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Geochemistry of granitic in-situ low-melt fractions - an example
from the Central Damara Orogen
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Migmatites outcropping along the Omaruru River in the central Damara Orogen of Namibia are the product of both the injection of
granitic material and in-situ partial melting of mainly pelitic greywackes. This partial melting event is mainly due to heat transfer
from intruding granites during orogenic decompression at high temperatures. Anatexis under vapour-absent conditions in the deeper
crust leads to dehydration melting of biotite in pelites and, to a lesser extent, in metagreywackes generating peraluminous garnet- and
cordierite-bearing S-type granites which subsequently evolved through a complex assimilation and fractional crystallisation history
(AFC). Anatexis under vapour-present conditions leads to the formation of in-situ leucosomes which are formed by disequilibrium
melting of pelitic greywackes at T=690-710°C, P=4.6-5.5 kbar, X, ,=0.9 and £, between the QFM and NNO buffers. Disequilibrium
melting is the favoured process for generation of the in-situ leucosomes and is probably related to an overstep of the wet solidus dur-
ing infiltration of an aqueous fluid liberated from the crystallizing granites. The occurrence of contemporaneous hornblende-bearing

granites with A-type affinities is probably linked with exhumation and uplift late in the tectono-metamorphic history.

Introduction

Recently there has been considerable revival of inter-
est in the origin of granitic rocks, and in particular, the
relationship between granite genesis and migmatization.
Among the various mechanisms proposed to account
for the diverse types of migmatites, partial melting and
melt segregation remain the main genetic processes of
migmatization. Dehydration melting of hydrous phases
in pelites and metagreywackes (Thompson, 1982; Cle-
mens and Vielzeuf, 1987; LeBreton and Thompson,
1988; Vielzeuf and Holloway, 1988; Holtz and Barbey,
1991; Holtz and Johannes, 1991) coupled with sequen-
tial melting and restite unmixing is an attractive model
for the generation of peraluminous granitic magmas
as it is an intracrustal process that can account for the
differentiated nature of crustal segments and for the
water-undersaturated nature of most granitic magmas.
Nevertheless, the question of whether the trace element
signature of melts and residues is consistent with that
model remains open to debate. Among the numerous
geochemical studies of granitic magmas, the idea that
different geochemical characteristics of granites are
related to different source rock compositions has often
been emphasized, and has also been demonstrated ex-
perimentally (Conrad et al., 1988; Holtz and Johannes,
1991). However, important geochemical differences
can also be related to the presence of different amounts
of residual minerals in the magmas. This is especially
true for Fe, Mg and Ti (and related trace elements) and
therefore, crustal peraluminous granites containing high
amounts of these elements should be rich in residual ma-
fic phases. On the other hand, leucogranites correspond
either to pure melts extracted from their source or to re-
sidual magmas in which separation of early crystallized
phases has occurred (e.g. Price, 1983). Among the leu-
cogranites generated by partial melting of crustal rocks,
there are strong geochemical differences especially with
respect to K, Na (and related trace elements), and to a

lesser extent, with respect to Al and Si. The geochemi-
cal variability of these leucogranites is considered to
reflect different source rock compositions, different
stages of magmatic differentiation or different anatectic
conditions (P, T, X,,,., f,,) in the same source rock. In
a recent review paper, Brown (1993) pointed out the
need for detailed investigations on mineral reactions in
natural pelitic migmatites as an essential step towards
understanding not only the metamorphic petrogenesis
of these rocks but also the origin of peraluminous gran-
ites in continental settings. The aluminous migmatites
and the peraluminous granitic rocks (intrusive and in-
situ) from the Omaruru River in the central Damara
Orogen of Namibia show several features relevant to
these problems. This paper discusses several phenome-
na of in-situ migmatization in connection with intrusion
of peraluminous granites which were generated in the
lower crust and intruded in high-grade metasediments
to form vein-like migmatites.

Geological setting and field relations

The migmatitic complex studied is located in the
Omaruru River at 14.95° E and 21.50° S in the cen-
tral Damara Orogen, Namibia and consists mainly of
migmatites generated by intrusion of granites. The stud-
ied granites are syntectonic, medium- to fine-grained
leucogranites. Subjected to syn- to post-tectonic up-
per amphibolite facies metamorphism, the study area
is structurally complex and has abundant anatectic
features typical of many migmatite terrains. The three
main metasedimentary units are psammitic greywackes,
pelites and metagreywackes of the Kuiseb Formation.
In addition, rare amphibolites, marbles and calc-sili-
cates occur. Intercalated are two types of migmatites,
garnet -bearing stromatic migmatites and garnet-free
nebulitic migmatites. Psammitic greywackes do not
show any mineralogical and geochemical evidence
of partial melting and are not considered further. Me-
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Figure 1: T-XH20 conditions of in-situ migmatite formation in
the study area as well as conditions of granite formation
in the decper crust. Diagram and location of mineral
reaction curves are from Osanai et al.(1992). The posi-
tions of the triangles reflect PT conditions of granite
formation due to the incongruent melting of biotite
whereas the circles represent conditions of migmatite
formation due to the breakdown of muscovite.

T
700 750

tapelites and metagreywackes are characterised by a
continuous banding on a millimetre to centimetre scale
defined by alternating, foliated biotite-rich layers and
granular quartz-feldspar layers of sedimentary origin.
Throughout the complex migmatitic structures are well
developed, sometimes with extensive disruption of the
banded mesosomes by a fine-grained leucosome bor-
dered locally by a thin biotite-rich melanosome. Dark
blue-grey knots of cordierite and large porphyroblasts
of garnet are common in those melanosomes and the
associated leucosomes. Where migmatization is exten-
sive, the former metasediments take on a nebulitic to
schlieren-like character with irregular melanosomes
preserved within a cordierite- and biotite-rich matrix
in which the distinction between mesosome and leuco-
some is very difficult.

The granitic melts intrude the migmatised metasedi-
ments in the form of planar, sometimes irregular dykes
and sheets. The centre of the complex is made up of
a leucocratic, nearly restite-free granite. The granitic
melts can be roughly divided in four types, namely in
two types of leucocratic, coarse- to medium-grained
garnet-cordierite granites with different geochemical
signatures, in a less abundant light-grey, fine- to me-
dium-grained hornblende-bearing granite and in-situ
leucosomes.

Petrography

The most common metamorphic mineral assemblage
in the complex is biotite-plagioclase-K-feldspar-sil-

limanite-cordierite-quartz within the pelites and me-
tagreywackes. Pelites have higher modal abundances
of biotite, cordierite and sillimanite and lower modal
abundances of plagioclase and quartz than metagrey-
wackes. In both rock types, biotite defines the foliation.
It is commonly associated with tabular plagioclase,
quartz and oxides. Plagioclase occurs as idioblastic to
subidioblastic grains more or less evenly distributed
throughout the rock. Xenoblastic perthitic microcline
shows inclusions of biotite and quartz. Quartz ranges
from small rounded inclusions in feldspars and cordier-
ites to coarse-grained patches showing undulose ex-
tinction. Cordierite is clear, coarse-grained, tabular,
sometimes twinned and contains inclusions of quartz,
biotite and sillimanite. Fibrolitic sillimanite is enclosed
in cordierite and garnet. Prismatic sillimanite occurs
only in some of the granite veins. The metasediments
contain only minor amounts of muscovite which may
be in part retrograde in origin. More complex metamor-
phic assemblages are developed in the stromatic garnet-
bearing migmatites where garnet grows at the expense
of sillimanite, biotite and probably cordierite. Further-
more, muscovite is absent and the development of well
defined garnet- and cordierite-bearing leucosomes can
be recognized. Garnets are usually larger than the oth-
er minerals. Within these garnet-bearing migmatites,
cordierite occurs in leucosomes and in melanosomes.
In melanosomes, cordierite is texturally identical to that
in the metasediments whereas in leucosomes cordier-
ite is often inclusion-free and subhedral. Biotite is
concentrated in melanosomes together with cordierite,
sillimanite, apatite, zircon and tourmaline. The leuco-
somes contain plagioclase, quartz and garnet and minor
amounts of cordierite, K-feldspar and accessories.

Most of the intrusive granite veins in the area studied
are leucocratic, medium- to coarse-grained and contain
variable proportions of biotite, garnet and sometimes
cordierite. Biotite is the most common mafic phase
in the garnet-cordierite granite. Cordierites occur as
poikiloblastic inclusion-rich or euhedral nearly inclu-
sion-free crystals. Sillimanite occurs sometimes as in-
terstitial fibrolitic mats or prismatic grains. Garnet is
common and occurs either as equigranular to rounded,
regularly distributed euhedral crystals which are free
from inclusions or as large and irregularly distributed
poikilitic crystals with quartz-plagioclase haloes. The
former are almost certainly of primary magmatic origin,
whereas the latter may be entrained restitic material, ei-
ther from the lower crust or from the level of emplace-
ment. Within these granite veins plagioclase is gener-
ally subhedral and unzoned. These granite-type also
contains sporadic perthitic K-feldspar phenocrysts. In
the hornblende-bearing granite hornblende dominates
over biotite. Proportions of K-feldspar, plagioclase and
quartz are variable but the hornblende-bearing granite
has a higher modal plagioclase to K-feldspar ratio than
the garnet-cordierite granite.
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Table 2.: Pressure-temperature estimates from

estimates using empirical equations for elemen:
melt at 73 wt® £i02. (Abbrev.:.

G/C: Garnet-cordierite granites, Hbl: Hornblen

Bample 30/12  30/12 12/2 89/80 89/19
Host rock Leuco. Mel. G/c G/c G/c
Mineral &t 11 Gt 7 Gt 19 Gt 36 Gt 59

Bio 14 Bio 15 Plg 30 Plg 133 Plg 8

Cd 10 cd 10 Bio 71 Bio 39 Bio 76
Plg 15
A 685 633 630 668 682
B 586 641 630 672 681
c 699 642 639 681 696
D 708 684 688 T42 766
E 737 669 666 716 734
r 691
G 4,8 4,1
H 5,1 4,86 7,0 8,6
I 5,1 5,6 6,9 9,4
J
K
L
]
N
L]
P
]

Blundy and Holland (1990) Al-in-hornblende

ONOZXEURGUHEQNNOO WM

pPlagioclase, Al-in-hornblende, Ti-in hornblende geothermcbarometry as well as temperature

Leuco: Leucoscme of migmatites, Mel: Melancsome of migmatites,

Perchuk et al. (1981) garnet-biotite gecthermometer

Perchuk et al. (1985) garnet-biotite gecthermometer

Holdaway & Lee (1977) garnet-biotite geothermometer

Perchuk and Lavrent eva. (1983} garnet-bioctite geothermometer
Thompsen (1976) garnet-biotite gecthermometer

Perchuk and Lavrent eva. (1983) garnet-cordierite geothermometer
Perchuk et al. (1981) garnet-cordierite gecbarometer

Ghent (1976) garnet-plagioclase gecbarometer

Powell and Holland (1988) garnet-plagioclase gecbarometer
Hollister et al. (1987), Al-in-hornblends geobarometer
Johnson and Rutherford (1989) Al-in-hornblends gecbarcmeter
Vyhnal et al. (1991} Al-in-hornblende geothermometer

Otten (1984) Ti-in-hornblende gecthermometer
Watson (1984) saturation temperature for Ir
Watson (1984) saturation temperature for LREE
Bea et al. (1992) saturation temperature for P205

garnet-biotite, garnet-cordierite, garnet-

t saturation of a typical peraluminous granitic
de granites.
89/53-54 89/76

26/5 89/15 89/14 89/66 B9/24

G/c G/c G/c Hbl Hbl G/c Hbl
Gt 18 Gt 28 Gt 52 Hbl 24 Hbl 1
Plgd Bio 41 Bio 73
Bio 69 Plg 42 Plg 2
687 609 657
684 616 658
701 616 659
767 697 T42
740 639 701
6,1 5,9 6,1
5,9 6,4 6,3
6,2 6,1
4,7 4,7
811 810
771 754
774 788
800 860
810 880
850 900

geothermometer

Analytical techniques

Sample powders were fused in lithium-tetraborate
and analysed for major and trace elements by means
of X-ray fluorescence spectroscopy. FeO was measured
titrimetically. Fe O, (actual) was calculated as Fe,O,
(e.g. XRF) minus (peO (titrimetically) * 1.112). In the
case of microprobe analyses where usually all Fe is
treated as FeO, the FeO (titrimetically determined on
mineral separates) was subtracted from FeO (micro-
probe analyses) and the remaining FeO was treated as
Fe,0,. LOI was determined gravimetrically at 1050°C.
REE were determined with AES-ICP techniques using
a Na,O, decomposite following separation on cation
exchange columns. The precision is better than 3% for
major elements (except P,O,, MnO and Na,O), gener-
ally better than 10% for REE, and better than 5-10%
for other trace elements. Accuracy was controlled by
the use of several international and in-house standards
and the results are in good agreement with their recom-

mended values. Major element composition of minerals
were determined with an automated CAMECA micro-
probe at the University of Bonn, operating at 15 kV, 15
nA and using the ZAP correction procedure. Oxygen
isotope analyses were performed at the University of
Bonn on aliquots of powdered whole-rock samples, us-
ing purified fluorine as a reagent for oxygen extraction
followed by conversion to CO, similar to the proce-
dure described by Clayton and Mayeda (1963). '*0/'*O
measurements were made on a SIRA-9 triple-collector
mass spectrometer by VG-Isogas.

Metamorphic conditions and estimation of P, T,
XH20 and -f02

The rocks were finally metamorphosed under con-
ditions beyond the K-feldspar-AlSiO, isograd. The
assemblage  cordierite-sillimanite-garnet-K-feldspar
indicates a relatively low reaction pressure. The close
relationship between the growth either of garnet or
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cordierite, the disappearance of some biotite and silli-
manite, the development of in-sifu leucosomes and the
occurrence of partial melting on a regional scale either
by the reaction:

bio + silli + qtz <-> ¢d + kf + gt + H,O (1) or,
bio + cd + plg + Kf + qtz + H,0 <-> gt + melt (2)

support an anatectic origin for the in-sifu leucosomes
and suggest that garnet and sometimes cordierite were
generated during incongruent melting of biotite and rep-
resent restitic phases within the leucosomes. Pressures
and temperatures of high-grade metamorphism were
estimated from the compositions of garnet, cordierite,
biotite and plagioclase in migmatites and granites (Ta-
ble 1) using calibration data of several authors (Table
2). In a recent review, Kleemann and Reinhard (1994)
have shown that among the various calibrations for the
garnet-biotite thermometer the calibration of Perchuk
and Lavrent’eva (1983), which takes the non-ideality
mixing behaviour of Al and Ti in biotite into account,
gives reasonable temperature estimates and may there-
fore be used for calculating temperatures in high grade
metamorphic rocks. In addition, the Al-in-hornblende
geothermobarometer was used for estimating P/T con-
ditions of emplacement of the hornblende-bearing
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granites. The estimation of X 20 is based on the work
of Osanai ef al. (1991) and is presented in Fig. 1. Fol-
lowing Wones and Eugster (1965) oxygen fugacity was
estimated from the Mg?*, Fe*", Fe*" composition of bi-
otite in the in-situ leucosomes from the migmatites. The
Fe/(Fe+Mg) ratio of 0.70 for the biotites corresponds to
an oxygen fugacity of log -f ;2 = - 16 at temperatures of
710°C, which was the maximum temperature obtained
by geothermometry. The location of the biotite compo-
sition in the Fe’*-Fe*’-Mg?" ternary diagram of Wones
and Eugster (1965) corresponds to conditions between
the QFM and NNO buffers.

Geochemistry of the host rocks

Major- and trace element composition and oxygen
isotopic composition of representative samples are giv-
en in Table 3.

Metasediments

Pelites are Si-, Ca-, Na-poor and Al-, Fe-, Mg-, K-
and Ti-rich and have a composition close to that of the
average shales. This is further supported by their rather
nonnal pelite-index (PI:(SiO,/4)+2A1,0,+K O-(FeO+
Fe,0,+ MgO), Hoernes and Van Reenen, 1992) of 44

1000

< 4 Gt-Cd granite 89.66
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Figure 2: Chondrite-normalized REE composition of the investigated samples. A: Average pelite and metagreywacke from the Ku_iseb
Formation in the study area (Jung, 1994), B: gamet-cordierite granites, hornblende granite and in-sifu leucosomes of the
gamet-bearing stromatic migmatites, C: nebulitic garnet-free migmatites, D: Melanosomes of the gamet-bearing stromatic
migmatites and one example of a restitic gamet- and cordierite bearing xenolith from the garnet-cordierite granites. Normali-

zation values after Sun and McDounough (1989).
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(Table 2) and their K/Rb ratio of 132, although the latter
is somewhat lower than the average of pelitic rocks (K/
Rb: 175, Taylor and McLennan, 1985). They have total
REE contents of 174 ppm and display a fractionated
REE pattern (La,/Yb,: 8.85) and a pronounced nega-
tive Eu anomaly (Eu/Eu*: 0.56, Fig. 2a). Their REE
characteristics are close to the values given by Taylor
and McLennan (1985) for various post-Archaean shales
(REE: 173-204 ppm, La /Yb: 7.0-9.2, Eu/Eu*: 0.66-
0.70).

Metagreywackes are enriched in Si, Ca and Na and
depleted in Al, Ti, Fe, Mg and K relative to the pelites.
The pelite-index of 40 is slightly lower than that for
the pelites. The total REE content is somewhat lower
(163 ppm), but the REE fractionation (La/Yb,: 14.92)
and the negative Eu-anomaly (Eu/Eu*: 0.34) are more
pronounced than in the pelites. Total REE contents and
LREE/HREE fractionation are close to the average of
quartz-intermediate greywackes (REE: 130-176 ppm,
La/Yb,: 8.4-14.8) given by Taylor and McLennan
(1985) but the negative Eu anomaly is more pronounced
in the Damaran metagreywackes (Eu/Eu*: 0.38, quartz-
intermediate greywackes: 0.69-0.75).

Pelites and metagreywackes have relatively low 3'*0
values of 12.7 £ 0.9%o and 11.8 £ 1.0%o respectively
which are significantly lower than the average of 14.0+
0.7%o of Damaran pelites given by Hoernes and Hoffer
(1985).

Granites

Granites derived from intra-crustal sources have a
distinctive geochemistry (Miller, 1985). In the study
area, the granites are characterized by high SiO,, A1, O,
and Rb but moderate to high K,O, Na,O and Ba, mod-
erate Sr, Pb and low FeO(tot) and MgO. Transition ele-
ments (Ni, Co, Cu, Cr, V, Sc) are low, Zr, Y and Nb
show no systematic variation and Ga is high. Primary,
unfractionated granites (sample 89.66) have rather nor-
mal total REE contents (212 ppm), a fractionated REE
pattern (La,/Yb,: 25.33) and a pronounced negative
Eu anomaly (Euw/Eu*: 0.33, Fig. 2b.). The molecular
Al0,/Ca0+Na,0+K O ratio (A.S.L.: alumina satura-
tion index Shand, 1949) is always greater than 1.10 and
is therefore typical for peraluminous granitoids (Chap-
pel et al., 1987). Thus, the overall geochemistry of the
granites displays all the features of S-type granites.
Some of the intrusive granites have higher Na,O and
CaO and lower K,O, lower Rb and Ba contents than
the above described S-type granites. They have much
lower total REE contents (51 ppm) and a less fraction-
ated REE pattern which results in a lower La /Yb ratio
(La,/Yb: 5.68, sample 89/71 in Fig. 2b). The S-type
granites have high oxygen isotopic compositions of
13.2%o0 and 14.3%o. In contrast, the hornblende-bearing
granite has lower SiO,, higher FeO(tot), MgO and CaO
but similar AL,O,, K,O and Na,O and consequently a
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lower alumina saturation index of 1.05. Rb contents are

somewhat lower but Sr contents are high and Ba is very
high relative to the garnet-cordierite granites. The Ga
contents are lower than in S-type granites. The most
distinctive feature is the relative enrichment of HFS el-
ements, like Zr, Nb, Y, and the REE. Overall, they show
a strongly fractionated REE pattern (La/Yb: 38.26)
and a moderate negative Eu-anomaly (Eu/Eu*: 0.43,
sample 89/24 in Fig 2b.). The oxygen isotopic compo-
sition of 11.87%o is lower than in the S-type granites.
In conclusion, this granite appears to have an A-type
character.

Nebulitic garnet-free migmatites

The nebulitic garnet-free migmatites (samples 30.11,
89.49, 89.64, 89.5), which do not show the prominent
leucosomes of the stromatic garnet-bearing migmatites,
have SiO, contents identical to or somewhat lower than
the pelites. In comparison with the pelites, they have
higher TiO,, lower Na,O and variable Al,O,, FeO(tot),
K,O and Rb (255-544 ppm), Sr (5-94 pprn) and Ba
(112-543 ppm) contents. The K/Rb ratio varies between
74 and 129. Total REE contents are similar to or higher
than totals for the metasediments (155-281 ppm). The
fractionation of LREE relative to HREE is similar
(La,/Yb,: 8.18-12.46), but the negative Eu anomaly is
more pronounced (Eu/Eu*: 0.14-0.25, Fig. 2c.) in the
migmatites. The oxygen isotopic composition covers
the range of the pelites and meta-greywackes.

Garnet-bearing migmatites
Melanosomes

The melanosomes (samples M1 - M3) of the garnet-
bearing migmatites are depleted in SiO,, CaO, Na,O and
Sr and enriched in TiO,, AL,O,, MgO, K,O, Rb, Ba, Y,
Zr and transition elements relative to pelitic greywack-
es. Total REE contents are comparable to those in the
metasediments and the nebulitic garnet-free migmatites
but the negative Eu-anomaly is more pronounced than
in the metasediments and is as low as that in the nebu-
litic migmatites (Eu/Eu*: 0.29-0.34, Fig 2d.). A restitic
garnet-and cordierite-bearing xenolith (sample 89/261)
from the garnet-cordierite granite, which is probably
genetically linked to the garnet-bearing migmatites, is
enriched in AlO, and FeO(tot), but strongly depleted
in CaO, Na,0, K,O, Rb, Ba, Pb, Sr and total REE. Al-
though garnet effects a relative enrichment of HREE,
the fractionation between LREE and HREE is moderate
but the strong negative Eu anomaly (Eu/Eu*: 0.16) is
still present (Fig. 2d).

Leucosomes
The in-situ leucosomes (samples L1 - L3) of the

garnet-bearing migmatites have a major- and trace el-
ement geochemistry which is very different from the
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intruding granites. Compared to the primary garnet-
cordierite granite, the in-sifu leucosomes have higher
Si0,, Ca0 and Na,O, lower TiO,, FeO, K,0, P,0O, and
similar contents of Al,O, and MgO. Whereas the major-
ity of these garnet-cordierite granites have K,0>Na,O,
the in-situ leucosomes have Na O>K,O. In comparison
with some of the garnet-cordierite granites which show
also Na,0>K O, the in-situ leucosomes have higher
SiQz and CaO, lower TiO,, ALO,, FeO and MgO and
similar contents of Na,O and K,O. These geochemical
differences are more pronounced with respect to trace
elements. In comparison with the garnet-cordierite
granites with K O>Na, O, the in-situ leucosomes show
lower Li, Rb, Pb, Ba, Y, Zr, Nb and Sc contents, higher
Cu, Ni and Cr contents and roughly similar contents of
Sr and V. The most striking features are the low total
REE content and the positive Eu anomaly of the in-situ
leucosomes, which separates them from the garnet-
cordierite granites (Fig. 2b.). Compared to the granites
with Na,0>K O, the leucosomes have lower Li, Rb, Y
and Nb, higher Cu, Ni, Co and Ba and similar contents
of Sr, V, Pb, Zr and Ga.

Mineral chemistry

Based on field relationships and petrographic obser-
vations different generations of garnet and probably
cordierite can be distinguished. These different mineral
phases together with compositions of associated plagi-
oclase and biotite are given in Table 1.

Garnet, cordierite, biotite and plagioclase, as well
as K-feldspar (not reported here) from the migmatites
exhibit no zoning, suggesting high-temperature equi-
libration. All garnets fall in the almandine field with
minor amounts pyrope in solution and lesser quantities
of spessartine and grossular. In the present case study
mesosomes contain no pre-melting garnet. The granite
veins, leucosomes and melanosomes provide garnets
with distinct petrogenetic histories which is reflected
in their contrasting major-element geochemistry. Gar-
nets from leucosomes and melanosomes of the garnet
-bearing migmatites are unzoned. Garnets from the
leucosomes contain more of the spessartine component
and, to a lesser extend, from the pyrope component than
garnets from the melanosomes (columns 1-4, Table 1).
Those garnets may be products of the incongruent de-
hydration melting of biotite. Euhedral garnets from the
granites exhibit a pronounced zoning from pyrope-rich,
spessartine-poor cores to pyrope-poor, spessartine-rich
rims (columns 5-6 and 9-16, Table 1). This zoning is in-
terpreted as being due to magmatic crystallization (e.g.
Allen and Clarke, 1981; Phillips ef al., 1981; DuBray,
1988). Anhedral garnets with variable amounts of in-
clusions and sometimes pronounced haloes of quartz
and plagioclase, which suggest growth after the peak of
metamorphism, are only slightly zoned (columns 7-8,
Table 1). Like the euhedral garnets, those garnets cores
have lower spessartine and higher pyrope and grossu-

lar contents than the rims. Due to the higher grossular
content, which suggest slightly higher pressures, these
garnets may be refractory crystals from deeper crustal
levels (e.g. Pattison et al., 1982).

Biotites are members of the phlogopite-annite solid
solution series with only small differences in the Al-
content. Biotites of leucosomes contain less TiO, than
those of the melanosomes. Biotites from the garnet-
cordierite granite have surprisingly high TiO,-contents,
comparable with those from the melanosomes of the
migmatites (columns 17-24, Table 1).

Cordierites from the migmatites are FeO-rich and
show slightly higher Na,O contents than cordierites from
metasediments. The latter have roughly equal amounts
of FeO and MgO (columns 33-35, Table 1). FeO enrich-
ment and higher Na O contents in cordierites suggests a
high-temperature origin for these cordierites, probably
linked with an anatectic overprint (Speer, 1981; Flood
and Shaw, 1975). Cordierites from the garnet-cordierite
granites are FeO-rich with high contents of Na,O, indi-
cating a magmatic origin (column 36, Table 1).

Plagioclase in the hornblende granite falls in the
composition field of andesin whereas that in the gar-
net-cordierite granite is an oligoclase (columns 25-32,
Table 1).

Amphibole from the hornblende granite is pargasitic
to ferro-pargasitic hornblende according to the nomen-
clature of Leake (1978).

Discussion

Field evidence and P-T estimates indicate that condi-
tions for partial melting of mainly pelitic greywackes
and formation of leucogranitic melts were attained dur-
ing Damaran regional metamorphism in the study area.

Beside the results from geothermobarometry, the
occurrence of different types of garnet within the gar-
net-cordierite granites offers the opportunity for the
evaluation of the decompression and cooling history of
the migmatite complex. The location of the individual
samples of the garnet-cordierite granites in Fig. 1, the
high grade conditions obtained from the compositions
of the cores of the garnets and the matrix biotites and
plagioclases as well as the core-rim relationship of indi-
vidual garnets (following Martignole and Nantel, 1982)
suggests that early in the metamorphic history a nearly
isothermal decompression path was attained (samples
89/19, 89/80). In this case, isothermal decompression
under relatively high grade metamorphic conditions
(770°C/7.0 kbar, X, : 0.4 to 740°C/5.3 kbar, X, :
0.5) is an effective way for generation of granitic melts
in the deeper crust. Later in the metamorphic history
the migmatite complex evolved through isobaric cool-
ing (740-760°C/4.2-4.6 kbar, X,,.: 0.8; samples 26/5,
89/53-54) and unloading cooling (700°C, 4.4-5.6 kbar,
Xipo: 0.9, samples 12/2, 89/76, 30/12). Temperatures of
740-760°C and pressures of 5.6-7.0 kbar are believed
to be remnants of high grade conditions in the deeper
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crust whereas temperatures of 690-710°C at 4.5 kbar
reflect maximum PT conditions of high grade regional
metamorphism.

The occurrence of at least four different types of gra-
nitic rocks (garnet-cordierite granites with K,0>Na,O
and Na,0>K,O, hornblende granites, in-situ leuco-
somes) together with abundant migmatites and unaf-
fected metasediments offers the possibility to discuss
the composition of leucosomes and intrusive granites
in terms of partial melting processes of common crus-
tal rocks. Petrogenetic investigations of migmatites and
granites require modelling of trace elements and REE
variations. However, disequilibrium behaviour of ac-
cessory phases during melting has critical consequences
for trace element distribution in granites. The distribu-
tion of Rb, Ba, Sr which are controlled by major min-
eral phases (feldspars, biotite) and P, REE and Zr which
are controlled by accessory phases (apatite, monazite,
zircon) are commonly used to make constraints on the
evolution of granitic melts.

Anatexis in the lower crust with a melt fraction higher
than the minimum melt fraction (30-50%) has occurred
to produce ‘the intrusive granites. The critical melt frac-
tion forms at the point at which partially molten rocks
change from granular framework to dense suspension
behaviour (Wickham, 1987). In this case, the evolution
of granites is consistent with the melt-restite model from
Chappell et al. (1987), explaining the large amount of
restite minerals (garnet, cordierite, sillimanite) in most
of the garnet-cordierite granites. This feature may also
explain the high alumina-saturation index. Furthermore,
the geochemistry of these granites can be expressed in
terms of fractional melting of metagreywackes (granites
with Na,0>K,0) and pelites (granites with K,0O>Na,O).
Geochemical modelling, using typical Damaran Kuiseb
Formation pelites and metagreywackes as the source
rocks and abundant cordierite- and garnet-bearing res-
tites within the granites as the residual rocks, implies
unusually high degrees of partial melting (60-80% melt
fraction) (Jung, 1994). The oxygen isotopic composi-
tion shows that the garnet-cordierite granites are typi-
cal crustal melts. Alteration, assimilation and fractional
crystallisation are commonly assumed to be responsi-
ble for the shift to high 8'*0 values of S-type granites
(e.g. Taylor and Sheppard, 1986). No macroscopic nor
microscopic evidence of alteration were observed and
the negative correlation between the alumina-satura-
tion-index and 8'%0 values (not shown in detail here)
preclude or fractional crystallisation as the major proc-
ess for generating high 6'%0 values. We assume that the
high 80 values are primary values and the results of
partial melting of highly evolved metasediments. Tak-
ing a 880 value of 14.0%o for the average pelite as the
source rocks (Hoernes and Van Reenen, 1992), it could
be expected that partial melting produces granitic melts
enriched in 6'%0. Nevertheless, the relatively low 3'30
values of the investigated metasediments and migma-
tites in the studied area preclude such rocks as the

source for the intrusive granites.

Miller (1985) and Harris and Inger (1992) have shown
that Rb/Ba, Rb/Sr and St/Ba ratios can be used to place
constraints on the source rocks of granitic magmas. Ac-
cording to Miller (1985), granites resulting from partial
melting of pelitic sources have lower Rb, and Ba con-
tents and similar Sr contents than their protoliths and
Rb/Ba ratios >0.25. To the authors knowledge there are
no comprehensive trace element data for typical Kuiseb
Formation pelites (for 60% SiO, and K,0>Na,O) but
taking averages of 260 ppm Rb, 580 ppm Ba and 100
ppm Sr for the Kuiseb Formation pelites from the study
area into account (n=7, Jung, 1994 and unpublished
data) the primary garnet-cordierite granites (220-260
ppm Rb, 220-250 ppm Ba, 70-100 ppm Sr) fulfil these
criteria.

According to Harris and Inger (1992), granitic melts
generated by the incongruent melting of muscovite are
characterized by low Rb/Sr (0.7-1.6) and high Sr/Ba
(0.5-1.6) ratios because the restite is depleted in feld-
spar. Furthermore, these melts indicate the presence of
a vapour phase. In contrast, vapour-absent melting will
result in the incongruent melting of biotite and high
Rb/Sr (2-6) and low Sr/Ba (0.2-0.7) ratios in the melts.
The intrusive granites, which have not experienced ex-
tensive crystal fractionation (e.g. sample 89.66) have
a Rb/Ba ratio around 1.0, Rb/Sr of 2.60- 3.14 and Sr/
Ba of 0.30-0.40 and are therefore products of dehydra-
tion melting processes of biotite-bearing pelites in the
deeper crust.

It is generally assumed that incompatible elements
preferentially partition into the melt during fusion.
However, certain incompatible elements such as Zr, P
and LREE, because they are essential structural com-
ponents of accessory phases such as zircon, apatite and
monazite, will be strongly partitioned into these phases
in preference to the melt. The concentration of these
elements is considered to be a good indication of the
extent to which those accessory phases are consumed
during melting or entrained in anatectic melts. Using
the empirical equations for Zr, PO, and LREE satura-
tion of Watson (1988) it is possible to obtain the satura-
tion concentration for Zr, P,O, and LREE for a typical
peraluminous melt containing 73 wt % SiO, at a certain
temperature. Typically unfractionated garnet-cordierite
granites of the study area have 170 ppm Zr, 200 ppm
LREE and 0.20 wt % P,O.. The application of the em-
pirical equations mentioned above indicate equilibrium
temperatures of around 800°C for Zr and 810°C for
LREE. The application of the model from Harrison and
Watson (1984) and the equation from Watson (1988)
yield significantly lower P,O, contents for 800°C or ex-
tremely high temperatures for equilibration (1000°C).
Bea et al. (1992) pointed out the need for correction
of the Harrison and Watson model, because of the in-
creased solubility of P in Ca-poor, peraluminous melts.
Application of the Bea et al. (1992) correction yields
an equilibration temperature of 850°C for 0.19 wt %
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P,O,, which seems to be more realistic. These tempera-
ture estimates are believed to represent temperatures
of formation of the S-type granites and indicate that
the primary garnet -cordierite granites are restite-poor
melts with respect to zircon, apatite and monazite. Us-
ing the above mentioned empirical equations, saturation
temperatures for the hornblende granites of 880°C for
LREE, 900°C for P,O, and 860°C for Zr were obtained
and are in good agreement with previous estimates of
initial temperatures for A-type granites (Clemens et al.,
1986). It is necessary to state that these temperature
estimates more likely reflect initial temperatures in the
lower crust during generation of both types of granites
than metamorphic temperatures during high grade evo-
lution of the complex.

Furthermore, some of the intrusive granites with
K,0>Na,O have experienced extensive crystal frac-
tionation which can be modelled by fractionation of
amphibole, biotite, plagioclase, monazite, allanite and
sphene. The process of fractional crystallisation can be
traced using the elements Zr, Rb, Sr, Ba and REE. The
final products are differentiated rocks with the typical
wing-shaped REE pattern which result from fractiona-
tion of LREE-enriched accessory phases, crystallisation
and accumulation of alkali-feldspar and entrainment of
phases like garnet with HREE>LREE (Miller and Mit-
tlefehld, 1982; Shearer et al., 1982).

During high-grade metamorphism anatexis of pe-
litic metagreywackes and extraction of low melt frac-
tions has occurred. Most of the leucosomes of the gar-
net-bearing migmatites may have developed by such
a process. The geochemistry of the migmatites, like
variable K,O, Na O, Rb, Sr and Ba values is consistent
with limited extraction of a granitic melt. In this case,
petrogenetic modelling suggests only a small degree of
partial melting (15-25% melt fraction) of pelitic grey-
wacke source rocks. The P, T, X, and f, conditions
(700°C, 4-5 kbar, X, =0.9, log f,= -16 (between the
QFM and NNO buffers, and therefore slightly reducing
conditions)) support such an origin. Rb/Ba is 0.39-0.56,
Rb/Sr is 0.59-0.73 and Sr/Ba is 0.50-0.95. These trace
element ratios are characteristic of granitic melts gener-
ated by partial melting of metasedimentary rocks in the
presence of a vapour phase. The maximum Zr content is
80 ppm, LREE is 22.8 ppm and P,O; is 0.09 wt%. The
calculation of equilibrium temperatures yielded 740°C
for Zr, 650°C for LREE and 780°C for P,O, and in-
dicate that these leucosomes are probably melts which
where generated under disequilibrium conditions. They
contain a limited amount of restitic minerals. The possi-
bility that these leucosomes are the differentiation prod-
ucts of the intrusive granites can be ruled out because
of the pronounced fractionation of LREE over HREE
(La,/Yb,: 20), the much lower positive Eu anomaly and
the higher Cu, Co, Cr and Ni contents which are typical
of unfractionated granitic melts generated from meta-
sedimentary rocks.

Higher Sr and Ba contents and therefore different Rb/

Ba, Rb/Sr and Sr/Ba ratios as well as higher contents of
HFSE and REE in the hornblende granite point out to
a non-metasedimentary source and it is suggested that
the hornblende granite is the product of limited partial
melting of a non-depleted lower crust, probably of to-
nalitic composition. Such melts can be generated late in
the tectono-metamorphic evolution of an orogenic belt
during advanced uplift and exhumation.

The genetic link between SiO,-rich granitic leuco-
somes with positive Eu anomalies and low contents of
trace elements (normally hosted in accessory phases)
and normal S-type granites with elevated trace element
contents and negative Eu anomalies lies in the different
melting behaviour in the deeper crust and the different
entrainment and solubility of accessory restitic phases.
Low trace element contents and positive Eu anomalies
may be indicative of disequilibrium melting of feldspar-
rich material under nearly water-saturated conditions
where melts are extracted from the restite before reach-
ing chemical equilibrium. Additionally, the relatively
dry peraluminous nature inhibits solution of accessory
phases like zircon and monazite. As melting proceeds,
larger masses of magma are mobilized and the entrain-
ment (and probably the solution) of restitic phases is
facilitated, resulting in trace element enriched S-type
granites which can be found in all Phanerozoic mobile
belts worldwide. Thus, a careful geochemical investiga-
tion, coupled with major and trace element modelling is
necessary to understand the evolution of granitic rocks
from low-melt fractions to high-melt fractions.
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