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Frindt, S., 2002. Petrology of the Cretaceous anorogenic Gross Spitzkoppe granite stock,
Namibia. Academic dissertation, University of Helsinki, Finland.

The Gross Spitzkoppe granite stock (GSS) is one of the 124-137 Ma high-level anorogenic
granitic-basic-peralkaline-carbonatitic intrusions of western Namibia. These intrusions are
genetically related to mantle upwelling (Tristan plume) and continental rifting that led to the
opening of the southern Atlantic. The rounded epizonal 30 km2 granitic stock is more than 300
million years younger than the surrounding Damara metasediments and granites. The GSS is
approximately coeval with but slightly younger than the extension related, mainly NNE-trending
mafic and felsic dike swarm that transects the Damara crust. The synplutonic diabase dikes and
magmatic mafic-intermediate enclaves with quartz and alkali feldspar xenocrysts within the
granites indicate bimodal character of magmatism.

The GSS consists of three zonally arranged granite units: medium-grained biotite granite at
the margins, coarse-grained biotite granite, and porphyritic granite at the centre of the stock.
Late-stage silicic dikes and pegmatites cut the granites of the stock.

Against the country rocks the stock has a <5 m wide layered aplite-pegmatite zone
(stockscheider), which is characterized by rhythmic variation in grain size, grain morphology
and mineral composition. The layering is interpreted to result from fluctuations in vapor pres-
sure and diffusion-controlled oscillatory nucleation, as well as rapid growth from undercooled
melts. Homogenization temperatures for coeval halite-bearing H

2
O (±CO

2
) and H

2
O-CO

2
 fluid

inclusions from topaz and quartz of the marginal stockscheider suggest that these fluids were
trapped at a maximum of about 480°C and 1kb pressure.

All the granites are highly evolved metaluminous to peraluminous topaz-bearing
monzogranites that contain very iron-rich and fluorine-rich biotite (siderophyllite-annite). Com-
mon accessory minerals include fluorite, magnetite, zircon, monazite, thorite, ilmenite, columbite,
and niobian rutile.

The granites and felsic dikes of the bimodal dike swarm have clear A-type affinity, charac-
terized by high content of high-field-strength-elements (HFSE) and rare-earth-elements (REE).
As a result of extensive fractional crystallization the granites are enriched in F, Rb, Si, Ga, Ta,
and Nb, and are impoverished in Ca, Ti, P, Mg, Eu, Sr, and Ba.

The GSS granites have relatively uniform neodymium isotope composition with initial
εNd

(125 Ma)
 ranging from -5.6 to -6.4. Strontium isotopes are more varied and have initial

87Sr/86Sr
(125 Ma)

 values ranging from 0.710 to 0.716. GSS granites are interpreted to have formed
by low degree partial melting (10-20%) of a felsic granulitic source rock. The source rock is
thought to have remained in the lower to mid crust after the extraction of the late to post-
orogenic Damara granites.

Key words: Namibia, Mesozoic, anorogenic, A-type granite, mafic underplating, bimodal
magmatism, miarolitic cavities, undercooling, degassing, banded aplite, stockscheider, topaz,
fluid inclusions, petrogenesis, radiogenic isotopes, partial melting, fractional crystallization
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INTRODUCTION

Africa and South America once formed
part of a supercontinent known as
Gondwanaland. During the Cretaceous Period
upwelling of a mantle plume (Tristan da
Cunha) beneath western Gondwanaland
caused thinning of the lithosphere, volcanism
and basaltic underplating, rifting, and finally
opening of the South Atlantic Ocean (Milner
et al. 1995). As a consequence of rifting and
mantle plume activity, anorogenic magmatism
led to the emplacement of numerous high-level
igneous complexes within the Damaraland re-
gion of northwestern Namibia. These com-
plexes, which are emplaced within the NE-
trending Damara orogenic belt, have been
grouped into three categories by Martin et al.
(1960), 1) granitic complexes (e.g. Brandberg,
Erongo, Spitzkoppe), 2) differentiated basic
complexes (e.g. Cape Cross, Messum,
Okenyenya) and 3) peralkaline and
carbonatitic complexes (e.g. Paresis, Kalkfeld,
Okorusu). These complexes, collectively re-
ferred to as the Damaraland Igneous Prov-
ince, show compositional variation from gra-
nitic and basic near the coast to peralkaline
and carbonatitic near the margin of the Congo
craton some 350 km inland.

The Damaraland Igneous Province pro-
vides geologists with a range of well exposed
and preserved anorogenic volcanic and in-
trusive rocks all having the same tectonic set-
ting and similar age (124 to 137 Ma). By study-
ing these anorogenic rocks we gain a better
understanding of anorogenic magmatism and
processes that relate to their genesis, mode
of emplacement, petrographic, geochemical
and fluid evolution and ore mineralization.

The Gross Spitzkoppe granite stock (GSS)
is one of the Cretaceous complexes that untill
now has not been studied in any detail. The
Gross Spitzkoppe forms the basis of this
study, which includes 1) detailed mapping and
sampling of all rock types associated with the
stock, 2) comprehensive geochemical, mineral
chemical and isotope (Sm-Nd, Rb-Sr, Pb-Pb)

analyses of representative rock samples of the
stock and felsic dikes of the bimodal dike
swarm, 3) study of fluid inclusions in minerals
from pegmatites (stockscheider), hydrother-
mal veins and greisen bodies to document
fluid evolution (temperature, pressure and
fluid composition) within the stock.

This thesis is based on the following four
publications, which are referred to in the text
by their Roman numeral notation:

I         Frindt, S., Haapala, I., and Pakkanen, L.
(2002). Anorogenic Gross Spitzkoppe
stock in central western Namibia, Part I:
Petrology and geochemistry. Submitted
to American Mineralogist.

II   Frindt, S., and Haapala, I. (2002).
Anorogenic Gross Spitzkoppe stock in
central western Namibia, Part II: Struc-
tures and textures indicating crystalli-
zation from undercooled melt. Submit-
ted to American Mineralogist.

III    Frindt, S., and Poutiainen, M. (2002).
P-T path fluid evolution in the Gross
Spitzkoppe granite stock, Namibia. Bul-
letin of the Geological Society of Fin-
land, 74, Parts 1-2. (in print)

IV     Frindt, S., Trumbull, R.B., and Romer,
R.L. (2002). Petrogenesis of the Gross
Spitzkoppe topaz granite, central west-
ern Namibia: a geochemical and Nd-Sr-
Pb isotopic study. Submitted to Chemi-
cal Geology.

REVIEW OF PAPERS

Paper I
The Gross Spitzkoppe granite stock (GSS)

of central western Namibia provides an excel-
lent opportunity to study in detail the mode
of occurrence, magmatic association,
geochemistry, mineral chemistry and petrol-
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ogy of an epizonal granite complex related to
a mantle plume and continental rifting. The
GSS is a 30 km2 epizonal complex that intrudes
Damara metasediments and granites and is
approximately coeval with a NNE-trending
diabase and quartz-latite – rhyolite dike swarm.
The bimodal character of the granite
magmatism within the stock is indicated by
synplutonic diabase dikes and magmatic mafic
– intermediate enclaves. A few lamprophyre
dikes are also found within the stock. The GSS
consists of three main units of texturally dis-
tinct topaz-bearing monzogranite: medium-
grained biotite granite occurring along the
margin, coarse-grained biotite granite and
porphyritic biotite granite at the centre of the
stock. A small cupola of porphyritic
microgranite occurs within the porphyritic
granite.

Several late-stage aplite and porphyry
dikes crosscut the granites. The granites are
composed essentially of quartz, alkali feldspar,
plagioclase and lesser amounts of biotite, to-
paz and fluorite. Typical accessory minerals
include zircon, magnetite, monazite, thorite,
columbite, and niobian rutile. The general lack
of fine-grained contact varieties and local
gradual contacts suggest that no marked age
differences exist between the main granites of
the stock. Against the country rock the stock
has a pegmatite-aplite stockscheider.

 Miarolitic cavities and pegmatite pockets
are common especially within the medium-
grained and porphyritic granites of the stock,
and indicate fluid saturation of the melt. Min-
eral association and geochemical composition
of the granites indicate that they crystallized
from variable water content and high tempera-
ture melts. Zircon saturation thermometry
gave model crystallization temperatures:
coarse-grained biotite granite 850° to 830°C,
medium-grained and porphyritic granite 840°
to 780°C. LREE saturation thermometry gave
magmatic water contents: coarse-grained
biotite granite 1 to 1.5 wt%, porphyritic gran-
ite 1.7 to 5.6 wt% and medium-grained granite
2.9 to 6.6 wt%. Geochemically, the GSS gran-
ites are very similar and can be classified as

ferroan alkali-calcic metaluminous to
peraluminous granites and have mineralogi-
cal and geochemical characteristics of
subalkaline A-type and within plate granites
(Whalen et al., 1987; Pearce et al., 1984). The
minor geochemical variation that does exist
between the granites can be correlated with
fractional crystallization processes, formation
of fluorine complexes with high-field-strength-
elements (HFSE) and rare-earth elements
(REE), and magmatic degassing as illustrated
by the preferential partitioning of fluorine (into
the melt phase) and chlorine (into the vapor
phase) in a felsic magmatic system. Fluorine
also played a significant role during the evo-
lution of the granites by lowering the solidus
temperature of the melt thereby extending the
fractional crystallization till relatively low tem-
peratures.

Field evidence of fractional crystallization
is provided throughout the GSS by biotite-
rich schlieren. Typical schlieren structures in-
clude curved and branched horse-tail, con-
centric circular and ladder-dike like structures.
These schlieren structures were most likely
formed by local turbulent flows in a partially
crystallized, more viscous magma. Nearly pla-
nar schlieren close to the margin of the stock
were probably formed by laminar flow of
magma and settling of minerals along the flow
margin.

On the basis of bimodal magmatic asso-
ciation and chemical composition of the GSS
this study concludes that the GSS granites
were derived from partial melting of a crustal
source rock. The heat needed to induce par-
tial melting would have come from mafic
underplating of the lower or middle crust dur-
ing crustal extension and mantle plume activ-
ity.

Paper II
This paper deals with exceptionally well-

developed undercooling structures and tex-
tures associated with the marginal
stockscheider and various late-stage aplite-
pegmatite bodies. The GSS comprises highly
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evolved, fluorine-rich granites and contains a
marginal aplite-pegmatite zone
(stockscheider), horizontal and steeply dip-
ping aplite and pegmatites dikes and an or-
bicular granite dike, which all show evidence
of crystallization from undercooled melts.

The stockscheider occurring along the
southern margin of the stock, between the
Damara country rock and the medium-grained
granite, consists mostly of blocky to weakly
banded pegmatite. Along the northeastern
margin of the stock, between country rock and
porphyritic granite, the stockscheider is lay-
ered aplite consisting of well-defined layers
that vary in thickness from a couple
millimeters to half a meter. The layers are char-
acterized by rhythmic variation in grain size,
grain morphology and modal composition. A
characteristic feature of the layered aplites and
pegmatites is the unidirectional orientation of
plumose alkali feldspar and in some places
dendritic biotite and quartz crystals perpen-
dicular to the contact. The plumose alkali feld-
spar-quartz intergrowths measure 2 mm to 20
cm in length and typically occur as layers of
megacrysts in an aplitic matrix. The unidirec-
tional orientation of these megacrysts, flaring
towards the interior of the stock, indicates that
in the case of the marginal stockscheider, the
crystals grew from the country rock contact
into the magma chamber. The layered aplite
may be nearly rectilinear for several meters,
but in places, the layering is distorted and cut
by miarolitic aplite-pegmatite veins, which are
most likely related to volatile saturation and
exsolution from the melt during the crystalli-
zation of the aplite layers. Miarolitic cavities
are seen also in some aplite layers.

To understand the mechanisms that led to
the development of the layered aplite we made
a detailed petrographic study of a half-meter
long section of layered aplite. This aplite con-
sists of alternating layers of 1) homogenous
or thinly banded aplite and 2) plumose alkali
feldspar-quartz intergrowths. Layers of
plumose alkali feldspar became progressively
wider and the alkali feldspar crystals larger

(up to 50 cm in length) towards the contact of
the porphyritic granite. Our observations sug-
gest that the layered aplite, which consists of
homogenous aplite (roughly equal proportions
of quartz, alkali feldspar and plagioclase) and
thinly banded aplite (1-5 mm thick biotite-rich
and biotite-poor bands), must have under-
gone rapid nucleation from an undercooled
melt. The origin of the bands in the aplite
could be related to diffusion-controlled oscil-
latory nucleation in the boundary layers at
the margin of the crystallizing front and fluc-
tuations in vapor pressure which locally led
to degassing (cf. Webber et a., 1997; Morgan
and London, 1999). It seems possible that
crystallization of plagioclase and biotite would
have enriched the boundary layer in potas-
sium and that the latent heat released from
the crystallizing aplite may have inhibited new
nuclei from forming and thus increased the
growth rate of existing alkali feldspar crys-
tals.

In addition to the marginal stockscheider
aplite and pegmatites discussed above, the
GSS hosts several other structures - layered
aplite-pegmatites associated with the upper
parts of subhorizontal silicic dikes, subvertical
aplite-pegmatite dikes and an irregular orbicu-
lar granite dike - that can be interpreted to
result from undercooling.

Paper III
This paper details the late to post mag-

matic fluid evolution within the Gross
Spitzkoppe granite stock. Pegmatite pockets
and druses occur within all the granite types
of the stock, and against the Damara country
rocks occurs an aplite-pegmatite
stockscheider.  The pegmatites sampled con-
tained large crystals of alkali feldspar, quartz,
albitic plagioclase, dark mica, fluorite, topaz,
beryl, columbite, allanite, and fergusonite.
Minerals sampled for fluid inclusion studies
included translucent quartz, topaz and beryl
crystals and massive fluorite. Double polished
thick sections were prepared from twelve min-
eral specimens. Microthermometric measure-
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ments were made on primary and
pseudosecondary fluid inclusions, using a
Linkam THMS 600 programmable heating/
freezing stage. Three types of fluid inclusions
were distinguished on the basis of morphol-
ogy of the inclusions, volume percentage of
vapour at room temperature, mode of homog-
enization, and presence of daughter minerals.
The three fluid inclusion types are:

 1. H
2
O (±CO

2
). These inclusions are com-

mon in beryl, topaz, and quartz crystals from
the marginal stockscheider. They are of low
salinity (0-15 eq. wt% NaCl) and homogenize
at 300° to 550°C. Fluorite vein hosts H

2
O in-

clusions, which homogenize into the liquid
phase at temperatures below 200°C and have
a salinity of ca. 1-2 eq. wt% NaCl.

2. Halite-bearing H
2
O (±CO

2
). This inclu-

sion type is common in quartz crystals from
isolated pegmatites in the porphyritic granite
and in quartz of the marginal stockscheider.
They homogenize to a liquid phase at a tem-
perature of 300° to 400°C. Halite dissolution
temperatures of about 200°C suggest salinities
around 30 wt% NaCl.

3. H
2
O-CO

2
. This inclusion type occurs

in topaz, quartz and beryl crystals from the
marginal stockscheider and in topaz from a
miarolitic cavity within the porphyritic gran-
ite. The inclusions homogenize to vapor phase
at temperatures between 330° and 550°C and
have low salinities of ca. 0-8 eq. wt% NaCl.

Assuming that type 2 and type 3 fluid in-
clusions are contemporaneous, as suggested
by their coexistence and mode of occurrence
in various crystals, the intersecting isochors
of these fluid types yield a P-T range from ca.
500 bars at 420°C to 960 bars at 480°C.

By combining the fluid inclusion data
some general suggestions can be made con-
cerning the fluid evolution within the stock.
We suggest that the three fluid inclusion types
described could be derived from a common,
late magmatic parental fluid. Boiling, possibly
caused by a drop in confining pressure, is
proposed as the mechanism to generate both
low-salinity types 1 and 2 and high-salinity

inclusion type 3 from a common parental fluid.

Paper IV
This paper deals with the petrogenesis of

the Gross Spitzkoppe granites. We present
new radiogenic isotope data for the GSS gran-
ites and compare its geochemistry and iso-
tope composition with other anorogenic
Damaraland igneous rocks. Based on the
geochemistry of the GSS granites and several
external felsic dikes we place constraints on
possible source rocks, extent of fractional
crystallization and degree of partial melting.
Radiogenic isotope (Rb-Sr, Sm-Nd and Pb-Pb)
studies have been done on nine granite sam-
ples of the GSS, and one sample of a Damara
granite, a lamprophyre dike and an external
felsic dike of the bimodal dike swarm.

The GSS granites are highly evolved and
typically have low Sr and high Rb concentra-
tions. Their measured 87Rb/86Sr ratios range
from 31.5 to over 400 and 87Sr/86Sr ratios  from
0.7696 to 1.4997. The whole-rock Rb/Sr iso-
tope data yields a model age of 124.6 ±1.1 Ma
(MSWD of 2.5) and an initial 87Sr/86Sr ratio of
0.7134. However, it should be borne in mind
that the very high 87Rb/86Sr ratios for some of
the GSS granites makes the initial ratio very
sensitive to the apparent age of the intrusion.
The samples of the Damara granite,
lamprophyre dike and external felsic dike have
initial 87Sr/86Sr

(125 Ma)
 ratios of 0.7858, 0.7074

and 0.7334, respectively. In contrast to Sr, all
the granites samples of the GSS have compa-
rable Nd isotope compositions. The samples
exhibit high Sm and Nd concentrations (up to
48 ppm and 185 ppm, respectively) and have
147Sm/144Nd ratios between 0.10 and 0.17 and
have εNd

(125 Ma)
 values range from -5.6 to -6.4

and average -6.0. The samples of the Damara
granite, lamprophyre dike and external felsic
dike have  εNd

(125 Ma)
 values of -15.9, +1.4 and

-6.5, respectively.
Lead isotope data obtained from leached

feldspar fractions of the GSS granites have
206Pb/204Pb ratios from 18.76 to 19.17, 207Pb/
204Pb ratios from 15.66 to 15.73 and 208Pb/204Pb



9

ratios from 38.82 to 39.27. The feldspar frac-
tion of the Damara granite has 206Pb/204Pb ra-
tio of 19.00, 207Pb/204Pb ratio of 15.68 and 208Pb/
204Pb ratio of 38.53. When comparing initial
εNd and 87Sr/86Sr values (calculated for 125
Ma) of the GSS granites to basement rocks
and Damaraland complexes it becomes appar-
ent that the GSS granites plot with most other
Damaraland complexes along a mixing line
defined by mantle and crustal end-members.

The mantle component of the Etendeka-
Paraná continental flood basalts (Ewart et al.,
1998 and Garland et al., 1995), ferropicrite sills
and dikes (Gibson et al., 2000; Thompson and
Gibson 2000) and peralkaline and carbonatitic
complexes (see review by Trumbull et al., 2000)
has a near bulk-earth isotope composition
consistent with an Tristan mantle plume ori-
gin.

Potential crustal sources for the GSS within
the Damara Belt include: pre-Damara basement
rocks, S-type Damara granites and high-grade
metasediments. All these source rocks are
unsuitable as direct source rocks for the GSS
because of their low εNd

(125 Ma)
 and high ra-

diogenic 87Sr/86Sr ratios (>0.72). One other
source rock proposed by Harris (1995) is an
unexposed quartzo-feldspathic restite that re-
mained after the generation of the Damara
granites. Neodymium crustal index (NCI) is a
mixing model developed by DePaolo et al.
(1992) that gives the fraction of neodymium
derived from the crust. NCI calculated for the
GSS granites using Tristan plume as mantle
component and Damara S-type granite and
metasediments as crustal components sug-
gests that 60 to 70% of the Nd was of crustal
origin. An independent estimate based on
oxygen isotopes by Harris (1995) suggests
that the GSS contains about 74% crustal and
26% mantle components.

 Bimodal character of the granite
magmatism is indicated by synplutonic
diabase dikes and magmatic mafic - intermedi-
ate enclaves. As suggested in Paper I, the
mantle-derived mafic magmas may have been
more important as a heat source for melting of

the crustal source rock rather than as a mixing
component.

The granites of the GSS are highly evolved
having high SiO

2
, Rb and F and low CaO, Sr,

Mg, and Eu. We suggest that the granites
evolved via fractional crystallization thereby
modifying the original melt composition. The
felsic external dikes of the bimodal dike swarm
could represent the unfractionated melt, from
which the GSS granites were derived. Evi-
dence of crystal accumulation in the GSS oc-
curs as locally abundant mafic schlieren bands,
which consist of early crystallized mineral
phases. Major, trace and rare earth element
modeling suggests that the granites may have
been derived from melt compositions similar
to that of the felsic dikes, by fractionation of
amphibole and alkali feldspar, and lesser
amounts of quartz and ilmeno-magnetite.

We favor a restite as a viable source rock
for the GSS granites. Experimental studies
(Clemens et al., 1986) have shown that low
degree partial melting of a melt-depleted
source rock containing small amounts of
biotite (<10%) can account for relatively high
concentrations of high-field-strength-ele-
ments and rare earths as well as fluorine, as is
the case for the GSS granites and external
felsic dikes. Non modal batch melting of a
restite source suggests that relatively low de-
gree (10-20%) of partial melting can produce
melt compositions comparable to the felsic
dikes.

CONCLUSIONS

The study of the Gross Spitzkoppe gran-
ite stock (GSS) of central western Namibia lead
to the following conclusions:

1.   As suggested by several authors, the GSS
is one of the anorogenic Damaraland com-
plexes related to mantle plume activity
(Tristan mantle plume) and continental
rifting that led to the separation of South
America and Africa during the Early Cre-
taceous.
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2.   The epizonal GSS occupies an area of ~30
km2 and consists of medium-grained
biotite granite, coarse-grained biotite gran-
ite, central porphyritic granite and a small
cupola of porphyritic microgranite. All the
granites are topaz-bearing monzogranites
that contain as accessory minerals fluorite,
zircon, magnetite, thorite, ilmenite,
monazite, columbite, and niobian rutile.

3.   The GSS granites are evolved, subalkaline,
metaluminous to weakly peraluminous
granites with A-type geochemical and
within-plate characteristics.

4.  Zircon saturation thermometry gives model
crystallization temperatures: coarse-
grained biotite granite 850° to 830°C and
medium-grained and porphyritic granite
840° to 780°C. Magmatic water contents,
estimated from LREE saturation thermom-
etry, increases from the coarse-grained
biotite granite (~ 1 to 1.5 wt-%) to
porphyritic (1.7 to 5.6 wt-%) and medium-
grained granite (2.9 to 6.6 wt-%).

5.   The GSS hosts biotite-rich schlieren struc-
tures - curved, circular, lenticular, and lad-
der-dike - that are indicative of turbulent
magma flows caused by migrating plumes
in a partially crystalline mush.

6.  The layered aplite and pegmatite of the
marginal stockscheider have well-devel-
oped textural and mineralogical layering
that is best explained by crystallization
from an undercooled melt. Undercooling,
induced by rapid heat loss via conduc-
tion or sudden release of pressure, trig-
gered oscillatory diffusion controlled nu-
cleation and rapid crystal growth. Fluc-
tuations in vapor pressure has contributed
to the formation of the layered structure.

7.   Felsic dikes of the bimodal dike swarm
have A-type character and are
compositionally less evolved than the
GSS granites. A co-genetic relationship
between the felsic dikes and the GSS gran-
ites is based on field, geochemical and
petrographic observations.

8.   Sr-, Nd- and Pb-isotope composition of

the GSS granites suggests a dominant
felsic crustal source. The source rock is
inferred to be a residual quartzo-feld-
spathic rock (felsic granulite), which re-
mained in the lower to mid crust after the
extraction of anatectic granitic melts dur-
ing the late Neoproterozoic Damara
orogeny.

9.    Source rock characteristics suggest that
low degree partial melting (10-20%) of F-
rich biotite is capable of yielding small
quantities of melt enriched in HFSE and
REE.

10.  The petrogenetic model for the GSS gran-
ites involve mafic underplating of a
thinned lithospheric crust that caused
partial melting of a felsic (restitic) lower
to mid crust.
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