol] and A/NK values
of 1.6-2.4 (Fig. 5) classify the samples as metaluminous
to slightly peraluminous (Shand, 1951). A tendency is
evident of increasing A/CNK and decreasing A/NK ra-
tios with increasing SiO,. Biotite and hornblende are
suggested as primary phases in the AB diagram (Debon
and LeFort, 1983). K,0/Na,O-ratios [wt.] are consist-
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Figure 4: Presentation of the analyses within the TAS diagram
(LeMaitre ef al., 1989).

ently below one with Na,O concentrations above 3
wt.%. The rocks are calc-alkaline (Fig. 6). Together
with low initial 8’Sr/*Sr values (Seifert, 1986; Becker
et al., 1997) this classifies the WIC as an I- or M-type
granitoid (Chappell and White, 1974). The samples
plot in the gabbro, tonalite and granodiorite fields of
DeLaRoche et al. (1980) (Fig. 7). They define a varia-
tion trend typical of that of subduction generated mag-
mas (Batchelor and Bowden, 1984). Comparison of the
WIC with geochemical characteristics (alkali-calc in-
dex, Shand’s index, Na,O/Ca0, Na,0,K,0, MgO/FeO,
MgO/MnO, A/NK) from granitoids of different tectonic
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Figure 5: Prezentafion of the anatyzes within the ANE vs. ACNE

diagram {Shand, 1951). Symi

hols a3 in Fig. 4.
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Figure 7: Presentation of the analyses within the R1-R2 classifica-
tion diagram (DeLaRoche efal., 1980).

settings (Maniar and Picolli, 1989) suggests develop-
ment within a volcanic arc setting.

The mafic magmatic enclaves (MME) have a great
geochemical diversity (Tables 4 and 5) and can be di-
vided into two groups. Samples XE01, XE02 and XE04
(Group I) have low alkalis, high magnesia (8.7-13.6
wt.%) and SiO, values around 50 wt.%, which classifies
them as tholeiitic basalts (Figs. 4 and 6). These samples
plot in the island arc tholeiite field (Fig. 8). In a variety
of classification diagrams, the first group plots in fields

Tio2
45 -54% Si02
N oIr e
MORB
IAT \
\ ] \ \
L T - OlA
CAB
MnO*10 P205*10
IAT = island arc tholeiite
CAB = calcalkaline basalt
MORB = midocean ridge basalt
OIT = oceanisland tholeiite
OlA = oceanisland alkaline basalt

Figure 8: Presentation of analyses of MMEs within the ternary Ti,
Mn, P diagram (after Mullen, 1983).

typical for island arc or N-MORB basalts. However,
modification of the enclaves by the surrounding magma
most likely took place and casts doubt on the applicabil-
ity of classification diagrams in this case. The second
group (XEO03, XEO05) is characterised by the highest po-
tassium (up to 5 wt.%), higher SiO, (up to 59 wt.%) and
much lower Mg and Ca concentrations (5 and 4 wt.%).

The composition of the ring dyke is very homogene-
ous and plots on the trend defined by other rocks from
the WIC (Fig. 9). SiO, increase is associated with con-
comitant decrease of TiO,, Al O,, Fe O,, CaO, MgO
and MnO, as well as with an increase of K,O and Na,O.
P scatters widely, with a tendency to decreasing values
with higher silica.

Mafic enclaves show a much wider range in element
distribution than rocks from the central intrusion. Group
I samples as well as the pyroxenitic rock (AMO3) plot
either on a linear continuation of the other samples
(Fe,0,, MnO, CaO) or define segmented trends (TiO,,
AlLO,, MgO, Na,O, K,0O, P,0,). Group II samples in
general plot off these trends.

Trace elements

K-group (Ba, Sr, Rb)

Negative correlation with SiO, is evident only for Sr
and documents the diadochous exchange of Sr by Ca,
while Rb and Ba replace K (Fig. 10). The ratios of K/Rb
and K/Ba of 197-335 and 12-42, respectively, are typi-
cal for calc-alkaline granitoids.

HFSE-group (Zr, Nb, Y)

Zr, Nb and Y show no obvious trend with increasing
SiO, content although there is a suggestion of a nega-
tive correlation between Zr and SiO, and a positive
one between Nb and SiO,. Low Rb, Nb and Y contents
(Fig. 11) classify the WIC rocks as volcanic arc granites
(Pearce et al., 1984).
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Transition and compatible elements (Ni, Co, Cr, V, Sc,
Zn)

These elements decrease strongly with increasing
SiO, which is attributed to the diadochous replacement
by Mg and/or Fe. In comparison with modern calc-al-
kaline magmatic rocks, concentrations of compatible
group elements are significantly higher which is in good
agreement with data from Ziegler and Stoessel (1993).
The range of Zn concentrations (40-90 ppm) is similar
to values found in modern calc-alkaline suites (Brown
etal., 1984).

Normalised Trace Element Patterns

Rare Earth Elements

The ranges of chondrite-normalised REE patterns are:
2 REE = 87-198 ppm; [La/Lu], = 1.93-12.51, and Eu/
Eu* = 0.60-1.40 (Fig. 12). There is no correlation be-
tween the Eu anomaly of the rocks and their SiO,, CaO
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Figure 12: PM-normalised TE pattern of rocks from the WIC, (*
= analysed by XRF-technique, other by ICP-MS). The inset
shows chondrite-normalised REE abundances of the respec-
tive samples.

and Y REE contents. Three groups can be distinguished.
The first group shows the lowest content of LREE [La/
Lu], = 1.93 and no Eu anomaly (sample PR24). The
> REE (88 ppm) is within the range of the second group
(see below), while > HREE (18 ppm) is comparable to
the third group. The second group shows the lowest
concentrations of both } HREE [9-12 ppm] and Y REE
[78-95 ppm] and a slight negative to significant positive
Eu anomaly [0.84-1.40] (samples AMO03, PRO1, PR14,
PR18). A positive correlation occurs between SiO, con-
tent and > REE (except for AMO03). The [La/Lu] ratios
[6.5-12.5] are similar to those of the other groups. The
third group displays higher ) HREE [20-23 ppm] and
> REE [151-198 ppm] as well as a significant negative
EwEu* ratio [0.69-0.71] (PR10, PR20, RD07). SiO,
does not correlate with ) REE. The first and third groups
are from the margin and the second group is from the
centre of the WIC (Fig. 2).

REE analyses of the MME are presented in Figure 13
together with the compositional range of the WIC, av-
erage N-MORB and average amphibole. Sample XEO1
is characterised by a trend nearly parallel to the x-axis,
with a slight depletion of LREE and no Eu/Eu*. The
other enclaves are progressively enriched in REE and
exhibit marked negative Eu anomalies. Initial increase
of LREE is followed by convex arrangement in more
altered samples. Here, patterns are dominated by those
of amphibole separates.

Multi-element plots

The primitive mantle (PM)-normalised trace element
pattern (Fig. 12) shows that increase from the more
compatible to the incompatible elements (right to left)
is common to all samples of the WIC (except AMO3).
The highest ratios occur within the group of hydrophile
elements (Rb, Ba, Th, U and K). Ratios of Ti, P, Sr and
Nb are lower than those of neighbouring elements form-
ing negative spikes. However, these spikes are less pro-
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nounced within the least evolved rock (sample PR24).

Comparison of the U, K, Nb, Zr and Ti distribution
with calc-alkali magmatic rocks from Meso- to Ceno-
zoic granitoids (Fig. 14) suggests evolution of the WIC
within a primitive continental or island volcanic arc
(Brown et al., 1984). According to these authors, deple-
tion of Ba, Sr, P and Ti in granitoids of mature volcanic
arcs results from higher fractionation of alkali feldspar,
plagioclase, apatite and Fe-Ti oxides. Increase in Rb,
Th, U, Nb and Y probably reflects AFC processes which
become more important with increasing crustal thick-
ness.

Marked differences between MME samples are also
revealed by the PM-normalised spidergram (Fig. 13).
While sample XEO1 approximates N-MORB composi-
tion, the other samples show a general increase of ratios
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Figure 13: PM-normalised TE pattern of mafic magmatic en-
claves. Inset shows chondrite-normalised REE abundances.
Range of WIC as well as of amphibole concentrate have been
plotted for comparison.
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Figure 14: Comparison of mantle-normalized element pattem
from the WIC (PR14, PR18, RD07) with modern granitoids
from Mesozoic and Cenozoic magmatic arcs (compiled by
Brown ef al., 1984).

from right to left, with marked negative spikes for Ti, P,
Sr and Nb. Negative spikes of Zr, P, Th and U occur in
the K-rich enclaves. Negative anomalies increase with
the inferred degree of MME assimilation by the sur-
rounding magma.

Isotope systematics

Whole rock analysis of Rb/Sr and Sm/Nd has been
carried out on samples covering the compositional
range of the WIC. The isotopic composition of Nd and
Sr has been recalculated at 1800 Ma, the approximate
emplacement age of the WIC. For comparison, typical
N-MORB has been included in Figure 15. WIC samples
form a curved trajectory that is typical of rocks formed
by binary mixing of two homogeneous end members.
Decrease of €, and increase of ¢ is evident with the
inferred degree of fractionation from sample PR24 to
RDO7. In contrast, sample XEO1 plots far off this trend,
the off-set being caused by an extremely high ¢ value,
while €, lies between values of sample PR24 and N-
MORB.

Discussion and conclusions
Petrogenesis of the WIC

Main intrusion and ring dyke

Evolution of the magmas that form the WIC grani-
toids are constrained by the following:
(1) Geochemical patterns document multiple magmat-
ic processes within source magma chambers: Immobile
incompatible and rare earth elements of the parental
magma are probably best approximated by amphibo-
lite which occurs as dykes and pIUGS within the main
intrusion (AMO3). Gabbroic rocks (sample PR24) are
present in the marginal zone and represent an amphib-
ole-clinopyroxene rich cumulate, whereas rocks from
the main intrusion vary from tonalitic to granodioritic
in composition. At a still later stage, highly fractionated
granitic magmas (RD01-RD07) were emplaced within
a ring dyke.
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Figure 15: Pregentation of Sr-Nd whole rock izotope systematics.
Epsilon values have been recalculated at t = 1800 Ma which is
considered as the approximate emplacement age for the WIC.
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This sequence of crystallisation is partly reflected in
bivariate element diagrams (Figs. 9 and 10). Compat-
ible elements (Al, Fe, Mn, Mg, Ca, V, Zn, Sc, Co, Cr,
Ni) decrease with the inferred degree of fractionation.
However, elements which are incompatible in basaltic
magmas display segmented trends (except Ti and Na):
In most diagrams increase in concentration occurs from
amphibolite through gabbroic to tonalitic rocks (SiO,
<65 wt.%), whereas in more differentiated rocks con-
centrations either remain constant (Ba, Nb, Y) or de-
crease (K, P, Rb, Sr, Zr).

Such element behaviour is best explained by combined
crystallisation of Ca-plagioclase, hornblende, magnet-
ite, biotite, zircon, apatite and sphene. These minerals
are part of the modal paragenesis and are probably igne-
ous in origin. Elements which are incompatible within a
basaltic magma during ascent become compatible with
one or more mineral phases within a shallow magma
chamber. Accordingly, highly fractionated rocks from
the ring dyke are depleted in most elements.

(2) Further insight into shallow magma chamber proc-
esses as well as source characteristics is given by vari-
ation of REE. (i) The REE pattern of the amphibolite
(sample AMO3) lacks an Eu anomaly and shows limited
LREE enrichment. This suggests a mantle source for
the parental magma and only minor crustal contamina-
tion. Depending on the degree of partial melting, both
depleted and enriched mantle could evoke such a pat-
tern. (ii) The early magma composition is represented
by rocks from the margin of the WIC. Crystallisation
of hornblende produced a decrease of LREE/HREE in
cumulate gabbro and increase of this ratio within the
melt. However, since gabbroic rocks are rare compared
to the central intrusion the latter effect has been insig-
nificant. (iii) Crystallisation of Ca-plagioclase prevailed
during the main stage and is documented by plagioclase
cumulates with positive Eu anomalies (samples PR14,
PR18). (iv) Within the remaining melt this resulted in a
negative Eu anomaly (samples PR10, PR20 and RD07).
However, there is no correlation between silica content
and Y REE of samples from stage (iii) and (iv). In ad-
dition, Eu peaks of both stages intersect each other.
These features may result from only low proportions of
trapped melt (hosting the REE) in more evolved rocks.
(3) Most elements scatter around the inferred line of
liquid descent. This may be caused by various factors
such as (i) increased incorporation of elements into mi-
nor and accessory minerals during crystallisation (Zr, P,
Ti, Nb, Y, Sc), (ii) cumulate and assimilation processes
(major oxides, Ni, Cr, Co), (iii) some post-magmatic
alteration (Ba, Rb, K, Na), and (iv) analytical uncertain-
ties (Nb, Y, P).

(4) Sr and Nd isotope systematics (at 1800 Ma) sug-
gest mixing of an upper crustal component and a de-
pleted mantle magma. Thereby, crustal contamination
increases with the inferred degree of fractionation (as
a function of silica) and is highest in the granitic ring
dyke.

(5) Classification diagrams which are mostly based on
alkaline and earth-alkaline elements probably are of
limited use. However, assessment of alteration obvious-
ly shows limited element mobility only and, hence, al-
lows cautious application of such diagrams. In general,
they show that granitoids of the WIC are calc-alkaline
and metaluminous to peraluminous. Low HFSE, Nb, Y
and Rb contents as well as low initial ¥’Sr/*Sr values
suggest emplacement within a volcanic arc.

(6) Pronounced negative Nb and Ti anomalies in com-
bination with relatively high Ba, Zr, Ti and low U and
Hf contents suggest an origin of the magma within a
primitive magmatic arc (Brown et al., 1984). The distri-
bution of mantle-derived elements typical for marginal
basins and mid-ocean ridges requires only a small to
moderate degree of mantle melting (Pearce and Par-
kinson, 1993). A less pronounced Ti anomaly of cu-
mulate hornblende gabbro (sample PR24) is likely to
result from predominant crystallisation of hornblende,
magnetite and sphene, opposing source characteristics.
Early precipitation of these phases augments negative
spikes in more fractionated magma, whereas significant
P and Sr anomalies are related to fractionation of apatite
and plagioclase.

Mafic Magmatic Enclaves (MMEs)

The abundance of MMEs is characteristic for calc-
alkaline granitoids of active continental margins and
island arcs (Didier, 1973). Their origin is, however, still
the subject of much debate (Barbarin ef al., 1989, Do-
rais et al., 1990) and they are thought to represent either
(i) restite from anatectic melt processes, (ii) incorpo-
rated and modified mafic country rock, (iii) recycled
early fractionate from the wall or floor of the magma
chamber, (iv) mafic cumulate, or (v) blobs/pillows of
inmiscible mafic liquid within a felsic host.

(1) Analysis of the MMEs document their great diver-
sity which may result from different origins, magma
mixing, and finally, varying degree of assimilation and
element exchange during interdiffusion processes.

(2) High affinity of sample XEO1 with N-MORB com-
position is evident from REE and incompatible and
compatible element distribution (Figs. 9, 10, 13 and
16). In contrast to the WIC, no enrichment of LIL ele-
ments is observed. This might argue for interpretation
of XEO1 being a xenolith and indicate that the under-
lying country rock is partly composed of N-MORB.
Such juxtaposition of tholeiitic and calk-alkaline rock
suites has been reported from the New Hebrides back
arc (Maillet et al., 1995). However, high g (at 1800
Ma) shows that isotopic equilibration with country rock
occured at some post-magmatic stage and probably also
affecting distribution of mobile elements.

(3) Mixing combined with crystal fractionation is
suggested by several binary plots where amphibolitic
enclaves lie along hyperbolic branches of segmented
element trends (i.e. Co, Cr, Ni, Ti, Al, Mg, Ca). In the
€y, VS &, diagram (Fig. 15), projection of sample XEO1
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is possible on a mixing curve between depleted mantle
and an upper crustal source. Samples from the WIC are
aligned along this curve but have a higher proportion of
crustal contaminant.

(4) Diffusion during the magmatic stage is believed to
account for the different compositions of amphibolite
and alkali-rich biotite/amphibole enclaves. Depending
on the involved mineral reactions: (i) Fe, Mg, Ca and
H,O may be introduced into or removed from the en-
claves; (ii) Si, Al and the alkalis diffuse invariably into
the enclaves, and (iii) HFSE (e.g. Ti, Zr) are almost im-
mobile and therefore can be used as reference compo-
nents (Cramer and Kwak, 1988). Assuming a common
source for all enclaves, the exotic composition of sam-
ples XEO03 and XEO5 may be explained by one of these
processes.

(5) Finally, progressive assimilation of between 8 -
81% of the enclaves by the surrounding magma may be
considered as important for the gradual change in REE
distribution of the enclaves provided that all enclaves
have the same origin (Tindle, 1991).

In summary, a complex magmatic and post-mag-
matic history for the analysed enclaves is evident with
several processes operating on individual specimens
in varying degrees. Unfortunately, the limited data set
does not definitely preclude the enclaves being inter-
preted as modified country rock or as blobs of immis-
cible mafic magma. Hence, analysis of large mafic an-
gular xenoliths close to the contact is required to favour
one of these hypotheses. Diffusion processes as well as
assimilation best explain variation in elements of more
modified enclaves.

Geotectonic setting

Petrogenesis of the WIC suggests a subduction-
related environment at ca. 1800 Ma. Deposition of
sediments and volcanics in such a setting is possible
within (i) the trench, (ii) the fore-arc basin within the
arc-trench gap, (iii) small intra-arc basins within the
magmatic arc and (iv) the back-arc (Fig. 16a, after
Dickinson, 1973). Lithological sequences within these
regions are characterised by calc-alkaline volcaniclas-
tic deposits, highly variable sediments within the back
arc (as a function of relief and downwarping rate) and
by calc-alkaline volcanic rocks within the arc. Hence,
contemporaneous supracrustal successions from the
Rehoboth Sequence should exhibit similar characteris-
tics with respect to style of sedimentation, magmatism,
and metamorphism.

Deposition of the Rehoboth Sequence took place
within a terrestrial to shallow marine environment (Ta-
ble 2). Geochemistry of the coeval WIC indicates prox-
imity to a volcanic arc at about 1800 to 1700 Ma. A
remnant basin situation is inferred towards the end of
the Eburnean-Ubendian orogeny because at 1.8 Ga, de-
formation and metamorphism of this orogenic belt was
already completed (Fig. 16b). Preservation of terrestrial
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Figure 16: Mode for the evolution of the Fehoboth Sequence
within an arc/back-arc setting.

to shallow marine sediments, low-grade metamorphism
and weak deformation suggest a back-arc rather than an
arc or fore-arc setting (Fig 16c). Basal coarse clastics
of the Gaub Valley Formation, preservation of volcan-
ics and/or volcanic-derived sediments with arc signa-
ture, and the geochemical characteristics of the WIC,
document priximity to an active magmatic arc. Further
lithospheric stretching resulted in crustal down-warp-
ing and change from terrestrial to shallow marine depo-
sition (Elim Formation). High proportions of mafic vol-
canic rocks and volcanic-derived sediments clearly are
evidence for attenuated crust. Geochemical patterns of
these mafic volcanics document decreasing influence of
any arc (Becker and Brandenburg, 2000). Deposition of
the Marienhof Formation may have taken place during
further subsidence of the basin. Dominance of graded
metapelites and shale interbedded with arenite, quartz-
ite and scarce conglomerates may represent a slope
facies. Large portions of mafic schist from this unit are
probably volcanic in origin. However, recent field work
shows that parts of the supposed Marienhof Formation
actually belong in the Sinclair Sequence which ham-
pers any interpretation. Subsequently, mafic to ultrama-
fic bodies, which include the Alberta and Doornboom
Complexes, intruded the Rehoboth Sequence. The close
association of the Alberta Complex with mafic volcanics
of the Elim Formation suggests a similar magma source
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for these two units. Eburnean magmatism terminated
with the emplacement of the Piksteel Granitoid Suite.
Again, geochronological data from different outcrops
show that both Eburnian and Kibaran granitoids have
been included in this unit. Therefore, the extent and
importance of the Eburnian domain remains unknown.
Finally, the Billstein Formation may either have been
deposited during the molasse stage of the Eburnean-
Ubendian event or it has no genetic relationship to this
orogeny at all.

On a regional scale, geochronological and geochemi-
cal data show that the Rehoboth Sequence probably
forms the southwestern continuation of the Eburnean-
Ubendian Orogen. Crustal segments of similar age ex-
tend from equatorial Africa through southern Africa to
southern Brazil and constitute a major crust-forming
event (Masters, 1990).
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