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U-Pb garnet chronometry in high-grade rocks—case studies from the
central Damara orogen (Namibia) and implications for the interpretation
of Sm-Nd garnet ages and the role of high U-Th inclusions
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Abstract Garnets from different migmatites and granites
from the Damara orogen (Namibia) were dated with the
U-Pb technique after bulk dissolution of the material.
Measured 206Pb/204Pb ratios are highly variable and range
from ca. 21 to 613. Variations in isotope (208Pb/204Pb,
206Pb/204Pb) and trace element (Th/U, U/Nd, Sm/Nd)
ratios of the different garnets show that some garnets
contain significant amounts of monazite and zircon
inclusions. Due to their very low 206Pb/204Pb ratios,
garnets from pelitic migmatites from the Khan area yield
Pb-Pb ages with large errors precluding a detailed eval-
uation. However, the 207Pb/206Pb ages (ca. 550–500 Ma)
appear to be similar to or older than U-Pb monazite
ages (530±1–517±1 Ma) and Sm-Nd garnet ages
(523±4–512±3 Ma) from the same sample. It is rea-
sonable to assume that the Pb-Pb garnet ages define
growth ages because previous studies are consistent with a
higher closure temperature for the U-Pb system in garnet
relative to the U-Pb system in monazite and the Sm-Nd
system in garnet. For igneous migmatites from Oetmoed,
Pb-Pb garnet ages (483±15–492±16 Ma) and one Sm-
Nd garnet whole rock age (487±8 Ma) are similar
whereas the monazite from the same sample is ca. 30–
40 Ma older (528±1 Ma). These monazite ages are,
however, similar to monazite ages from nearby unmig-
matized granite samples and constrain precisely the
intrusion of the precursor granite in this area. Although

there is a notable difference in closure temperature for the
U-Pb and Sm-Nd system in garnet, the similarity of both
ages indicate that both garnet ages record garnet growth
in a migmatitic environment. Restitic garnet from
an unmigmatized granite from Omaruru yields similar
U-Pb (493±30–506±30 Ma) and Sm-Nd (493±
6–488±7 Ma) garnet ageswhereas themonazite from this
rock is ca. 15–25 Ma older (516±1–514±1 Ma).
Whereas the monazite ages define probably the peak of
regional metamorphism in the source of the granite, the
garnet ages may indicate the time of melt extraction. For
igneous garnets from granites at Oetmoed, the similarity
between Pb-Pb (483±34–474±17 Ma) and Sm-Nd
(492±5–484±13 Ma) garnet ages is consistent with fast
cooling rates of granitic dykes in the lower crust. Differ-
ences between garnet and monazite U-Pb ages can be
explained by different reactions that produced these
minerals at different times and by the empirical observa-
tion that monazite seems resistant to later thermal re-
equilibration in the temperature range between 750 and
900 �C (e.g. Braun et al. 1998). For garnet analyses that
have low 206Pb/204Pb ratios, the influence of high-l
inclusions is small. However, the relatively large errors
preclude a detailed evaluation of the relationship between
the different chronometers. For garnet with higher
206Pb/204Pb ratios, the overall similarity between the Pb-
Pb and Sm-Nd garnet ages implies that the inclusions are
not significantly older than the garnet and therefore do
not induce a premetamorphic Pb signature upon the
garnet. The results presented here show that garnet with
low 238U/204Pb ratios together with Sm-Nd garnet data
and U-Pb monazite ages from the same rock can be used
to extract geologically meaningful ages that can help to
better understand tectonometamorphic processes in high-
grade terranes.

Introduction

The reconstruction of the pressure-temperature-time
(P–T-t) evolution of crustal sections is fundamental to
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understand tectonic processes such as crustal thickening
and thinning. This task requires the combination of
metamorphic petrology and geochronology of different
mineral phases. However, at the high temperatures
affecting lower crustal sections during an orogeny,
important rock-forming minerals (e.g., feldspars, micas)
show open system behavior for the commonly used
Rb-Sr and Sm-Nd geochronometers. On the other hand,
the U-Pb system in zircon often records growth events
that are much older than the metamorphic event of
interest. In order to decide whether a mineral age rep-
resents a cooling age or growth age, it is essential to use
different chronometers combined with well-constrained
pressure-temperature estimates. In amphibolite- to
granulite-facies metamorphic terranes, both peralumi-
nous melts produced during anatexis and their high-
grade metamorphic source rocks often contain monazite
and garnet. Both minerals are ideal chronometers,
because they have high closure temperatures and can
yield precise and concordant U-Pb ages (Mezger et al.
1989; Parrish 1990; Bingen and van Breemen 1998;
Hawkins and Bowring 1997, 1999). Therefore, they are
suitable for constraining the time and duration of
regional metamorphic and magmatic episodes.

Despite these advantages, the relationship between
metamorphic reactions and the growth of monazite is
not well established, because monazite can grow in a
variety of environments following multiple metamorphic
reactions (Smith and Barreiro 1990; Kingsbury et al.
1993, Bingen et al. 1996; Lanzirotti and Hanson 1996;
Hawkins and Bowring 1997, 1999; Foster et al. 2000).
Furthermore, there is still some debate about the closure
temperature of the U-Pb system in monazite. Numerous
studies have shown that moderate-sized monazite
(<200 lm) that cooled at moderate rates (<15 �C/Ma)
has inferred closure temperatures in excess of 750 �C
(Copeland et al. 1988; Parrish 1990; Hawkins and Bo-
wring 1997; Bingen and van Breemen 1998; Braun et al.
1998; Möller et al. 2000; Jung and Mezger 2001).
However, there is experimental and empirical evidence
that monazite can lose Pb below 700 �C (Suzuki et al.
1994) suggesting that the U-Pb isotope system can be
reset at upper amphibolite facies conditions. Some of the
differences in the estimate of the closure temperature
may be due to the problem that it is still not clear
whether monazite loses Pb by diffusion or during re-
crystallisation of metamict material, as it is observed in
zircons. Additionally, a variety of primary and second-
ary processes can influence the age and concordance of
monazite including (1) growth of new monazite around
pre-existing crystals (Copeland et al. 1988; Kingsbury
et al. 1993), (2) episodic growth of monazite (Parrish
1990; Lanzirotti and Hanson 1995), (3) high-tempera-
ture Pb loss (Parrish and Tirull 1989), (4) U-Th
disequilibrium, resulting in reverse discordance (Schärer
1984), (5) mineral-fluid interaction with dissolution-
reprecitipation of monazite along the retrograde
metamorphic path (DeWolf et al. 1993) and (6) recrys-
tallisation of metamict monazite.

Garnet can provide essential information on the P–T
path and also precise geochronological information on
rates of metamorphic processes using the Sm-Nd, U-Pb
and Rb-Sr systems (Christensen et al. 1989; Mezger
et al. 1989; Vance and O’Nions 1990; Burton and
O’Nions 1991; Mezger et al. 1992; Vance et al. 1998;
Vance and Harris 1999; Foster et al. 2000; Jung and
Mezger 2001). A closure temperature of >800 �C has
been proposed for the U-Pb system in garnet (Mezger
et al. 1989) and consequently this system may be the
most promising in determining mineral growth ages in
high grade terranes. The Sm-Nd method is commonly
used for garnet dating, because the garnet structure
strongly discriminates Nd relative to Sm, resulting in
high Sm/Nd ratios that are favorable for precise geo-
chronology. However, estimates of the closure tem-
perature of the Sm-Nd system in garnet have been
strongly debated over the years and published values
range from 900 to 500 �C (Humphries and Cliff 1982;
Cohen et al. 1988; Jagoutz 1988, Hensen and Zhou
1995). Mezger et al. (1992) proposed a value of
600±30 �C for slowly cooled rocks by comparing
Sm-Nd whole rock-garnet ages with mineral ages using
other isotopic systems from the same rocks and meta-
morphic terrane. However, the discussion on the
closure temperature of Sm-Nd in garnet is extremely
weak because it is obvious that not all temperatures
that have been published are correct. A critical review
of all the data indicates that in terranes with cooling
rates of 1–5 �C/Ma the closure temperature is slightly
lower than for the U-Pb system in titanite. There are
higher estimates, but they have either no real constraint
by a real temperature (Humphries and Cliff 1982;
Cohen et al. 1988; Jagoutz 1988) or are from contact
metamorphic rocks, where the thermal pulse is short
and resetting requires higher temperatures (e.g. Henson
and Zhou 1995). A lower value for the closure
temperature of Sm-Nd relative to U-Pb has important
consequences for the interpretation of P–T-t paths,
since in this situation Sm-Nd garnet ages would not
reflect the time of peak metamorphism, but probably
some part of the retrograde path of metamorphism.

Uranium-Pb and Sm-Nd data of garnet are usually
difficult to interpret in a geologic context due to low
concentrations of U, Pb, Sm and Nd in garnet and the
common observation that the trace element budget of
the garnet may be controlled by tiny inclusions of zircon,
monazite and allanite with high concentrations of these
elements (Hensen and Zhou 1995; Zhou and Hensen
1995; DeWolf et al. 1996, Vance et al. 1998; Jung and
Mezger 2001). Therefore, if inclusion-bearing garnets
are dated, it must be assumed that the garnet grew
simultaneously with the inclusions or that the inclusions
were in isotopic equilibrium with the host garnet.

In this paper, U-Pb garnet ages are presented for
migmatites and peraluminous granites from the central
Damara orogen of Namibia. These ages are discussed
together with published Sm-Nd garnet ages and U-Pb
monazite ages from the same samples (Jung et al. 2001;
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Jung and Mezger 2003). It is shown that the Pb isotope
data obtained on garnet with high 206Pb/204Pb and
208Pb/204Pb ratios may be influenced by inclusions of
zircon and monazite, however, reliable ages can be de-
rived from these garnets suggesting that the inclusions
are not significantly older than the time of garnet
growth.

Geologic setting

The Damara orogen exposes a deeply eroded section
through a Pan African mobile belt that can be divided
into a N-S trending coastal branch, the Kaoko belt, and
a NE-SW trending intracontinental branch (see inset in
Fig. 1). This mobile belt has been divided into several
zones based mainly on stratigraphy, metamorphic grade,

structure and geochronology. Granites with Rb-Sr
whole rock ages between 650 and 460 Ma are the most
common igneous rock type (ca. 96%) and the remaining
intrusions are equally divided between gabbro/diorite
and tonalite/granodiorite. Pre-Damara basement gneis-
ses are overlain by Neoproterozoic to Paleozoic
metasedimentary sequences comprising quartzose sand-
stones, mica schists, calc-silicate rocks, marble, banded
iron-stones, Al-rich metapelites, migmatites, metacar-
bonates and conglomerates (for a review see Miller
1983). In the Central Zone (Fig. 1), the metamorphic
grade increases from east to west reaching high-grade
conditions with local partial melting in the coastal area
(Hartmann et al. 1983). Recent P–T estimates indicate
medium-pressure high-temperature granulite facies
conditions with temperatures >700 �C at 4–6 kbar
(Masberg et al. 1992; Jung et al. 1998a; 2000b; Jung and
Mezger 2003). It is widely accepted that the depositional,
metamorphic and deformational history of the central
Damara orogen is complex (Miller 1983). The early
history is characterized by deposition of a widespread
flysch facies. This sequence was deposited in relatively
deep water of the Khomas basin, at least in part on thin
continental crust. The early crustal thinning took place
around 700 Ma ago and may have been accompanied by
limited seafloor spreading. The outcome of this limited
seafloor spreading is probably the 300-km-long belt of
the ‘‘Matchless Amphibolite’’ which has N-MORB to
E-MORB affinities (Schmidt and Wedepohl 1983)
and strikes parallel to the orogen. Throughout the
central part of the orogen, this metasedimentary
sequence was folded during one or more low to medium

Fig. 1 Generalized geological map of the central Zone of the
Damara orogen, Namibia with the position of the different
localities mentioned in the text: A Oetmoed Granite–Migmatite
Complex, B road-cut Omaruru-Kalkfeld, C Khan area. Abbrevi-
ations in inset: KZ Kaoko Zone, NP Northern Platform, NZ
Northern Zone, nCZ northern Central Zone, sCZ southern Central
Zone, SZ Southern Zone, SMZ Southern Margin Zone. Isograd
map (Hartmann et al. 1983) gives the distribution of regional
metamorphic isograds within the southern and central Damara
orogen. Isograds: 1 biotite-in, 2 garnet-in, 3 staurolite-in, 4 kyanite-
in, 5 cordierite-in, 6 andalusite <—>sillimanite, 7 sillimanite-in
according to staurolite-breakdown, 8 partial melting due to:
muscovite + plagioclase + quartz + H2O <—>melt +
sillimanite, 9 K-feldspar + cordierite-in, 10 partial melting due
to: biotite+K-feldspar+plagioclase+quartz+cordierite<—>
melt + garnet

384



P metamorphic episodes. The earliest deformational
event is considered only slightly older than ca. 650 Ma
because D1 recumbent folds were intruded by ca. 650-
Ma-old granitic rocks in the central zone (Miller 1983).
However, in view of the recent geochronological data
the radiometric ages of 650 Ma are considered to be of
doubtful geologic significance because they are exclu-
sively based on Rb-Sr whole rock analyses. No precise
mineral ages are available for these rocks. Precise U-Pb
radiometric ages are still scarce for Damaran syn-oro-
genic plutonic rocks. Some of the syenites in the central
zone intruded close to the first peak of regional meta-
morphism probably around 540 Ma (Jung et al. 1998b).
Precise U-Pb titanite ages for the volumetrically minor
quartz diorites in the central zone are around
536±6 Ma (Jung et al. 2003) and it seems very likely
that these intrusive rocks are products of spatially lim-
ited mafic underplating. Deformation and plutonism
related to D2 must have occurred before ca. 540 Ma
because at that time, D3 doming produced not only
spectacular domes consisting of pre-Damara basement
and granite but was also accompanied by intrusion of
voluminous granitic bodies. All monazite fractions from
the metasedimentary rocks and migmatites from the
Central Damara orogen are nearly concordant and de-
fine three different episodes, ca. 540 Ma, ca. 520–
510 Ma and ca. 490–470 Ma (Jung et al. 2000b, Jung
and Mezger 2001, 2003) Among the three age groups
observed, the ca. 540 Ma age is interpreted to represent
the age of M1 whereas the ca. 520–510 Ma ages are
closely related to the peak of regional metamorphism
associated with M2. The Sm-Nd garnet analyses, al-
though less precise, support the proposition that peak
metamorphism culminated in limited in-situ partial
melting at 520–500 Ma. The third interval between ca.
490–470 Ma can be attributed to a third growth episode
of monazite, associated with reheating of the crustal
segment by voluminous intrusions of granite during M3.
This suggestion is confirmed by the U-Pb monazite
and titanite ages obtained on the A-type granites
(ca. 494–488 Ma; Jung et al. 2000a) and Sm-Nd whole
rock-garnet ages obtained on magmatic garnets
(ca. 492–484 Ma, Jung et al. 2001). The oldest monazite
ages provide a reasonable estimate for the initiation of
monazite growth on the prograde path prior to anatexis.
The metamorphic grade of M1 is unknown because there
is no textural evidence for the nature of the monazite-
producing reaction and little is known about the pro-
grade paragenesis of monazite in metamorphic rocks. It
is suggested that it probably must have exceeded
525±25 �C at pressure of 3±0.25 kbar which are con-
sidered to be the minimum conditions for the growth of
metamorphic monazite in pelites (Smith and Barreiro
1990). The regional metamorphic assemblage cordierite-
sillimanite-K-feldspar presumably developed afterwards
during M2 or M3 and monazite probably continued to
grow during prograde heating. In this case, a conserva-
tive estimate is that monazite is immune to isotopic
re-equilibration at conditions up to those of the

sillimanite-cordierite-K-feldspar zone. The M3 ages
range from 487±1 Ma to 470±1 Ma whereas the ages
obtained from the post-collisional A-type granites and
S-type granites range from ca. 494 to 488 Ma and from
ca. 492 to 484 Ma, respectively. Therefore, multiple
pulses of igneous intrusions could account for the range
of metamorphic ages younger than 487 Ma seen in the
gneisses and most of the crustal plutonism observed
occurred later than 500 Ma in a setting probably char-
acterized by extension and uplift. To the south-east, the
Okahandja Lineament Zone separates the Central Zone
from the Southern Zone. In the Southern Zone, regional
metamorphism is characterized by a Barrovian-type se-
quence with a general increase in the metamorphic grade
from south to north. The metamorphic conditions range
from low to medium pressures and reached up to 8 kbar
at maximum temperatures of ca. 600 �C.

Sample description of migmatites and granites

Metapelites and pelitic migmatites
(Khan and Oetmoed areas)

Metasedimentary migmatites (samples K 4.7, K 4.1, K
4.2) from the Khan area (Fig. 1) consist of melanosomes
containing biotite-plagioclase-quartz-K-feldspar-cordie-
rite-garnet-sillimanite and leucosomes containing
quartz-plagioclase-K-feldspar-biotite-garnet. Based on
different initial � Nd values between melanosomes and
leucosomes (Jung et al. 2003), the latter are interpreted
as melts injected into the metasedimentary rocks. The
notable difference between non-migmatitic metasedi-
mentary rocks (i.e., metapelite sample K 4.5) and mi-
gmatites is the larger amount of garnet in the
migmatites. It is therefore suggested that in this case the
garnet formed as a consequence of an incongruent
dehydration-melting reaction involving biotite, sillima-
nite, quartz and probably cordierite. One migmatite
sample from the Oetmoed migmatite complex (sample
89.19) is dominated by injected granite material. Biotite-
and garnet-rich schlieren define a swirling foliation and
are interpreted as the result of the disruption and
redistribution of the pelitic material during intrusion of
the granite.

Meta-igneous migmatite (Oetmoed area)

In the meta-igneous migmatite sample (sample 89.80)
from the Oetmoed Migmatite Granite Complex (Fig. 1)
the distinction between pre-existing igneous material
and newly formed melt is less clear due to the felsic
nature of the host rock. Rarely, mafic schlieren con-
sisting exclusively of biotite also define a swirling folia-
tion and are in this case interpreted as the result of the
disruption and redistribution of the granitic material
during remelting. Within the newly formed melt, garnet
occurs as large grains that are up to 5 cm in diameter
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with haloes consisting predominantly of quartz and
minor amounts of plagioclase. Inclusions of quartz in
garnet are common.

Granites (Khan and Oetmoed areas, road
cut Omaruru-Kalkfeld)

In the medium-grained granites from the Khan area
(samples 94.297, 94.298) garnet occurs as large crystals
up to 2 cm in diameter. The garnets have embayed
crystal faces, some crystals contain inclusions of silli-
manite and quartz. Late-tectonic granites from the
Oetmoed Migmatite Granite complex (samples 26.5,
89.52, 89.53) are medium to coarse-grained, white to
light grey and homogeneous. Textures are mainly equi-
granular, but some samples have K-feldspar megacrysts
up to 10 mm in length. These granites contain small,
1–5-mm large euhedral to subrounded, almandine- and
spessartine-rich garnets with tiny inclusions of biotite
and apatite needles (Jung et al. 2001). Late-tectonic
restite-bearing granite from road cut Omaruru-Kalkfeld
(samples S 84, S 85) is enriched in biotite and garnet
relative to the late-tectonic granites from Oetmoed.
Individual garnet grains are large (5–10 mm) and irreg-
ularly shaped with abundant inclusions of quartz.

Garnet compositions

Garnet is predominantly almandine-pyrope-spessartine
solid solution with a minor grossular component. Most
garnets from the metasedimentary rocks and migmatites
of the Damara orogen show flat zoning profiles, which
suggest homogenization by diffusion at high tempera-
tures. Some other garnets are different with MgO
decreasing and MnO increasing from core to rim sug-
gesting late-stage retrograde Fe-Mg-Mn exchange (Jung
and Mezger 2003). All garnets show no zoning with re-
spect to the grossular component. Garnet from the
meta-igneous migmatite sample 89.80 has a flat zoning
profile. In contrast to the garnet from the metasedi-
mentary migmatites, the garnet from the meta-igneous
migmatite has low concentrations of MgO and MnO
(Jung et al. 1999, 2000a). Garnet extracted from the
granites of the Khan area shows similarities to garnet
from the migmatites with either flat element distribution
patterns (sample 98.297) or decreasing MgO and
increasing MnO from core to rim (sample 98.298; Jung
and Mezger 2003). Garnet from the late-tectonic gran-
ites from Oetmoed has distinctly higher MnO, but lower
MgO concentrations relative to the migmatite garnets
and is considered to be magmatic. There is a pronounced
zonation with MnO increasing and MgO decreasing
from core to rim (Jung et al. 1999, 2001). The garnets
form the restite-bearing granite located at the road cut
Omaruru-Kalkfeld differ from those at Oetmoed and the
Khan river area. Generally, they have higher CaO and
MgO, but lower MnO concentrations and have a core

with a low grossular component and a broad rim en-
riched in grossular. Elemental profiles are generally flat,
but there is a tendency for the pyrope component to
decrease and the spessartine component to increase from
core to rim (Jung et al. 2001).

Analytical techniques

The garnet was separated from a 40–80 mesh fraction. The sieved
material was further processed with a magnetic separator and
heavy liquids (methylen iodide). The final high-purity separates
were produced by handpicking under a binocular microscope.
Approximately 100–150 mg of garnet were washed in warm de-
ionized water to remove surface contamination and then spiked
with a mixed 205Pb/235U tracer before digestion in a mixture of
concentrated HF and 7 N HNO3 in 3-ml screw-top Teflon vials
inside Krogh-style Teflon bombs at 200 �C for 5 days. After
evaporation, the garnet was dissolved in 2.5 N HCl and loaded on
Teflon columns filled with DOWEX AG 1X8 anion exchange resin
(100–200 mesh) in chloride form (Mattinson 1986). Lead was
separated using HCl-HBr chemistry, and U was separated using
Eichrom resin and an improved 2 N HNO3/0.02 N HNO3 chem-
istry. Lead and U were loaded on Re single filaments following the
H3PO4-silica gel method (Cameron et al. 1969). The procedural
blank for the garnet analyses was between 22 and 56 pg and is
considered to be negligible except for the analyses with low Pb
concentrations. 30–50 mg of high-purity K-feldspar separates were
washed with a mixture of 3:1 HCl/HNO3 to remove surface con-
tamination and then subsequently rinsed three times with ultrapure
water. After this treatment the separates were leached three times in
a mixture of concentrated HF/HNO3 which resulted in a weight
loss of �70–80%. Subsequently, the feldspars were dissolved in
concentrated HF and after evaporation redissolved in 2.5 N HCl
and 0.6 N HBr and loaded on Teflon columns filled with DOWEX
AG 1X8 anion exchange resin (100–200 mesh) in chloride form.
The Pb was extracted using conventional HBr/HCl techniques and
was loaded on Re single filaments following the H3PO4-silica gel
method. The raw isotope ratios were corrected for mass fraction-
ation with a factor of 0.12% per amu based on repeat analyses of
the standard NBS SRM 982. The reproducibility of the standard
NBS SRM 982 was 0.048, 0.029 and 0.077% for the 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb ratio, respectively. The total procedure
blank <100 pg Pb is negligible. Total blanks for U were <30 pg
and the U analyses were corrected for 0.04% per amu based on
repeat analyses of the NBS U 500 standard. Uncertainties for the
U/Pb and Pb/Pb ratios, ages and corresponding uncertainties were
calculated using the programs PBDAT and ISOPLOT (Ludwig
1991a, 1991b).

Results

U-Pb systematics of monazite

Most monazite analyses from the Damara orogen yield
slightly discordant ages ()1 to )3% reversely discor-
dant; Briqueu et al. 1980; Kukla et al. 1991; Jung et al.
2001, Jung and Mezger 2003; this study). It is very
common for monazite to yield reversely discordant U-
Pb ages and it is widely accepted that this reverse dis-
cordance is the result of excess 206Pb from the decay of
initial 230Th, a short-lived intermediate daughter isotope
in the 238U-206Pb decay scheme (Schärer 1984). The
207Pb/235U age is not affected by this problem, and
consequently can be regarded as the best estimate for the
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age of the monazites. The 207Pb/235U monazite ages
from the metasedimentary migmatites from the Khan
area range from 519±1 to 530±1 Ma (Jung and
Mezger 2003). The granite sample 98.297 from the Khan
area yielded a 207Pb/235U monazite age of 530±1 Ma
(Jung and Mezger 2003). The 207Pb/235U monazite ages
from sample 89.80, the meta-igneous migmatite from the
Oetmoed Migmatite Granite complex, average
528±2 Ma, which is in agreement with the ages (526±
2–516±2 Ma) obtained from unmigmatized samples
from the same suite of granites (Jung et al. 2000a). The
207Pb/235U monazite ages from the restite-bearing
granite from road cut Omaruru-Kalkfeld indicate
growth of monazite between 511±2 Ma and 518±2 Ma
(Jung et al. 2001).

Sm-Nd isotope systematics of garnet

Samarium-Nd garnet-whole rock ages for the meta-
igneous and metapelitic migmatites from the Oetmoed
Granite Migmatite Complex are identical for both
samples (89.80:487±8 Ma; 89.19:487±4 Ma, Table 1),
but substantially younger than the U-Pb monazite ages
from sample 89.80 that range from 527±2 to
529±2 Ma (Table 2). Samarium-Nd ages calculated for
garnet-whole rock pairs for the migmatites and the
metasedimentary rock from the Khan area range from
523±4 Ma to 512±3 Ma and in most cases agree with
the U-Pb monazite ages (530±1–519±1 Ma; Jung and
Mezger 2003). For the granite sample 98.297 from the
Khan area, the Sm-Nd age is 530±3 Ma, which is
identical to the U-Pb monazite age from this sample
(Jung and Mezger 2003). Samarium-Nd garnet-whole
rock pairs were also analysed on inferred magmatic
garnets from the granites from the Oetmoed Granite
Migmatite Complex (samples 89.52, 89.53, 12.2, 26.5).
The resulting ages range from 484±13 Ma to
492±5 Ma (Jung et al. 2001). For these samples no
monazite ages are available. For the samples from road
cut Omaruru-Kalkfeld, Sm-Nd garnet-whole rock
analyses yield indistinguishable ages between 488±7
and 493±6 Ma, again substantially younger than the
Pb-Pb monazite ages (514±1–516±1 Ma; Jung et al.
2001).

U-Pb systematics of garnet

Uranium-Pb analyses were obtained following the
method presented in the appendix. The U-Pb garnet

data are presented in Table 2 and Fig. 2. Lead concen-
trations vary from 0.02 to 1.50 ppm, similar to Pb
concentration in garnet reported previously (Mezger
et al. 1989; Burton and O’Nions 1991; Vance and
O’Nions 1990; Lanzirotti and Hanson 1995) but are
mostly higher than the values reported by Vance et al.
(1998) that range from 0.04–0.23 ppm. Uranium con-
centrations range from 0.25 to 2.55 ppm similar to val-
ues from other studies. Lead isotope compositions are
highly variable with 206Pb/204Pb ratios mostly between
22 and 69. Only the garnets from the metapelitic
migmatite sample 89.19 have significantly higher
206Pb/204Pb ratios between 205 and 613. 208Pb/204Pb
ratios are also variable and range from ca. 38 for garnets
from the late-tectonic granites from Oetmoed to 43–56
for garnets from the metasedimentary and meta-igneous
migmatites. Garnet from the late-tectonic restite-bearing
granite from road cut Omaruru-Kalkfeld has higher
208Pb/204Pb ratios up to 87. For garnets with very low
206Pb/204Pb ratios, an inappropriate estimation of the
common Pb isotope composition at the time of garnet
growth can significantly influence the degree of discor-
dance and ultimately the ages, but cannot account for
the magnitude of discordance observed here. However,
in all cases the common Pb isotope composition of co-
existing K-feldspar was used. K-feldspar has low U/Pb
ratios and leaching K-feldspar with HF has been shown
to remove preferentially the radiogenic component
(Ludwig and Silver 1977; Housh and Bowring 1991). It
is therefore suggested that the Pb isotope composition of
leached K-feldspar reflects the isotope composition of
the whole rock during the last thermal event. In Fig. 3,
Pb-Pb garnet data are plotted together with the coge-
netic K-feldspar from the same rock. It can be seen that
the Pb isotope composition of the feldspar plots close to
or on the regression line through the garnet data points.
This feature indicates that garnet and K-feldspar are
cogenetic with respect to the Pb isotope composition and
have undergone their U-Pb fractionation at the same
time. However, diffusivities for Pb in K-feldspar and
garnet are different and therefore, the measured Pb
isotope composition of K-feldspar may slightly differ
from those at the time of garnet growth. The most
notable exception in Fig. 3 are the garnet data from the
Khan area. Here, the plotted garnet fractions represent
single analyses of bulk garnet from different rocks and
the resulting scatter is probably the result of the different
episodes of garnet growth in the host rocks. The general
agreement of the garnet-K-feldspar ages and the Sm-Nd
garnet ages despite the relatively large range in

Table 1 New Sm-Nd garnet-whole rock data from migmatized granites (Oetmoed; central Damara orogen, Namibia)

Sample Locality Rock type Garnet type 143Nd/144Nd 147Sm/144Nd Sm (ppm) Nd (ppm) Sm-Nd age

89.80 grt Oetmoed Granite Migmatitic 515592±28 1.176 0.418 0.215 487±8
89.80 wr Oetmoed Granite 512286±12 0.140 5.820 20.12
89.19 grt Oetmoed Granite Migmatitic 518610±29 2.104 0.194 0.056 487±4
89.19 wr Oetmoed Granite 512890±12 0.312 1.690 3.280
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206Pb/204Pb ratios indicates that the common Pb cor-
rection applied to the garnet is broadly correct. One
notable feature of the garnet U-Pb analyses is their
strong negative or positive discordance in a concordia
diagram (Fig. 2). Igneous garnet from the late-tectonic
granites at Oetmoed is either nearly concordant or
strongly reverse discordant whereas the meta-igneous
migmatites at Oetmoed are strongly reverse discordant.
Similarly, the migmatite samples from the Khan area are
either concordant or strongly reverse discordant
(Fig. 2). Reverse discordance may arise from loss of U
or excess 206Pb from the decay of excess initial 230Th
(Schärer 1984). Uranium is located in the crystal struc-
ture of garnet (see discussion in Mezger et al. 1989) and
loss of U is therefore considered to be unlikely. The
magnitude of reverse discordance is too large to be re-
lated to 230Th-related excess. On the other hand, samples
from the late-tectonic restite-bearing granite from
roadcut Omaruru-Kalkfeld are either nearly concordant
or strongly normal discordant (0.8 to 11% discordant).
Discordance may result from U gain or Pb loss during
volume diffusion, however, there is no clear relationship
between U/Pb ratio, Pb concentration and discordance.
It is noteworthy that the U/Pb ratios of the nearly
concordant samples cover the full range of U/Pb ratios
observed in the discordant samples. Most analyses were
duplicated, and in some cases the duplicate represents

Table 2 U-Pb monazite and garnet data from migmatites and granites (central Damara orogen, Namibia)

Sample 89.80 89.80 89.80 12.2.2 26.5.2 89.52.2 89.52.3 89.52.4 89.53.1 89.53.2 89.53.3 89.80.1 89.80.2 89.80.3 89.80

Mineral Mnz Mnz Mnz Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

Locality Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Oetm

Host rock Granite Granite Granite Granite Granite Granite Granite Granite Granite Granite Granite Granite Granite Granite Gran

Garnet type Igneous Igneous Igneous Igneous Igneous Igneous Igneous Igneous Migmatitic Migmatitic Migmatitic Migm

U (ppm) 5080 4144 5220 1.316 0.434 0.580 1.772 0.936 2.427 2.296 1.475 2.201 1.945 2.487 2.441

Pb (ppm) 937 761 962 0.307 0.711 0.350 0.642 0.576 0.613 0.791 0.610 1.123 1.093 1.316 1.372

Th/U 4.6 4.6 4.6 0.6 1.8 1.5 0.7 0.9 0.7 0.5 0.8 1.1 1.1 1.4 1.5

U/Pb 5.4 5.4 5.4 4.3 0.6 1.7 2.8 1.6 4.0 2.9 2.4 2.0 1.8 1.9 1.8
208Pb/204Pb 12118 12620 12692 37.84 0.4518 0.7126 0.3941 0.2878 0.0683 0.2475 0.4272 15.09 14.07 24.02 25.35
206Pb/204Pb 8552 8905 8954 53.70 24.40 27.55 47.80 39.05 48.62 62.13 45.19 67.21 65.08 69.45 67.56
208Pb/206Pb 1.4170 1.4171 1.4174 0.00382 0.01851 0.02587 0.00824 0.00737 0.00140 0.00398 0.00945 0.22449 0.21617 0.34590 0.375
207Pb/206Pb 0.05765 0.05769 0.05771 0.05726 0.05670 0.05689 0.05667 0.05656 0.05670 0.05645 0.05674 0.05677 0.05701 0.05697 0.056

Error 0.00003 0.00003 0.00003 0.00102 0.00362 0.00235 0.00079 0.00112 0.00105 0.00050 0.00081 0.00048 0.00048 0.00044 0.000
207Pb/235U 0.68323 0.68097 0.68338 0.68326 1.15564 0.61669 0.93364 1.22436 0.66453 1.14549 0.99694 1.65603 1.79157 1.68912 1.741

Error 0.00155 0.00128 0.00163 0.0133 0.07754 0.02682 0.01412 0.02583 0.01410 0.01104 0.01512 0.01552 0.01765 0.01550 0.016
206Pb/238U 0.08595 0.08561 0.08588 0.08655 0.14781 0.07861 0.11950 0.15700 0.08500 0.14716 0.12744 0.21156 0.22790 0.21505 0.221

Error 0.00032 0.00030 0.00033 0.00042 0.00087 0.00042 0.00060 0.00080 0.00075 0.00060 0.00052 0.00086 0.00122 0.00115 0.001

Ages (Ma)
206Pb/238U 532 530 531 535 889 488 728 940 526 885 773 1237 1324 1256 1292
207Pb/235U 529 527 529 529 780 488 670 812 517 775 702 992 1042 1004 1024
207Pb/206Pb 517 518 519 501 480 487 479 474 480 470 481 483 492 490 489

Feldspar
206Pb/204Pb 18.439 18.244 18.212 18.232 18.792
207Pb/204Pb 15.626 15.618 15.615 15.627 15.712
208Pb/204Pb 37.854 37.775 37.740 37.839 37.983

Fig. 2 a U-Pb concordia plot for the different garnets. Note the
general agreement of the Pb-Pb ages despite the strong discordance
of many samples probably due to a recent laboratory-induced
fractionation of U from Pb. b Enlargement of a to show the
location of the concordant and discordant samples in more detail

b
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another batch of the same mineral separate (samples
89.80, 89.19, S 82, S 84). For these samples, the
207Pb/206Pb ages agree within analytical uncertainty. For
samples where a different mineral separate was used, the
ages usually do not agree within analytical uncertainty,
but are similar within 10%. All replicate analyses indi-
cate that the discordance is variable although there is
general agreement in the 207Pb/206Pb ages suggesting
that the discordance is recent. We prefer the explanation
given by Mezger et al. (1989) that during analyses sig-
nificant changes of the U/Pb ratios took place, most
probably due to the high viscosity of the solution, which
makes homogenization between spike and sample diffi-
cult. Therefore, the Pb and U concentration of the
discordant samples are only approximate values.

Discussion

Comparison of Sm-Nd and U-Pb garnet ages: the
influence of inclusions

Small inclusions of REE- and U-rich minerals (allanite,
monazite, zircon) may influence U-Pb and Sm-Nd gar-
net ages, however, the critical constraint is that duplicate
analyses of the same garnet yield reproducible ages al-
though these garnet fractions show a considerable
spread in U/Pb ratios (Fig. 4). This feature indicates
that the garnet and the inclusions were separated from
the matrix at the same time and that this time is most
likely the time of garnet growth. Alternatively, it is
probable that the Sm-Nd isotope system of the inclu-
sions has been reset and equilibrated during garnet
growth. The most notable feature of the Sm-Nd garnet

analyses is the observation that the leached garnets have
significantly less Sm and Nd but higher Sm/Nd than the
unleached garnets. Some of the higher values approach
the Sm and Nd concentrations in garnet reported in the
literature (Henson and Zhou 1995; Maboko and
Nakamura 1995; Moyes and Groenewald 1996; Stowell
and Goldberg 1997), although there are also numerous
examples of even higher Sm and Nd concentrations
(Zhou and Henson 1995; DeWolf et al. 1996; Moyes and
Groenewald 1996). The low concentrations from the
strongly leached samples are similar to the values
obtained by ion microprobe studies (Hickmott et al.
1987; Harris et al. 1992; Sevigny 1993) and laser-abla-
tion ICP-MS studies (Prince et al. 2000). It is suggested
that analyses with high Nd concentrations, low
147Sm/144Nd ratios and hence unradiogenic 143Nd/144Nd
ratios indicate contamination with minute LREE-rich
inclusions (Jung and Mezger 2001, 2003; Jung et al.
2001). It has been previously shown that chemical
leaching induces no apparent artefact on Sm-Nd garnet
ages (Henson and Zhou 1995; DeWolf et al. 1996; Jung
et al. 2000a, Jung and Mezger 2001). The chemical
leaching method effectively removes most of the mona-
zite and apatite inclusions, but fails to eliminate zircon
from the garnet sample. The presence of inherited Sm-
Nd isotope systematics in zircon (e.g., Paterson et al.
1992) has probably no significant effect for Sm-Nd
garnet geochronology, as long as the included zircon is
not too old, because zircon also has elevated Sm/Nd
ratios but low Nd concentrations.

Figure 5a shows 208Pb/204Pb vs. 206Pb/204Pb isotope
ratios of the analyzed garnet fractions. Garnet from the
pelitic migmatite sample 89.19 and the late tectonic
granites at Oetmoed have a large range in 206Pb/204Pb

89.80.4 89.19.1 89.19.2 89.19.3 89.19.4 K 4.1 K 4.2 K 4.5 K 4.7 94.297 94.298 S 84.1 S 84.2 S 85.1 S 85.2

Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt

d Oetmoed Oetmoed Oetmoed Oetmoed Oetmoed Khan Khan Khan Khan Khan Khan Omaruru Omaruru Omaruru Omaruru

Granite Granite Granite Granite Granite Migmatitic Migmatitic Metased. Migmatitic Granite Granite Granite Granite Granite Granite

itic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Migmatitic Restitic Restitic Restitic Restitic

2.441 0.346 0.737 0.253 0.284 0.684 2.550 0.506 0.959 0.998 0.317 1.505 1.093 2.220 2.043

1.372 0.035 0.059 0.025 0.026 1.331 1.501 0.127 1.400 0.241 0.458 0.288 0.360 0.306 0.337

1.5 0.2 0.1 0.2 0.2 3.62 4.04 2.83 3.01 1.85 1.32 2.45 2.36 3.96 3.89

1.8 10.0 12.4 10.3 11.0 0.51 1.70 3.99 0.69 4.15 0.69 5.22 3.04 7.26 6.07

25.35 6.118 14.04 6.632 10.91 35.36 43.68 30.51 21.21 6.419 2.513 28.40 27.11 70.01 73.35

67.56 205.36 613.23 253.82 375.50 21.52 28.37 36.22 22.42 27.32 32.71 40.15 40.51 52.45 56.59

0.37524 0.02979 0.02289 0.02613 0.02906 1.643144 1.539295 0.842305 0.946066 0.234958 0.076824 0.70735 0.66914 1.33476 1.29625

0.05692 0.05703 0.05702 0.05720 0.05739 0.05862 0.05734 0.05811 0.05877 0.05795 0.05691 0.05704 0.05727 0.05738 0.05721

0.00046 0.00014 0.00006 0.00016 0.00008 0.00663 0.00225 0.00124 0.00591 0.00240 0.00147 0.00102 0.00106 0.00066 0.00079

1.74102 0.61510 0.61208 0.63149 0.64103 0.72431 0.52212 0.38305 0.60795 0.23815 2.17144 0.33561 0.58862 0.27520 0.34984

0.01652 0.00217 0.00164 0.00242 0.00183 0.08628 0.02157 0.00863 0.06438 0.01040 0.05896 0.00638 0.01161 0.00341 0.00507

0.22183 0.07822 0.07785 0.08007 0.08101 0.08961 0.06604 0.04781 0.07502 0.02981 0.27675 0.04268 0.07455 0.03479 0.04435

0.00118 0.00031 0.00030 0.00031 0.00032 0.00075 0.00031 0.00020 0.00058 0.00014 0.00117 0.00017 0.00031 0.00014 0.00018

1292 485 483 497 502 553 412 301 466 189 1575 269 464 220 280

1024 487 485 497 503 553 427 329 482 217 1172 294 470 247 305

489 493 492 499 506 553 505 534 559 528 488 493 502 506 500

18.400 18.284 18.788 18.400 18.840 18.253 17.900 18.705 18.785

15.640 15.655 15.676 15.640 15.669 15.654 15.704 15.645 15.636

37.800 38.060 38.750 38.440 38.490 37.880 38.240 38.025 38.062
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ratios (and corresponding high U/Pb ratios) and only
moderate high 208Pb/204Pb ratios. The high 206Pb/204Pb
ratios of garnet from sample 89.19 indicate that the Pb
isotope composition of this garnet is dominated by

zircon inclusions and the slightly elevated 208Pb/204Pb
ratios can be explained by some additional influence of
monazite inclusions. Garnet from the late tectonic
granites at Oetmoed is less affected by zircon and
monazite inclusions. The other garnet fractions show are
larger variation in 208Pb/204Pb at low 206Pb/204Pb ratios
suggesting that in this case monazite may have con-
trolled the Pb isotope composition. A similar conclusion
can be drawn from Fig. 5b in which these garnet frac-
tions show high Th/U ratios (calculated from Pb isotope
composition) and high 208Pb/204Pb ratios. The sugges-
tion that different 208Pb/204Pb, 206Pb/204Pb and corre-
sponding Th/U ratios are caused by different amounts of
zircon and monazite is corroborated by BSE images of
the different garnet species (Fig. 6). It is evident that
sample 89.19 (pelitic migmatite garnet, Oetmoed) which
has high 206Pb/204Pb ratios and low Th/U ratios is
dominated by inclusions of zircon whereas sample S 85
(restitic garnet, Omaruru) and sample 89.80 (igneous
migmatite, Oetmoed) which have high 208Pb/204Pb and
high Th/U ratios are contaminated by monazite. Sample
89.80 (igneous migmatite garnet, Oetmoed) and the
samples from the Khan area show the influence of both
accessory minerals, zircon and monazite.

Trace element ratios (e.g., Th/U, Nd/U, Sm/Nd;
DeWolf et al. 1996) have been used to show whether the

Fig. 3 Plot of 207Pb/204Pb vs.
206Pb/204Pb for the different
garnets

Fig. 4 Plot of U/Pb ratio vs. 207Pb/206Pb age of the different garnet
fractions. Note the general similarity of the 207Pb/206Pb ages for
each group despite the range in U/Pb ratios
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trace elements Sm, Nd, U and Th are hosted in the garnet
structure itself or in inclusions of zircon, monazite or
allanite. Such an evaluation is important, because zircon
andmonazite can survive previous episodes of high-grade
metamorphism and may therefore record a premeta-
morphic Pb signature. Figure. 7a, b show diagrams of
Nd/U vs. Th/U and U/Nd vs. Sm/Nd for the different
garnet fractions.Monazite and allanite have typically Th/
U� 3 while zircon has Th/U� 1 (DeWolf et al. 1996).
Uranium/Nd and Sm/Nd ratios for zircon may vary
widely, however, the majority of data indicate U/Nd ra-
tios ranging from ca. 10 to 1,000 and corresponding Sm/
Nd ratios between 0.5 and 3 (DeWolf et al. 1996). Ion-
probe and geochronological studies obtained on zircon
indicate U/Nd ratios between ca. 300 and 3,000 with
corresponding Sm/Nd ratios of ca. 2 for this mineral
(Poller et al. 2001). Th/U ratios are low in garnet (� 1;
DeWolf et al. 1996). Additionally, garnet bulk composi-
tion can have a considerable control over trace element
abundances and ratios. DeWolf et al. (1996) have shown
that andradite-rich garnets may have higher concentra-
tions of REE, Th and U than almandine-pyrope rich
garnets due to the substitution of Fe3+ for Al3+ which
permits increased substitution of the large cations Sm,
Nd, Th andU. Therefore, an evaluation of Th/U and Sm/
Nd ratios alonemay not be useful to detect the presence of
inclusions. In the present study only almandine-rich gar-
nets have been investigated and the effect of garnet bulk
composition in controlling Sm,Nd, Th andUabundances
is likely similar for all samples. Variation in Th/U, Nd/U
and Sm/Nd ratios between the different garnet species
may therefore be interpreted as the result of two- or three-
componentmixture between garnet andmonazite/allanite
and zircon.

Fig. 5 Plot of a 208Pb/204Pb vs. 206Pb/204Pb and b Th/U vs.
208Pb/204Pb for the different garnets

Fig. 6 Back-scattered electron
imaging of garnet (dark grey)
showing tiny inclusions of
monazite (brighter grains) and
zircon (less brighter grains).
Garnet (upper left) from pelitic
migmatite (Oetmoed) with
inclusions of zircon only,
restitic garnet (lower left) from
Omaruru with inclusion of
monazite only. Large inclusions
with rough surfaces are biotite,
garnet (upper right) from
igneous migmatite (Oetmoed)
with inclusions of monazite and
zircon, BSE image of matrix
monazite (lower right) from
igneous migmatite (Oetmoed)
with simple concentric growth
zonation implying a magmatic
origin for these monazites
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Consistency of U-Pb garnet and monazite
and Sm-Nd garnet ages

The Sm-Nd whole rock-garnet and U-Pb monazite ages
obtained from themetasedimentarymigmatites and some
syntectonic granites range from ca. 530 to 510 Ma. This
feature suggests a prolonged growth history in which the
different garnet ages are interpreted to reflect distinct
stages of garnet growth during high-grade metamor-
phism. The ages for the growth of monazite within the
Pan-African Damara orogen apparently record three
distinct episodes at ca. 540–530 Ma, 520–500 Ma and
480–470 Ma without resetting of the older ages (Briqueu
et al. 1980; Kukla et al. 1991; Jung et al. 2000a, 2001; Jung
and Mezger 2001). Similarly, Sm-Nd whole rock garnet
ages record these events without any sign of resetting of
the older ages (Jung et al. 2000b; Jung and Mezger 2001,
2003). Previous studies have shown that replicate analy-
ses of monazite from the same sample (e.g., Jung
and Mezger 2001) gave identical ages, suggesting that

resetting of the monazite late in the metamorphic history
is unlikely, since it is unlikely that all grains in a sample
are reset to the same amount. It is also unlikely because
for these analyses 2–4 grains or even one large grain were
used. In the metasedimentary migmatites from the Khan
area, Sm-Nd garnet ages appear to be slightly younger
than U-Pb monazite ages from the same rock. Peak
metamorphic temperatures reached ca. 750 �C in this
area (Jung and Mezger 2003) and therefore, the younger
Sm-Nd garnet ages may simply reflect the lower closure
temperature for Sm-Nd in garnet than for U-Pb in
monazite. However, the difference is typically less than
10 Ma (Jung and Mezger 2003). Alternatively, monazite
and garnet were produced at different times. The gener-
ation of the migmatites in the Khan area is related to
intrusion of granitic melts, therefore, the younger Sm-Nd
ages most likely reflect the ages of garnet growth coeval
with intrusion of melts shortly after the peak of regional
metamorphism. In contrast to the more classical ap-
proach to blocking temperatures which involves an
assessment of the diffusion rate, grain size and the crystal
geometry and composition, there is growing evidence that
the presence or absence of a fluid phase during meta-
morphism and melting, accompanied by penetrative
deformation, can significantly alter the diffusion rates at
constant temperature, thus affecting the blocking tem-
perature and ultimately the ages (Mork and Means 1986;
Erambert and Austrheim 1993). A closure temperature of
>800 �C has been proposed for the U-Pb system in
garnet (Mezger et al. 1989) and consequently, utilizing
theU-Pb system in garnet may be themost successful way
to determine mineral growth ages from high grade terr-
anes. For the migmatite garnets from the Khan area
207Pb/206Pb garnet ages have large errors due to their low
206Pb/204Pb ratios but they appear to be older or similar
to the 207Pb/235Umonazite ages. They appear mostly also
older than the Sm-Nd whole rock garnet ages from the
same sample. These features suggest that the closure
temperature of U-Pb in garnet is similar or slightly higher
than for monazite, but is higher than for Sm-Nd. In the
meta-igneous and metapelitic migmatite from Oetmoed
with estimated peak temperatures of ca. 730 �C
(Table 3), both the Sm-Nd and U-Pb garnet ages are
similar and younger than the U-Pb monazite ages, which
seems surprising given the empirical observation that the
closure temperature for U-Pb in garnet and monazite are
probably similar and higher than 800 �C (Mezger et al.
1989; Parrish 1990) whereas the closure temperature for
Sm-Nd in garnet is lower, probably around 650 �C
(Mezger et al. 1992). Unmigmatized granite samples
lacking garnet from the same outcrop yielded 207Pb/235U
monazite ages between 516±1 and 526±1 Ma (Jung
et al. 2000a) similar to the monazite age from the meta-
igneous migmatite sample 89.80 (527–529±2 Ma, this
study). It is therefore proposed that the U-Pb monazite
ages date the intrusion of the granite. Fig. 6 shows a BSE
image of matrix monazite from this sample with a simple
concentric zoning pattern suggesting magmatic growth
for this type of monazite. Later in the metamorphic

Fig. 7 Plot of a Nd/U vs. Th/U and b U/Nd vs. Sm/Nd for the
different garnets
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history at ca. 490 Ma, migmatization during high-grade
metamorphism produced the garnet at temperatures of
ca. 730 �C (Jung et al. 2000a), a temperature too low to
reset the monazite. In this case, the U-Pb and Sm-Nd
garnet ages represent true growth ages. The similarity of
the U-Pb and Sm-Nd garnet ages imply fast cooling at the
end of the Pan-African orogeny in the central Damara
orogen. The thermal circumstances that caused migma-
tization of metapelitic and meta-igneous rocks are
probably related to the intrusion of hot, water-under-
saturated melts into the terrane (Jung et al. 2000b). The
Pb-Pb ages obtained on garnets from the late-tectonic
granites at Oetmoed are similar to the Sm-Nd garnet-
whole rock ages (Jung et al. 2001). These inferred mag-
matic garnets have euhedral shapes and pronounced
major element zonations from core to rim. The preser-
vation of magmatic garnets suggests that they crystallized
at high temperatures (Jung et al. 2001) and low a H2O
(Clemens and Wall 1988). The preservation of major
element zonation and the similarity of U-Pb and Sm-Nd
ages suggests that both ages represent also true growth
ages, because no later recrystalisation and diffusion oc-
curred after ca. 470 Ma (Jung 2001). Thus, the similarity
of Pb-Pb and Sm-Nd garnet ages indicate fast cooling
after intrusion of the melts. For the late tectonic granites
from road cut Omaruru Kalkfeld, U-Pb monazite ages
are older than the Sm-Nd and U-Pb garnet ages. This
granite is undeformed and unmigmatized and intruded

into a terrane with regional metamorphic temperatures
not exceeding ca. 650�C. Garnet textures, CaO zonation
and P-T estimates (9–10 kbar/800 �C; Jung et al. 2001)
suggest that these garnets represent entrained material
from the lower crustal source region. Whole rock analy-
ses and the monazite and garnet data indicate an envi-
ronment with a high Th/U ratio and it is suggested that
the source region underwent U depletion due to granulite
facies conditions during previous metamorphic episodes.
The monazite ages between 520 and 510 Ma are inter-
preted as the peak of regional metamorphism (see also
Jung 2001) of the deep crustal source and consequently
the monazite is interpreted to represent entrained mate-
rial from that source. The entrained garnet was also part
of that source, but formed during a later stage of regional
metamorphism and melting. The similarity between Sm-
Nd and U-Pb ages indicates the time of rapid melt
extraction and intrusion, 10–30 Ma after the peak of
regional metamorphism.

Summary and conclusions

Implications for the interpretation of Sm-Nd garnet ages
in high-grade terranes

Previous results from extensive leaching procedures (e.g.
Jung and Mezger 2001, 2003) have shown that leaching

Table 3 Overview of thermobarometric and geochronological data from migmatites and granites (central Damara orogen, Namibia). n.a.
Not available

Sample Locality Rock type Garnet type P/T Sm-Nd Pb-Pb U-Pb Ref.
grt age grt age mnz age

K 4.1 Khan Migmatite Migmatitic 710 �C/5.0 512±3 553±61 519±1 Jung and Mezger (2003), this study
K 4.2 Khan Migmatite Migmatitic 700 �C/5.0 518±3 505±20 517±1 Jung and Mezger (2003), this study
K 4.7 Khan Migmatite Migmatitic 700 �C/5.4 523±4 534±11 530±1 Jung and Mezger (2003), this study
K 4.5 Khan Metapelite Metamorphic 590 �C/7.0 509±4 559±60 523±1 Jung and Mezger (2003), this study
94.297 Khan Granite Migmatitic 670 �C/5.7 530±3 528±28 530±1 Jung and Mezger (2003), this study
94.298 Khan Granite Migmatitic 690 �C/4.7 469±3 488±13 n.a. Jung and Mezger (2003), this study
S 84.1 Omaruru Granite Restitic 800 �C/10 493±6 493±9 514±1 Jung et al. (2001), this study
S 84.2 Omaruru Granite Restitic 800 �C/10 493±6 502±9 514±1 Jung et al. (2001), this study
S 85.1 Omaruru Granite Restitic 820 �C/11 488±7 506±6 516±1 Jung et al. (2001), this study
S 85.2 Omaruru Granite Restitic 820 �C/11 488±7 500±7 516±1 Jung et al. (2001), this study
12.2.1 Oetmoed Granite Igneous 720 �C/6.0 486±4 476±13 n.a. Jung et al. (2001), this study
12.2.2 Oetmoed Granite Igneous 720 �C/6.0 486±4 501±9 n.a. Jung et al. (2001), this study
26.5.1 Oetmoed Granite Igneous 740 �C/6.0 484±13 499±2 n.a. Jung et al. (2001), this study
26.5.2 Oetmoed Granite Igneous 740 �C/6.0 484±13 480±30 n.a. Jung et al. (2001), this study
89.52.1 Oetmoed Granite Igneous 815 �C/6.5 492±5 473±6 n.a. Jung et al. (2001), this study
89.52.2 Oetmoed Granite Igneous 815 �C/6.5 492±5 487±20 n.a. Jung et al. (2001), this study
89.52.3 Oetmoed Granite Igneous 815 �C/6.5 492±5 479±7 n.a. Jung et al. (2001), this study
89.52.4 Oetmoed Granite Igneous 815 �C/6.5 492±5 474±9 n.a. Jung et al. (2001), this study
89.53.1 Oetmoed Granite Igneous 760 �C/6.0 489±7 480±9 n.a. Jung et al. (2001), this study
89.53.2 Oetmoed Granite Igneous 760 �C/6.0 489±7 470±4 n.a. Jung et al. (2001), this study
89.53.3 Oetmoed Granite Igneous 760 �C/6.0 489±7 481±7 n.a. Jung et al. (2001), this study
89.80.1 Oetmoed Granite Migmatitic 730 �C/6.3 487±8 483±4 528±1 Jung and Mezger (this study)
89.80.2 Oetmoed Granite Migmatitic 730 �C/6.3 487±8 492±4 528±1 Jung and Mezger (this study)
89.80.3 Oetmoed Granite Migmatitic 730 �C/6.3 487±8 490±4 528±1 Jung and Mezger (this study)
89.80.4 Oetmoed Granite Migmatitic 730 �C/6.3 487±8 489±4 528±1 Jung and Mezger (this study)
89.19.1 Oetmoed Granite Migmatitic 720 �C/9.0 487±4 493±1 n.a. Jung and Mezger (this study)
89.19.2 Oetmoed Granite Migmatitic 720 �C/9.0 487±4 492±1 n.a. Jung and Mezger (this study)
89.19.3 Oetmoed Granite Migmatitic 720 �C/9.0 487±4 499±1 n.a. Jung and Mezger (this study)
89.19.4 Oetmoed Granite Migmatitic 720 �C/9.0 487±4 500±1 n.a. Jung and Mezger (this study)
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induces no apparent artefact on Sm-Nd systematics of
garnet and can be used to test for monazite inclusions.
Because all of the garnet fractions treated in this study
show increasing Sm/Nd ratios with increasing leaching
intensity (Jung et al. 2001; Jung and Mezger 2003)
inclusions of monazite are apparently important. The
presence of monazite inclusions in garnet has a marked
influence on Sm and Nd concentrations and may result
in initial isotopic disequilibrium, if the closure temper-
ature for isotopic exchange of Nd is higher in monazite
than in garnet. However, volume diffusion for Nd in
monazite is expected to be very small and even if isotopic
equilibrium is not achieved, this may have a negligible
effect on garnet-whole rock systematics because the Sm/
Nd fractionation between monazite and whole rock is
expected to be very small. The presence of zircon
inclusions may cause some deviation from a garnet-
whole rock Sm-Nd isochron age due to the apparently
common occurrence of inherited Nd isotope systematics
in zircon (e.g. Paterson et al. 1992; von Quadt 1992; von
Blanckenburg 1993) and the large fractionation in Sm/
Nd relative to the whole rock. However, Nd concen-
trations in zircon are expected to be small and therefore,
inclusions of zircon are expected to have little influence
on garnet Sm-Nd isochrons. This study has demon-
strated that in some garnets, U is hosted primarily in
inclusions. Analysing different fractions of the same
garnet population for Sm-Nd and U-Pb together with
U-Pb analyses of monazite from the same rock, coupled
with inspection of trace element ratios provides criteria
for evaluating the role of inclusions in the U and
radiogenic Pb budget of metamorphic garnets. If trace
element ratio variation indicates the presence of inclu-
sions, then the use of U-Pb garnet ages requires an
understanding of the genetic relationships between the
garnet and the inclusion phases.

Garnets from pelitic migmatites that have undergone
medium pressure granulite facies metamorphism of ca.
750 �C/5–6 kbar (Khan area, Damara orogen, Namibia)
record Pb-Pb ages between ca. 550 and 520 Ma that
appear to be slightly older or similar to U-Pb monazite
and Sm-Nd garnet whole rock ages. These garnets have
very low 206Pb/204Pb ratios. Together with the uncer-
tainty of the initial Pb isotope composition large errors
are associated with these analyses. However, it is rea-
sonable to assume that in this case the garnet ages define
growth ages, probably related to the first peak of high-
grade metamorphism in this part of the orogen.

For an igneous migmatite sample from Oetmoed, Pb-
Pb garnet and Sm-Nd garnet whole rock ages are similar
(ca. 490 Ma), whereas the matrix monazite from the
same sample is ca. 40 Ma older than the garnet. The
monazite ages are similar to monazite ages from un-
migmatized granite samples and constrain precisely the
intrusion of the precursor granite in this area. Although
there is a notable difference in closure temperature for
the U-Pb and Sm-Nd system in garnet, the similarity of
both ages indicate that both garnet ages record garnet
growth in a migmatitic environment.

Garnet fractions from a pelitic migmatite show high
206Pb/204Pb ratios indicating the presence of zircon
inclusions. However, the Pb-Pb ages are also similar to or
only slightly older than the Sm-Ndgarnet-whole rock ages
implying that in this case the zircon is also not very much
older than the garnet. Despite the apparent difference in
closure temperature for the U-Pb and Sm-Nd system in
garnet, the similarity of both ages implies that after ca.
490 Ma no significant thermal overprint occurred in the
Pan-African Damara orogen of Namibia. In both cases,
the similarity between the Pb-Pb and Sm-Nd garnet ages
implies that the included monazite and zircon do not
induce a premetamorphic Pb signature upon the garnet.

For restitic garnets from an unmigmatized granite at
Omaruru, Pb-Pb and Sm-Nd garnet ages are also simi-
lar, but 10–25 Ma younger than U-Pb monazite ages
from the same sample. Whereas the monazite ages define
probably the peak of regional metamorphism in the
source of the granite (e.g. Jung 2001), the garnet ages
likely indicate the time of melt extraction. Difference in
Pb-Pb garnet and monazite ages can be explained by the
fact that monazite is likely resistant to later thermal re-
equilibration in the temperature range between 750 and
900 �C and is therefore capable of recording earlier
intrusive or regional metamorphic events.

For magmatic garnets that record higher tempera-
tures (Jung et al. 2001) than the metamorphic country
rock in which they intruded, the similarity between Pb-
Pb and Sm-Nd garnet ages is consistent with fast cooling
rates of granitic dykes in the lower to middle crust.
Overall, the Pb-Pb garnet ages usually agree with the
Sm-Nd garnet-whole rock ages from the same sample.

Implications for the role of high U/Th inclusions

This study has shown that garnets from igneous and
pelitic migmatites and granites have moderately high
concentrations of Pb (0.02–1.50 ppm) and U (0.25–
2.55 ppm). A recent laboratory-induced discordance is
observed and a correction for U fractionation from Pb
resulted in U concentrations of up to 6.83 ppm. Most of
the garnets have low 206Pb/204Pb ratios <150 and inter-
element variations (Th/U, Sm/Nd, U/Nd) suggest that at
least some of the U and Th is hosted in inclusions of
monazite and zircon. A distinction whether monazite or
zircon dominates the inclusion suite is important, be-
cause zircon is more likely than monazite to survive
high-grade metamorphism and to induce a pre-meta-
morphic Pb signature upon the garnet. The range of
trace element ratios for garnet, monazite and zircon
results from combined effects of crystal structure and
element availability during mineral growth. Variation in
Sm/Nd may be primarily controlled by the size of the
cation site into which Sm/Nd substitute since Sm/Nd in
crustal rocks vary only very little. On the other hand,
Th/U may vary significantly due to the stability of U 6+,
which has no Th analog. Based on the results of previous
studies (DeWolf et al.1996) we adopt Th/U >3 for
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monazite and allanite but Th/U� 1 for zircon. U/Nd in
monazite may be low compared to zircon and garnet due
to the high concentrations of Nd in monazite. This study
has also shown that analysing garnets from different
settings with different methods together with an eva-
luation of element ratios provides criteria for evaluating
the role of submicroscopic inclusions and place con-
straints on the U and radiogenic Pb budgets of such
garnets. The application of these techniques are essential
in extracting meaningful ages from major rock forming
minerals with low l values such as garnet. Results ob-
tained with these methods can be used to unravel P–T-t
paths in high-grade metamorphic belts and help to better
understand tectonometamorphic processes in high-grade
terranes.
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