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Scapolitization in the Kuiseb Formation of the Damara Orogen:
geochemical and sTable 1sotope evidence for fluid infiltration along
deep crustal shear zones

A. Dombrowski!, S. Hoernes? and M. Okrusch!
'Mineralogisches Institut, Universitdt Wiirzburg, Am Hubland, 97074 Wiirzburg, Germany
’Mineralogisch-Petrologisches Institut, Poppelsdorfer Schlof3, 53115 Bonn, Germany

In the Pan-African Damara Orogen, an unusual scapolitization occurs within metaturbidites of the Kuiseb Formation in the Khomas
Hochland, central Namibia. Geochemical investigations exclude an evaporitic precursor for the scapolite-bearing Kuiseb schists. Car-
bon isotope data indicate a local sedimentary source of fluids which reacted with pre-existing plagioclase in the Kuiseb schists to form

the scapolite.

Introduction

Scapolite formation in amphibolite facies meta-sedi-
mentary rocks may be attributed to either evaporites as
protoliths (Mora and Valley, 1989; Gémez-Pugnaire et
al., 1994; Behr et al., 1983), or interaction with exter-
nally derived chlorine- and/or CO,-rich fluids during
metamor-phism (Oliver et al., 1992). Deciphering an
evaporitic nature for the scapolite-forming process is
difficult because clear evidence such as pseudomorphs
after evaporite minerals (e.g. halite) are generally lack-
ing.

We present a case study within rocks of the Pan-Af-
rican Kuiseb Formation in central Namibia where two
horizons of scapolite-bearing schists are traceable for

more than one hundred kilometres along strike (Kukla,
P.A., 1990, 1992; Kukla, C., 1993), raising the ques-
tion of whether or not this represents a possible primary
sedimentary feature. Geochemical analyses of bulk rock
compositions, rare earth element (REE) patterns, as well
as sTable 1sotope compositions of carbon in scapolite
and calcite will be used to address this question.

Geological setting

The study area is located in the northern part of the
Khomas Hochland, central Namibia (Fig. 1). This part
of the Pan-African Damara Orogen is made up by rocks
of the Kuiseb Formation, which consists of a monoto-
nous sequence of schistose pelitic and psammitic meta-

—22°S
u Donkerhuk Granite
% E} Kuiseb Formation
,c_é
g
—23°S

1 t?"E

B studyarea " scapolite schist

Figure 1: Map showing the location and simplified regional geological setting of the study area.
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turbidites with intercalations of graphitic schist, calc-
silicate rocks, marble, tremolite schist, scapolite schist
and the Matchless amphibolite. Metamorphic conditions
were of amphibolite facies grade with a progressive
northward increase in peak temperatures reaching ana-
tectic conditions in the northern Khomas Hochland near
the syn-orogenic Donkerhoek granite (e.g. Hartmann et
al., 1983; Kukla, P.A., 1992; Kukla, C., 1993; Biihn et
al., 1994). Most textural evidence for the polyphase de-
formation history has been overprinted by post-tectonic
growth of the minerals. For the geotectonic evolution of
the Khomas Hochland, Kukla and Stanistreet (1991) es-
tablished a tectono-sedimentary model comprising the
evolution of an accretionary prism within a convergent
continental margin setting. According to Kukla (1992),
the scapolite-bearing assemblages are associated with
two of the major high strain zones that subdivide the
Khomas Trough in the form of structural discontinui-
ties. Kukla (1990, 1992), therefore, interpreted scapoli-
tization as a product of fluid movement along these
zones of tectonic weakness which led to an interaction
of the Kuiseb schists with saline brines either from early
rift-related sequences or pore fluids which were being
expelled from the accretionary prism.

Analytical procedures

Major and trace elements as well as Cl concentrations
were determined from fused discs by conventional XRF
methods using a Philips PW1410 spectrometer. Lithium
was analysed by atomic absorption using a Perkin Elm-

er 300. CO, was determined volumetrically.

The REE contents were analysed, using the facilities
of the GeoForschungsZentrum Pots dam, by ICP-AES,
after decomposing the samples in HF-HCIO, and sepa-
rating the REE in chromatographic columns (Zuleger
and Erzinger, 1988). Chondri tic normalizing factors
are taken from Evenson ef al. (1978). Subscript N in the
text indicates chondrite normalized values.

STable 1sotope analyses were carried out at the
Mineralogical Institute of the Bonn University using a
Prism I by VG Instruments. The finely ground sample
powders were treated with 100% H,PO, at different
temperatures. Reaction at 25°C for one hour was suf-
ficient to dissolve nearly completely the usually small
contents of calcite. The liberated CO, was collected and
measured in the mass spectrometer. The small amount
of gas produced during a further two hours of reaction
at 25°C was pumped away. Extraction of CO, from
the scapolite structure occurred at 75°C over at least
12 hours of reaction. The temperature was maintained
by placing the reaction vessel in a dry heat box, simul-
taneously cooling the stopcocks by a stream of air at
room temperature. To test the results of the scapolite
analysis, the samples were immersed in dilute HCI to
remove any calcite and then reacted with 100 % H,PO,
in the described manner (cf. Moecher et al., 1994). The
results of both methods agree within analytical error.
Analytical precision for 0-values from scapolite is in
the range of + 0.15-0.2%o. Values of 0"3C are reported in
the standard per mil notation relative to PDB.

Figure 2: Spheroidal scapolite porphyroblasts (white) in scapolite schist of the Kuiseb Formation.

24



Scapolitization in the Kuiseb Formation

Sample description

The scapolite-bearing Kuiseb schists are character-
ized in the field by a dark grey colour when fresh, but
their behaviour during weathering gives them a typical-
ly speckled appearance (Fig. 2). The extent of scapoliti-
zation is very variable in the investigated samples with
scapolite contents of up to 60 vol. % of the rock.

The occurrence of scapolitization under static condi-
tions is shown by the presence of large postkinematic
poikiloblasts, up to several millimetres in diameter.
These are of mizzonitic composition, with an average
formula of Na, ,Ca, Al Si. 0,Cl ,(CO,) , (Table 1),
and rest in a matrix of biotite and quartz with various
minor phases such as epidote, calcite, Ca-amphibole and
titanite. In contrast to the adjacent metaturbidites, pri-
mary sedimentary features and deformation structures
are largely obliterated. The scapolite-free Kuiseb meta-
sedimentary rocks are characterized by the equilibrium
assemblage staurolite + garnet + biotite = muscovite =
sillimanite + quartz + plagioclase reflecting metamor-
phic conditions of the lower amphibolite facies, with
temperatures of 550 - 650°C and pressures of 2.5-5.5 kb
(Kukla, 1992; Biihn et al., 1994).

Major and trace element geochemistry

Recognition of metamorphosed evaporites in meta-
sedimentary series is difficult and relies mainly on indi-
rect evidence, because of the major changes in mineral
content and bulk rock composition possible during met-
amorphism. The increasing solubility of NaCl in water

Table 1: Representative microprobe analyses of scapolite
from the Kuiseb Formation.

AD93-35 AD93-35 AD93-8 AD93-8 AD93-9 AD93-9

wt.%

§i0, 4923 47.80 48.77 48.54 47.71 47.66
ALO, 2617 26.46 25.96 26.18 25.90 25.94
Ca0 15.00 15.54 15.52 15.21 15.32 15.18
Na,0 4.80 4.48 4.63 4.69 4.56 4.71
K0 0.78 0.62 0.71 0.80 0.49 0.51
S0, 0.06 0.00 0.03 0.03 0.02 0.00
Cl 1.22 1.08 116 1.17 0.97 1.20
Total  97.26 95.98 96.78 96.62 94.97 95.20
Atomic proportions based on 12 <Si+Al>

Si 7.38 7.26 7.37 7.34 7.32 7.31
Al 4,62 4.74 4.63 4.66 4.68 4.69
Total 1200 12.00 12.00 12.00 12.00 12.00
Ca 241 253 2.51 2.46 252 249
Na 1.40 1.32 1.36 1.37 1.36 1.40
K 0.15 0.12 0.14 0.15- 0.10 0.10
Total 3.96 3.97 4.01 3.98 398 3.99
%Mej* 61.02 6378 62.88 61.86 63.55 62.67
Eq.An* 54.07 57.95 54.19 55.44 56.08 56.32

= {Ca/(Ca+Na+K)) * 100 (Shaw, 1960)

b= 100(Al-3)/3 (Orville, 1975)

Fe, Ti, Mg and Mn are below detection limit.
The whole data set is available on request.

with increasing temperature, for example, is responsible
for the complete disappearance of halite crystals during
diagenesis and early stages of metamorphism. Since
pseudomorphs after evaporite minerals in metamorphic
rocks are scarce, former evaporites are often assumed
when minerals such as scapolite, lazurite or tourmaline
occur, or highly saline fluid inclusions are found. Such
interpretations are, however, rarely unequivocal.
Comparison between the geochemical characteris-
tics of evaporitic sediments and their metamorphosed
equivalents is problematic since metamorphism gener-
ally leads to the removal of volatile components and
changes in bulk rock chemistry are common. Moine et
al. (1981) developed some discriminating criteria based
on elements believed to be relatively inert during meta-
morphic processes. They found Mg, Al, Fe, Ca and Li
to be the least affected elements and that these reveal
characteristic differences between evaporitic and non-
evaporitic sediments. The scapolite-bearing Kuiseb
schists are distinctly different from (meta-) evapor-
itic sediments (Table 2), according to the discriminat-
ing criteria of Moine et al. (1981). The position of the
Kuiseb schists, whether scapolite-bearing or not, in the
triangular plot Ca-Mg-Al (Fig. 3) is identical to that of
common platform sediments and modem turbidites, im-
plying that derivation of these scapolite-bearing assem-
blages from an evaporitic precursor is unlikely. Com-
pared to the scapolite-free Kuiseb schists, the scapolite
schists are characterized by a shift towards the Ca apex
of the plot. In general, a distinctly higher Ca content of
the scapolite schists is the major and significant differ-

Ca

Figure 3: Triangular plot Ca-Mg-Al after Moine e al.
(1981). Contour lines = density lines of the reference
set of common platform sediments, shaded field = 69
analyses from modern turbidites from McLennan ez
al. (1990) where the darker area represents 50% of the
data points; ® = scapolite-bearing schists and A =
scapolite-free metasedimentary rocks of the Kuiseb
Formation; * = evaporites and ¢ = NaCl-bearing
evaporites, from Moine ef al. (1981; Table 2).
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Table 2: Geochemical characteristics of scapolite - bearing
Kuiseb schists in comparison with those of evaporites
and meta-evaporites documented by Moine et al.
(1981).

Evaporites Meta-evaporites Scapolite schists

MgO high 7-17%" high4-20%  medium 5-11%
Fe, 0  3-5% 2-4.5% 3-9%
Li high 100-300 ppm low 18-88 ppm
Mg/Al high 0.8-1.6 0.42-1.68 low 0.14-0.53
Mg/Fe high 1.5-3.1 1.48-3.81 low 0.39-1.02
K/Al 0.1-0.6 0.17-0.74 0.21-0.54
Na/Al 0.01-0.09 0.02-0.19 0.09-0.28
* - weight %
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Figure 4: Major element geochemistry of the scapolite
schists normalized to average Kuiseb schist
compositions after Kukla (1992), dashed lines
represent the standard deviation (1 ).

ence between the scapolite-bearing and scapolite-free
parageneses within the Kuiseb Formation (Fig. 4, see
also Table 3).

REE geochemistry

In order to obtain additional constraints on the char-
acter of the protolith, REE analyses were carried out
on four samples of scapolite schist and five samples of
scapolite-free Kuiseb metasedimentary rocks (Table
4). Their chondrite-normalized patterns are depicted in
figure 5. All samples show light REE (LREE) enrich-
ment and flat heavy REE (HREE) patterns; La,/Lu,
ranges from 6.1 to 9.2. All show a significant negative
Eu-anomaly with Eu/Eu* in the range 0.57 to 0.63 (ex-
cept for sample AD 93-21 with Ew/Eu* of 0.49). Total
REE abundances vary between 159 and 244 ppm in the
scapolite schists whilst the scapolite-free meta-sedi-
mentary rocks reveal more uniform contents of 204 to

242 ppm. The following conclusions can be drawn from
the REE patterns of the investigated samples:

1) All analysed samples of the Kuiseb Formation
show identical REE patterns which means that
scapolite-bearing and scapolite-free parageneses
have an uniform sedimentary precursor. Virtually
the same patterns were found by Hawkesworth et
al. (1981) and Haussinger et al. (1993) for Kuiseb
schist samples from different occurrences;

2) Sediments deposited through evaporation would
have a distinctly different REE signature because
chemical sediments should reflect the composi-
tion of the seawater from which they were pre-
cipitated. Thus, total concentrations of REE in
(meta)-evaporites are expected to be very low
(< 10 ppm; Ronov ef al., 1974) because of the
exceedingly low REE contents of ocean waters
(Goldberg et al., 1963; McLennan, 1989). Fur-
thermore, the chondrite-normalized REE patterns
of seawater (Goldberg et al., 1963; Hogdahl et
al., 1968) usually show a large depletion of Ce
and a relative enrichment in HREE (Wedepohl,
1970; Piper, 1974) which is not found in the REE
patterns of the Kuiseb schists.

3) The REE patterns of the scapolite-free and scapo-
lite-bearing Kuiseb schists do not deviate sig-
nificantly from the average of 23 post-Archaean
shales (PAAS), reflecting the composition of the
upper continental crust (Fig. 6). The Eu/Eu* val-
ues are slightly greater than that of PAAS (0.66)
and the average La,/Yb, ratio of 7.56 suggests
somewhat less fractionation than the PAAS value
0f 9.2.

4) In hydrothermal fluids, the REE are transported
as complexes, which are more distinct for each
REE than the corresponding ionic compounds
(Mineyev, 1963). Thus, the different suscepti-
bilities of the HREE and LREE to complexing,
and the different stabilities of the respective
complexes, should cause different fractionation
within the REE of the scapolite schists -which is
not the case. We therefore assume that fluid/rock
interaction did not greatly affect the REE con-
tents of the Kuiseb schists;

5) The somewhat lower contents in total REE of
the scapolite-bearing samples probably represent
a dilution effect caused by the higher density of
the scapolite-bearing rocks.

Carbon isotope analyses

STable 1sotope investigations were carried out to
shed some light on the origin of the carbon in scapolite
and calcite. Evaporation processes strongly affect the
isotopic composition of carbon and thus, former evap-
oritic sediments should be characterized by their heavy
08C values (Rothe and Hoefs, 1977). If the scapoliti-
zation was caused by externally derived fluids, carbon
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Table 4: Rare earth element (REE) analyses of selected
scapolite-bearing (") and scapolite-free Kuiseb

metasedimentary rocks.
Sample numbers: AD93-

5 8 9 13 21" 24 30 32 35
(ppm)
La 41 40 33 31 49 41 41 47 37
Ce 91 82 68 62 94 90 82 99 73
Pr 10 10 85 74 12 10 98 11 93
Nd 40 39 33 30 46 40 39 46 35
Sm 89 76 73 67 96 86 79 97 7.0
Eu 15 13 13 L1 14 1.5 13 1.7 12
Gd 81 71 65 59 91 78 70 86 64
Tb 1.2 12 09 095 14 12 10 13 1.0
Dy 75 70 61 58 87 79 62 76 62
Ho 15 1.3 1.1 12 18 16 13 15 1.1
Er 43 36 33 34 49 49 36 41 32
Tm  0.61 051 049 051 0.7 0.67 0.5 0.57 047
Yb 41 30 30 33 48 44 35 35 29
Lu 0.64 0.46 048 0.52 0.77 0.68 0.57 0.52 0.44
EwEu" 058 058 063 058 049 061 057 061 059
La/Yb674 897 74 632 687 626 7.89 9.04 857
1000

rock/e1-chondrite
=)

Figure 5: Cl-chondrite-normalized REE patterns of the

100

10

rock/PAAS

0.1

Figure 6: PAAS-normalized REE pattern of the Kuiseb
metasedimentary rocks. Values for PAAS-normali-
zation (Post-Archean average Australian shale) are
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from Nance and Taylor (1976).

should mirror the isotopic characteristics of the fluid
phase which interacted with the Kuiseb schists.

The carbon isotopic composition of the investigated
scapolite schist samples varies in a narrow range of -8
to -11 %o (Table 5, Fig.7) for both scapolite and calcite.
A comparison of the data from the scapolite schists in
the Khomas Hochland with carbon isotope distributions
of the lithosphere and hydrosphere is depicted in Fig.8.
In addition, the range of values for the Kuiseb graphite
schists and a marble horizon near the Matchless amphi-
bolite in the Khomas Hochland is shown (Kukla, 1992).
The average Agepce of 0.4 for the scapolite schists of the
Kuiseb Formation confirms the assumption of Moech-
er et al. (1994) that fractionation between calcite and
scapolite is essentially zero. During evaporation proc-
esses an enrichment of the heavier isotope in the re-
maining sediment occurs. If ocean water with a carbon
isotopic composition of around zero is evaporated the
resulting 0"*C -values are shifted to higher *C/*?C ra-
tios. Thus, evaporation of ocean water is not responsi-
ble for the isotopic signature of carbon in the scapolite
schists. Another source of CO, could be the organic car-
bon present in the form of graphite schists in the Kho-
mas Hochland, with 63C values ranging between -19
and -23 %o (Kukla, 1992). Oxidation of this material at
lower amphibolite facies temperatures would result in
CO, with Carbon 9 to 10 %o less depleted than the equi-
librium graphite (Bottinga, 1969). Thus, the carbon in
the scapolites and calcites most likely originated from
organic compounds in the sediment pile of the Kuiseb
Formation. Derivation of scapolite- and calcite-CO,
from the marble horizon in the Khomas Hochland by
decarbonatization reactions is unlikely. The CO -calcite
fractionation (Bottinga, 1969) at temperatures of 550-
500°C would have required an enrichment of *C in
the scapolite schists by about 2.5-3%., compared to the
marble carbon. We would suggest that this thin marble
horizon was invaded by the same CO,-rich fluid, which
caused scapolitization in the siliciclastic rocks.

Scapolite

Calcite

§'°Cpop (%0)

Figure 7: Carbon isotopic composition of CO, in sca
and calcite of the Kuiseb scapolite schists.
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Conclusions

Scapolitization of psammitic and pelitic meta-sedi-
mentary rocks of the Kuiseb Formation gives evidence
for the interaction between the metamorphic mineral
assemblage and a fluid phase permeating the rocks at
the time of metamorphism. On the basis of geochemical
data, we exclude an evaporitic origin for the scapolite
schists within the Kuiseb Formation. The REE patterns
of both scapolite-bearing and scapolite-free Kuiseb
schists reveal no evaporitic signature but show a strong
similarity to the characteristics of the average upper
continental crust represented by PAAS. Furthermore,
this interpretation is supported by light 8"3C values of
CO, in scapolite and calcite, which cannot be the result
of evaporation. A conclusive explanation for the light
carbon isotopic composition of the scapolite schists
in the Kuiseb Formation is derivation from an organic
source, probably from graphite within the Kuiseb de-
posits themselves. This conforms to the uniformity of
REE patterns of scapolite-bearing and scapolite-free
metasedimentary rocks. If an external fluid input is as-
sumed, changes in the REE contents and fractionation
patterns would be expected because chlorine-bearing
fluids are favoured complexing ligands for REE. We
thus assume a scenario of expulsion of CO,- and Cl-
rich pore fluids from the sediments during progressive
deformation leading to the scapolite-forming reaction
in the Kuiseb metaturbidites which postdates the D, de-
formation. The fluids concentrated and ascended along
shear zones into higher levels of the sediment pile
where scapolite formation occurred at the expense of
pre-existing plagioclase.

this study 1
marble horizon i
(Kuiseb Formation; Kukla, 1992) 7 graphite schist

" (Kuiseb Formation; Kukla, 1982)
TR

marine + nonmarine
? organisms

freshwater carbonates SESEEUNEY

.
N/ marine carbonales
" air CO,

8 carbonaliles, diamonds
extraterrestrial malerials {meteorites, lunar rocks, etc.)

petroleum, coal

L Il 1 1 1 1 1 1 1 ]
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Figure 8: Comparison of 8*C data from scapolite schists in
the Khomas Hochland with carbon isotope distribu-
tion of the lithospere and hydrosphere (after Hoefs,
1980). Data for Kuiseb graphite schists and marble in
the Khomas Hochland from Kukla (1992).

Table 5: Stable isotope analyses of carbon from scapolite

and calcite.

Sample scapolite calcite
6 : 3CI‘IIDB 5‘ JCPDB

AD93-2 -9.3 -9.2
AD93-3 9.1
AD93-4C  -10.2 -10.2
AD93-8 -8.8
AD93-9 -9.3 9.1
AD93-13  -10.2 -10.2
AD93-19  -10.6 -8.8

AD93-23 -10.0
AD93-35 -10.5
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