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Abstract. A Permo-Triassic pelite-carbonate rock series
(with intercalated metabasitic rocks) in the Cordilleras
Béticas, Spain, was metamorphosed during the Alpine
metamorphism at high pressures (P, near 18 kbar). The
rocks show well preserved sedimentary features of evap-
orites such as pseudomorphs of tale, of kyanite-phengite-
talc-biotite, and of quartz after sulfate minerals, and
relicts of baryte, anhydrite, NaCl, and KCl, indicating a
salt-clay mixture of illite, chlorite, talc, and halite as the
original rock. The evaporitic metapelites have a whole
rock composition characterized by high Mg/(Mg + Ca)
ratios > 0.7, variable alkaline and Sr, Ba, contents, but
are mostly K,O rich (< 8.8 wt%). The F (< 2600 ppm),
Cl (< 3600 ppm), and P,0; (< 0.24 wt%) contents are
also high. The pelitic member of this series is a fine
grained biotite rock. Kyanite-phengite-talc-biotite aggre-
gates in pseudomorphs developed in the high pressure
stage. Albite-rich plagioclase was formed when the rocks
crossed the albite stability curve in the early stages of the
uplift. Scapolite, rich in NaCl (Ca/(Ca + Na) mol% 24—
40) and poor in SO,, with CI/(Cl + CO,) ratios between
0.6 and 0.8, formed as porphyroblasts, sometimes replac-
ing up to 60% of the rock in a late stage of metamor-
phism (between 10 and 5 kbar, near 600°C). No reaction
with albite is observed, and the scapolite formed from
biotite by:

Al-biotite + CaCO, + NaCl + SiO,
= Al-poor biotite + scapolite + MgCO; + KCl
+ MgCl, + H,0

Calculated fluid composition in equilibrivm with scapo-
lite indicates varying salt concentrations in the fluid. Dis-
tribution of Cl and F in biotite and apatite also indicates
varying fluid compositions.

Correspondence to: G. Franz

Introduction

Minerals of the scapolite group have received consider-
able attention in the last years in petrological studies
because of their potential as a temperature indicator for
granulite facies conditions (CO;-scapolite) and their abil-
ity to act as a source or sink for a fluid phase (CO,, SO,,
Cl) in a wide variety of metamorphic environments: e.g.,
Moecher and Essene (1991) for granulite terranes and
xenoliths; Oterdoom and Wenk (1983) for regionally
metamorphosed carbonate rocks; Vanko and Bishop
(1982) for hydrothermal-igneous scapolitization; Mora
and Valley (1989) for metaevaporites. Metaevaporites are
potentially suitable for NaCl-scapolite (marialite) forma-
tion and thus useful for studying the relationships be-
tween scapolite-plagioclase-halite reactions, metamor-
phic conditions, and the nature of the fluid phase.

In the Cordilleras Béticas in southern Spain, the west-
ern part of the Alpine-Himalayan chain, we found scapo-
lite-bearing rocks in metaevaporites, which can be traced
regionally over several kilometers. They form a strati-
graphic horizon, though with considerable variation in
thickness (Nijhuis 1964; Gomez-Pugnaire et al. 1981b;
Gomez-Pugnaire and Camara 1990) at the base of a thick
Triassi¢ marble unit. The whole unit was subjected to
high pressures, whereas scapolite grew during a late
stage. This allows us to make some constraints on mari-
alite stability. The crystal chemistry of the minerals from
this locality is described in order to decipher the meta-
morphic history with special emphasis on scapolite and
the fluid phase.

Geological setting

The sample locality is situated near the village of Cobdar in the
Nevado-Filabride complex, the lowermost tectonic unit of the
Cordilleras Béticas (Fig. 1; Balanya and Garcia-Duefias 1986). The
Alpuyjarride and the Malaguide complexes form the higher tectonic
units. The Nevado-Filabride complex consists of a pre-Permian
basement and a Permo-Triassic upper sequence. The contact be-
tween them is an erosion surface, now discordant and almost com-
pletely obliterated during metamorphism (Egeler 1963; Gomez-
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Pugnaire et al. 1981a). The base of the Permo-Triassic consists of
quartz-feldspar-rich schists, quartzites, and intercalated metacon-
glomerates (“Esquistos de Tahal”, Nijhuis 1964, see stratigraphic
column in Fig. 1). There are also intercalated metabasites as dolerit-
ic-gabbroic sills, porphyritic dykes, and large bodies of irregular
form. The upper part is a thick unit of mostly pure and coarse
grained marble with minor intercalalions of metapelites (not shown
in Fig. 1) and metabasites. Between the lower and the upper part is
a gradational transition from the Esquistos de Tahal into a more
varied series of impure marbles, quartzites, and very fine grained
metapelites, which is interpreted as a metaevaporite sequence.

All rocks were metamorphosed and folded during the Alpine
metamorphism. All contacts are strongly deformed, and the origi-
nal sedimentary sequence is tectonically disturbed. However, in the
Cobdar area, where these rocks reach a maximal thickness, we
think that they represent in general a more or less coherent se-
quence, typical for a shallow marine environment, which was de-
posited onto sediments of continental affinity (Gomez-Pugnaire
et al. 1978; Mufioz 1986; De Jong and Bakker 1991). There are no
indications of large scale tectonic movements, and from this point of
view the situation is similar to other areas of the Nevado-Filabride
complex (Gomez-Pugnaire 1981; Vissers 1982; Galindo-Zaldivar
1990; Jabaloy 1990).

The Alpine metamorphism of the Nevado-Filabride complex
generally evolved from a high pressure metamorphism at relatively
low temperatures (Nijhuis 1964) to conditions of approximately
6 kbar/600°C (Goémez-Pugnaire 1981). The P-T conditions of the
high pressure event were determined mainly in mafic rocks, where
the eclogitic relicts are best preserved, and estimates range between
11-16 kbar/600-640°C (Vissers 1982; Gomez-Pugnaire and Fernan-
dez-Soler 1987; Puga et al. 1989; De Jong 1991). In the study area
no detailed investigations arc available; preliminary data indicate
about 20-22 kbar/650°C (Galindo et al. 1991).

=100 m

Fig. 1. Geological sketch map of the
sample locality of the scapolite occur-
rence near Cobdar and a generalized
stratigraphic profile (quartzites, which
are indicated in the profile, are too
small to be represented in the map).
The inset shows the major tectonic
units of the Cordilleras Béticas

Petrography

The metapelites of the metaevaporite sequence generally do not
show a preferred mineral orientation due to the small grain size of
the matrix material. Only in the vicinity of retrograde deformation
zones they may show a slight foliation, and if they are rich in
amphibole this mineral also has a preferred orientation. Aggregates
of talc that form pseudomorphs are commonly aligned. Extension
veins are filled with amphibole (sometimes with sigmoidal growth),
plagioclase, carbonate, talc, biotite, epidote, quartz, and apatite.

The grey Lo greenish-brownish evaporitic metapelites are por-
phyroblastic with a fine grained matrix of biotite (0.2-0.5 mm), sub-
ordinate amounts of white mica, talc, tremolitic amphibole, quartz,
calcite, titanite, rutile, tourmaline, apatite, hematite, iron sulfide,
and round or almond-shaped blasts of scapolite up to 1 to 2 cm in
diameter (Fig. 2). The distribution of scapolite in the rocks is irreg-
ular. Sometimes the blasts completely disappear within a distance of
a few meters, sometimes they are in horizons, where they can form
up to 60% of the mode and are rather small crystals (< 0.5 mm).
These horizons alternate with layers devoid of scapolite. Towards
the contact with carbonate rocks (which occur in layers of < 0.5 m),
the size of the scapolite crystals and associated tremolile increases
to 5 to 6 cm. The scapolite blasts may also enclose the above men-
tioned extensional veins.

Other minerals, which may form porphyroblasts, are plagioclase
(An < 27 mol%), chlorite, and tourmaline, but they occur less
frequently. Tourmaline blasts are sometimes surrounded by a rim of
scapolite. Plagioclase blasts are generally smaller than scapolite and
can be included in scapolite (Fig. 3). The major scapolite-bearing
rock lypes are:

1. Metapelites (biotite matrix) with
— scapolite as the only porphyroblast
— plagioclase + scapolite + chlorite
— tourmaline £ scapolite
— Na-Ca amphibole + plagioclase + scapolite
— tremolite + carbonate + scapolite
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Fig. 2a, b. Hand specimens of scapolite-rich metaevaporites with
mm- and cm-size scapolite porphyroblasts in a biotite matrix

Fig. 3. Photomicrograph: scapolite blasts, sca, in a matrix com-
posed dominantly of biotite with small albite-rich plagioclase, plag,
{(outlined in the left scapolite crystal) blasts. Scapolite replaces the
biotite matrix, but not plagioclase, which is of identical composi-
tion, shape, and grain size in both the matrix and as inclusions in
the scapolite (sample no. 87 Cob 20; length of photo 2.6 mm,
crossed nicols)

3 (X . i
Fig. 4. Photomicrograph: kyanite, ky, and phengite, ph, which occu
in tabular pseudomorphs after sulfate minerals, are replaced by
biotite, bi, and paragonite, pa. Inclusions in kyanite and talc are
baryte and anhydrite (sample no. Cob 55/1a; scale bar 0.2 mm,
crossed nicols)

Fig. 5. a Photomicrograph: quartz aggregate in a biotite matrix,
showing the small grain size at the rim of the aggregate and large
crystals in the center. Holes, h, contain remnants of chloride (NaCl
and KCl, see Fig. 7). b Enlarged part of a quartz crystal, showing
baryte, ba, and anhydritle, anh, inclusions (sample no. Ul 14 a, b;
scale bar 0.2 mm, crossed nicols)

- scapolite + kyanite + talc + phengite + biolile

(+ secondary chlorite)
— scapolite + garnet

2. Marbles and calc micaschist
— scapolite + plagioclase
— scapolite + tremolite + epidote

We could not find any systematic relationship between the dif-

ferent rock types, especially in respect to the scapolite-plagioclase-



Fig. 6. Photomicrograph of a tabular, polycrystalline quartz pseu-
domorph, gtz, with a “bird tail shape”, in a biotite matrix together
with plagioclase, plag, blasts. (sample no. Cob 50/5c; scale bar
0.2 mm, plain polarized light)

carbonate abundance and distribution. The changes can occur
along and across strike over a few cm distance, and seem to be
unrelated to tectonic features such as delormation zonges or to litho-
logical contacts of the metabasites.

An especially interesting rock type of the metaevaporites is rare
and probably represents less than 5% of the whole exposed se-
quence. It contains platy pseudomorphs of kyanite-talc-biotite-
phengite-paragonite and secondary chlorite + quartz (Fig. 4) as
well as tabular aggregates of talc with inclusions of baryte and
anhydrite. Aggregates of quartz, irregular (Fig. 5) and platy (Fig. 6)
in shape, with minor amounts of carbonate and inclusions of baryte,
anhydrite, apatite, talc, and phlogopite, as well as aggregates of
plagioclase + apatite + epidote appear frequently in all the
lithologies. The size of the tabular quartz pseudomorphs ranges
from mm to several cm and the former crystals were euhedral with
a plaly or tabular form, often orientled radially around carbonate.
The shape as well as the mineralogy of the pseudomorphs suggests
that they were formed after sulfate minerals such as baryte and
gypsum or anhydrite. Replacement of the sulfate phases by quartz
or other minerals could have occurred either at an early stage dur-
ing diagenesis, or during the metamorphic evolution. In any case,
the well preserved shape is a strong indication of sulfate minerals,
which are typical for an evaporitic environment.

In the irregular quartz aggregates (Fig. 5) grain size increases
from the rim toward the center, and they often show holes. Special
care was taken to distinguish between holes produced by the thin
section preparation and original vacuoles. Scanning electron mi-
croscopy on polished thin sections, prepared with the method de-
scribed by Trommsdorf et al. (1985), revealed that the holes were
originally present in the rock. Figure 7a shows intergrown quartz
crystals from Fig. Sa with relicts of KCL In Fig. 7b relicts of NaCl
arc shown with a characteristic cross shape. Due to the fine grain
size of the rocks, no fluid inclusions suitable for heating and freezing
experiments were found.

Whole rock composition

Twenty-five specimens were selected for determination of
major and some trace elements (F, Cl, S, Sr, Ba) by X-ray
fluorescence spectroscopy using a fully automated
Phillips PW1404 spectometer and fused disks with lithi-
um tetraborate as a flux medium. The elements F, Cl, S,
Sr and Ba were determined on pressed powder pellets
using an elvacite solution in acetone as binder. Precision
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Fig. 7a, b. Scanning clectron microscopy photographs of quartz
crystals forming irregular or oval shaped aggregates (see Fig. 5). In
depressions on the surface of the quartz crystals KCl (a) and NaCl
(b) could be identified by energy dispersive analysis. Lines in (a)
point to the analyzed crystals. Scale bar is 5 pm; sample no.CH 2)

for major elements is estimated to be better than 2%
relative except for Al, Na, Mn, and P,0; (5% relative).
For Cl and F determinations, precision is about 1% rela-
tive at the 1000 ppm level. The results are presented in
Table 1. Figure 8 shows the Ca-Mg-Al ratios of the rocks
(Moine et al. 1981). The Mg/(Mg + Ca) ratio is high,
especially in rocks with kyanite (> 0.92) or in rocks with
white mica in the matrix. The sum of MgO + Fe,0O,
varies between 10 and 20 wt%, and the A-F-M diagram
(inset in Fig, 8; projection from muscovite, quartz, H,O;
F = FeO,,,) clearly shows their Mg-rich composition.
Also the amount of alkalis and the Na,O/K,O ratios are
highly variable, but in most cases the amount of potassi-
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Table 1. Whole rock composition, determined by XRF. Analyses 1,2, 4, 9, 10, 22, 23 and 24 taken from Gdmez-Pugnaire and Camara (1990,

Table 1)

Sample Plagioclase-bearing metapelites

Kyanite + talc + phengitc metapelites

61/2 50/4 50/6a 50/6D CH-28 CH-29A C-13 UL-2 55/1 14/2a 14/2a CB-55a
1 2 3 4 5 6 7 8 9 10 11 12
Sio,  53.50 57.00 52.64 52.30 51.98 50.44 50.72 53.75 48.30 50.00 50.57 43.36
TiO, 0.94 1.00 0.95 1.01 0.98 1.02 0.99 0.99 0.93 0.78 0.72 1.13
ALO; 1830 184 19.94 19.90 18.11 20.65 19.14 18.85 19.70 16.10 13.15 20.00
Fe,0; 7.20 5.11 4.56 435 9.33 6.08 5.49 492 4.84 6.23 5.68 8.13
MgO 6.43 542 8.03 6.71 5.34 6.42 8.04 6.57 13.50 16.50 20.63 14.28
MnO  0.02 0.02 0.09 0.01 0.04 0.02 0.02 0.05 0.02 0.02 0.08 0.10
CaC 2.34 228 321 2.65 2.66 2.12 3.07 2.62 1.56 0.73 0.56 0.80
Na,O 3.67 1.70 2.10 4.24 1.66 5.50 2.38 1.26 2.67 1.17 0.64 0.28
K,0 4.88 6.01 591 511 6.32 4.36 6.28 6.39 3.65 4.33 392 3.8
P,0; 0.22 0.18 0.24 0.21 0.20 0.22 0.24 0.22 0.24 0.22 0.15 0.19
LOI 236 2.73 247 3.12 2.58 1.86 2.46 2.83 4.57 3.76 3.90 293
Total  99.86 99.85  100.14 99.61 99.2 98.69 98.33 98.45 99.98 99.84  100.00  100.00
Ppm
F ND ND 1700 ND 1200 1200 2300 1600 ND ND 500 2000
Cl ND ND 3660 ND 2760 2050 2400 1730 ND ND 1130 1580
S ND ND 260 N.D. 0 80 105 50 ND ND 180 0
Sr ND ND 380 ND 195 441 409 283 ND ND 427 245
Ba 833 ND 259 ND 624 258 330 734 ND ND 1309 918
Table 1 (continued)
Sample Metapelites with plagioclase + white mice Marbles Carbonate + apatite +- amphibol
in the matrix metapelites
UL-16 CH-35 $52/1b UL-10 CH-5 CB-GW CB-HB GW UL-12  61/1 554 CB-27 CH-7
13 14 15 16 17 18 19 20 21 22 23 24 25
Si0, 5594 55.16 52.48 52.40 57.36 12.50 8.78 10.51 53.98 55.3 55.40 49.50 51.13
TiO, 0.84 091 0.95 1.02 1.04 0.19 0.14 0.22 0.88 0.83 0.76 0.91 0.93
ALO, 16.70 20.27 20.01 21.84 17.13 4.54 3.69 4.53 15.68 16.00 15.70 17.90 17.56
Fe, 0, 6.01 7.34 9.69 7.89 4.85 1.50 2.15 2.06 7.21 7.50 6.40 8.16 6.38
MgO 7.7 5.93 6.40 4.99 7.02 296 0.05 3.46 8.62 8.13 8.71 9.74 9.28
MnO 003 0.09 0.12 0.08 0.02 0.02 3.66 0.00 0.04 0.04 0.06 0.04 0.08
CaO 1.12 0.44 0.53 0.46 1.30 40.00 41.50 44.73 3.22 332 3.25 3.56 3.68
Na,O 1.14 0.45 0.36 0.19 3.00 0.35 0.74 0.49 1.09 1.78 1.00 1.05 1.74
K,0 6.74 6.38 6.46 7.68 5.08 0.83 0.12 1.19 542 495 4.80 591 6.05
P,Os 0.19 0.17 0.14 0.13 0.17 0.06 0.05 0.11 0.19 0.23 0.20 0.23 0.23
LOIL 275 2.86 2.86 331 243 36.70 38.80 31.71 2.75 1.91 2.61 2.98 2.66
Total 9917  100.00  100.00 99.99 99.40 99.65 99.68 99.01 99.08 99.99 98.89 99.98 99.72
Ppm
F 1200 ND 800 1100 ND ND ND 2600 1000 ND ND ND 1100
Cl 1140 ND 1070 520 ND ND ND 580 1830 ND ND ND 1230
S 245 152 0 0 115 ND ND 1360 40 ND ND ND 0
Sr 169 531 164 84 305 ND ND 2242 158 ND ND ND 179
Ba 732 199 540 320 207 ND ND 129 579 ND ND ND 528

L.O.L, loss on ignition; ND, not determined

um is much higher than that of sodium. The magnesian
rock composition explains the absence of minerals such
as staurolite and chloritoid, the scarcity of garnet, and
the abundance of phlogopite and talc. Sedimentary or
diagenetic precursor minerals for the observed metamor-
phic assemblages were probably illite + talc + chlorite
(see discussion). The sediments must have been carbonate

poor, as indicated by the dashed arrow in Fig. 8, which
separates carbonate-bearing sediments from carbonate-
free evaporites. The field of sulfate-bearing evaporites
(outlined by dashed lines in Fig. 8, Moine et al. 1981) is
not of great relevance for our study, because it relates to
carbonate-bearing rocks only. If it is extrapolated into
the field of carbonate-free evaporites, the analysis points
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for the rocks with pseudomorphs would fall into this
field. Phosphate is rather constant near 0.2 wt% and
reflects the large amount of accessory apatite.
Serdyuchenko (1975) also found 0.25 wt% P,O; in meta-
evaporites.

The F-contents vary between 1000 and 2300 ppm, and
are significantly higher than in average platform sedi-
ments (800 ppm; Moine et al. 1981). The Cl-contents vary
between 520 and 3660 ppm. Similarly high values are
typical for metaevaporites (Serdyuchenko 1975:0.28 and
0.49 wt%; Hogarth and Griffin 1978:0.07 to 0.86 wt%).
The Cl is present in the rock in scapolite, biotite, and in
apatite as well as in solid NaCl and KC! inclusions
(Fig. 7). The highest contents of S and Sr were found in a
marble (1360 and 2242 ppm, respectively), indicating the
presence of sulfate minerals. In general, the amounts of
these elements, as well as those of Ba, are very variable
and reflect the presence or absence of baryte and anhy-
drite inclusions. Calcium sulfate is abundant in marbles
from the whole Cébdar-Macael area (Voet 1976).

Boron and lithium are also key elements for the sedi-
mentary environment (Moine et al. 1981), but due to the
lack of analytical facilities they have yet to be analyzed.
The large modal amount of tourmaline, however, clearly
indicates that the B contents are high.

Mineral chemistry

Minerals were analyzed with an automated Camebax electron mi-
croprobe (wave length dispersive system) with natural minerals and

synthetic materials as standards (Na = albite; K = orthoclase; Ca
and 8i = wollastonite; Al = ALO,;; Mg = MgO; Fe¢ = FeO;
Mn = Mn; Ti = TiO,; Cl = NaCl; S = FeS,; F = CaF, and
Durango fluorapatite, Sr = celestine) at 15kV, 20 nA, using the
PAP correction, at ZELMI (Techn. Univ. of Berlin). Counting times
were 10 s for Na, Mg, Si, Al, Cl, K, and S; 20 s for Fe, Mn, and Ca;
and 30 s for F and Ti. Additional data were oblained at the electron
microprobe laboratories of Granada (chlorites and scapolite) and
Edinburgh (apatite) under similar conditions. Mineral analyses of
scapolite are presented in Table 2. All other tables with mineral
analyses are available on request from G.P.

Scapolite

Scapolite contains inclusions of all matrix minerals, of
carbonate, and also of smaller euhedral plagioclase
blasts. Chlorite and the chlorite + quartz aggregates are
generally not included, indicating that scapolite formed
after the matrix minerals and after plagioclase, but before
or probably simultaneously with chlorite. No reaction
relationships with plagioclase were observed. Scapolite
composition, expressed as X,, mol% [Ca/(Ca + Na)
*100], varies mostly between 28 and 40 mol% (Table 2).
There are no large differences between rocks with or
without plagioclase and/or calcite (Fig. 9). Scapolite crys-
tals in contact only with albite-rich plagioclase can be
relatively rich in Na-component (mol% An below 28;
minerals analyzed at the contact near the grain
boundary), but there are also many crystals with relative-
ly high Ca-contents.

Sulfer contents (in terms of atoms per formula unit) do
not exceed 0.05, and are very often below the detection
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61, CB-62, other scapolite-bearing metapelites; CB-27, carbon-
ate+ plagioclase + scapolite-bearing metapelites; CB-HB, CW, UL-
23, scapolite-bearing marbles

Table 2. Representative electron microprobe analyses of scapolite
(formulae calculated on the basis of Si+Al=12). CB-14/2a, CB-
335A, kyanite + talc + phengite + scapolite-bearing metapelites; CB-

Sample CB-14/2a CB-61 CB-52 CB-27 CB-HB CG-GW UL-23 CG-55A
Si0, 55.15 5553 5569 60.39 5508 54.63 54.62 5495 5631 5698 5452 5497 5525 5513 5493
TiO, 003 004 004 000 003 000 004 000 005 000 000 001 004 001 007
Al O, 2343 2323 2336 2064 2278 2314 2344 2341 2254 2203 2362 2355 2337 2255 2283
FeO 006 001 005 002 019 006 002 005 002 000 001 002 007 004 068
MgO 002 000 000 000 000 000 001 006 000 003 000 000 000 000 000
MnO 000 000 000 002 002 000 000 000 000 000 001 000 006 002 002
CaO 817 743 809 739 747 810 848 854 581 591 902 844 717 815 890
Na,O 920 987 929 819 984 910 885 882 998 1006 872 896 788 T.65 7.88
K,0 029 030 030 070 031 037 042 046 057 049 041 032 021 020 018
F 003 000 004 000 000 000 001 003 002 000 006 004 000 000 002
Cl 293 317 314 266 293 303 309 287 334 331 255 277 350 309 279
SO, 032 043 028 031 036 026 039 035 000 001 000 000 025 050 016
Total 99.63 100.01 100.28 100.32 99.01 98.69 99.37 9954 98.64 09882 9892 99.08 9780 9734 9846
0=Cl 066 072 071 060 066 068 070 065 075 075 058 062 079 070 063
O=F 001 000 002 000 000 000 000 001 001 000 003 002 000 000 001
Total 98.96 9929 99.55 99.72 98.35 9801 98.67 9888 97.88 9807 09832 9844 97.01 96.64 9782
Si 7.995 8037 8029 8554 8.067 8003 7968 7988 8153 8243 7.943 7973 8007 8.09% 8.054
Al 4005 3963 3971 3446 3933 3997 4.032 4012 3.847 37757 4057 4027 3993 3904 3946
Ti 0.003 0.004 0.004 0000 0003 0000 0004 0000 0.005 0000 0000 0001 0004 0001 0.008
Fe*+ 0.007 0.001 0.006 0.002 0023 0007 0002 0006 0002 0000 0001 0.002 0.008 0.005 0.083
Mg 0.004 0.000 0.000 0.000 0.000 0000 0002 0013 0000 0006 0000 0000 0.000 0000 0.000
Mn 0.000 0.000 0.000 0.002 0002 0000 0000 0.000 0000 0000 0001 0000 0007 0002 0.002
Ca 1.269 1.152 1.250 1.122 1.172 1272 1326 1.330 0901 0916 1408 1312 1.113 1282 1.398
Na 2,586 2770 2597 2249 2794 2585 2504 2486 2802 2.822 2463 2520 2214 2178 2240
K 0.054 0.055 0.055 0.126 0058 0069 0078 0.085 0105 009 0076 0059 0039 0037 0034
F 0.014 0.000 0.018 0.000 0000 0000 0005 0014 0009 0000 0028 0018 0.000 0.000 0.009
Cl 0.720 0.777 0767 0.638 0727 0.752 0764 0.707 0.819 0811 0.630 0681 0.860 0.769 0.693
SO, 0.035 0.047 0030 0.033 0040 0029 0043 0038 0.000 0001 0.000 0000 0.027 0055 0.018
Caf(Ca+Na) 0329 0294 0325 0333 029 0330 0346 0349 0243 0245 0364 0342 0335 0371 0384
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limit (estimated as < 0.05 wt%). Carbonate-scapolite,
ranging between approximately 10 and 40 mol% was
calculated by difference. In Fig. 9, most analyses exceed
the theoretical solid solution limits proposed by Evans et
al. (1969): they have more Cl-scapolite as defined by the
endmembers marialite and meionite. This excess in Cl

ANORTHITE ——>

seems to be common in many natural marialitic scapo-
lites (Evans et al. 1969; Vanko and Bishop 1982; Mora
and Valley 1989; and references therein), and Ellis (1978)
described synthetic scapolites in the range 30 to 85 X 4,
mol%, which also have a significant excess of Ca and Cl,
as a possible endmember 3An'NaCl. This deviation in
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Fig. 10. Compositional zoning profile of two scapolite porphyrob-
lasts in a biotite matrix in terms of Ca/(Ca + Na) mol% and atoms
per [ormula unit (sample no. 87 cob 14/2)

composition of natural scapolites from the theoretical
stoichiometry is explained by Chamberlain et al. (1985)
as the result of local charge balance between Ca*~, Na*
cations and CI=, CO3™ anions. The F-content is mostly
near or below the detection limit (estimated as
< 0.05 wt%).

Potash contents are low and correspond to an average
of K/(K + Ca + Na) = 0.01. Thesum of K + Ca 4+ Na
is in most cases near 3.9 (see also Mora and Valley 1989),
indicating either a slight deficiency in this position or
analytical problems due to evaporation of Na.

Scapolite from many samples shows optical zoning
with a slight continuous decrease of birefringence toward
the rim and with a higher concentration of inclusions in
the central part of the crystal. Two large crystals were
checked for chemical zoning (Fig. 10), which in one case
is regular, with a central Na- and Cl-rich zone, an in-
crease of Ca toward the rim, and a decrease in the outer
rim. The second crystal is less regularly zoned. Another
sample was found that exhibits a more complex type of
zoning,.

Plagioclase

Plagioclase occurs in different textural positions. Small,
euhedral porphyroblasts and aggregates with apatite in
the metapelites are albite with up to 10 mol% An. Plagio-
clase coexisting with calcite and scapolite varies between
15 and 27 mol% An. In the marbles, the plagioclases are
zoned from albite-rich cores to An 35. Plagioclases are
more sodic than coexisting scapolite.

Biotite

Biotite is the most abundant matrix mineral and con-
tributes to the pseudomorphs in kyanite-bearing
metapelites. It is rich in phlogopite component. The Mg/
(Mg + Fe) ratio in different samples varies between 0.66
and 0.88, but the variation within a sample is small
(Fig. 11). The AlY'-content shows a large scatter, especial-
ly in the rocks with pseudomorphs. The Ti-content does
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Fig. 11. Composition of biotite (cations p.fu.); the Mg/(Mg + Fe)
ratio is predominantly controlled by whole rock composition; the
large variation of the Al¥-content by Tschermaks exchange with
the local assemblage in a sliding reaction (see text). The Cl/(Cl + F)
ratios vary independently of Mg and Fe

not exceed 0.2 atoms per formula unit. All biotites con-
tain uniformly high amounts of Cl between 0.5 and
0.8 wt%, but F ranges from below detection to 0.4 wt%.
In most cases, the C1/(Cl + F) ratio varies independently
from Mg/(Mg + Fe) (Fig. 11). Only in the rocks with the
kyanite pseudomorphs does a slight negative correlation
exist.

White mica

White mica is rare in the matrix compared to biotite.
Only in one rock with garnet does it form up to 50% of
the mode in the matrix. Most of the white micas (phengite
and paragonite) were found in the pseudomorphs, coex-
isting with talc and biotite. Paragonite is more abundant,
and contains only small amounts (< 3 mol%) of mar-
garite. The sum of Mg + Fe is also small, near 0.1 per
formula unit (p.f.u., on the basis of 22 oxygens). The Si-
content of the phengites varies between 6.5 and 6.8, the
paragonite content between 5 and 10 mol%.

Talc

Talc was rarely identified in the matrix (probably because
of the small grain size), but often occurs as inclusions in
scapolite. It also contributes to the pseudomorphs, where
it contains inclusions of baryte and anhydrite or is inter-
grown with these minerals and quartz. It always contains
small amounts of Na (< 0.06 p.fu.) and Al (< 0.3 pfu.).
It is not clear, whether these components are present-as
paragonite or Na-biotite intergrowths, or are true solid
solution components.

Chlorite

Chlorite is a late stage mineral in most samples. It co-
exists with quartz and replaces the kyanite pseudo-
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morphs, or may form small porphyroblasts (with quartz
inclusions). In carbonate rocks, it replaces tremolite or
forms isolated crystals in the carbonate matrix. The chlo-
rites are Mg-rich.

Garnet

Garnet is rare in the rocks. It appears in small crystals
in the matrix or as inclusions in scapolite. Zoning is
not distinct, and the average composition is
Almg,Py ;Sp,Groys.

Amphibole

Tremolitic hornblende is relatively abundant in carbon-
ate-bearing rocks. In the metapelites it occurs as inclu-
sions in scapolite, in the matrix intergrown with biotite,
in aggregates with plagioclase, and in veins. Zoned crys-
tals are barroisitic in the core and more calcic in the rim
(edenite to Mg-hornblende).

Accessory minerals

Epidote with approximately 50 mol% of the Al,Fe-end-
member (also some REE-bearing epidote) and titanite
(with small amounts of Al-F-titanite) are accessory min-
erals in the rocks. Tourmaline is a very frequent accessory
mineral in the matrix, but it may also occur as a porphy-
roblast. Preliminary analyses indicate dravite-schorl
solid solutions with negligible amounts of Ca.

Apatite

Another important accessory mineral is apatite. It can
occur locally in large amounts and also in rather large
crystals in aggregates with plagioclase + epidote, in
round or euhedral crystals (0.1 mm) with quartz and sul-
fate minerals, and in the matrix. Most crystals are rich in
Cl (up to 6.52 wt%), some are enriched in F (up to 3.34
wt%). Those which are rich in Cl can also contain up to
1 wt% SrO, and some analyses also show up to 1 wt%
S0O,. The Cl-poor apatite has a large range of F-contents
(between 0.66 to 3.34 wt%, whereas the Cl-rich apatite is
restricted to < 0.95 wt% F. These two types are also
present in zoned crystals; cores and rims, however, may
belong to either group.

Discussion
The protolith

It was shown above that the whole rock chemical compo-
sition is compatible with evaporite rocks. This interpreta-
tion is supported by the presence of sulfate minerals such
as baryte and anhydrite, by tabular pseudomorphs after
these minerals (“desert roses” and “bird tail shape™), by

the presence of KCl and NaCl, and by the high contents
of Sr in apatite. Furthermore, the metamorphic mineral
association of kyanite + talc has been ascribed by
Schreyer (1977) as indicative for metaevaporites. The
original, sedimentary to diagenetic mineralogical compo-
sition of such evaporites was described by Braitsch
(1962). He mentioned the authigenic formation of talc,
often as the only phyllosilicate in anhydrite rocks and in
NaCl-bearing rocks rich in anhydrite. Chlorite is also
common, but restricted to non-carbonatic evaporites.
Since the analyses of the metaevaporites from the Cobdar
area plot in the field of carbonate-free rocks (Fig. 8), chlo-
rite and talc were probably important constituents of the
protolith. It is interesting to note that in sedimentary-dia-
genetic salt deposits the mineral association illite + talc
exists and these minerals could be the precursors of the
high pressure assemblage phengite + talc (Chopin 1981;
Massonne and Schreyer 1989). The matrix of the Cobdar
metaevaporites was formed by a prograde reaction from
illite + chlorite + quartz into biotite.

The peculiar pseudormophs of talc or quartz de-
scribed above can be explained as relicts of sedimentary
features. A diagenetic replacement of various evaporite
minerals by talc was also described by Evans (1970) from
Nova Scotia, and quartz pseudomorphs after anhydrite
have been found by Arnold and Guillou (1981). Zimmer-
mann (1907, quoted in Sonnenfeld 1984) observed that
films of minute quartz crystals coat anhydrite crystals,
which occur inside halite-forming pseudomorphs after
gypsum. It is therefore possible that the features shown in
Fig. 5 (increasing quartz grain size towards the center)
and Fig, 6 represent the original sedimentary features.
Other more irregular forms of mineral aggregates, such
as plagioclase + apatite or quartz + sulfate + carbon-
ate minerals, may have been amorphous silica, together
with carbonate and possibly organic material, as fillings
of geodes and of dissolved evaporite minerals.

Metamorphic conditions

Two different mineral parageneses in metapelites from
the metaevaporite sequence, relevant for the near-peak
metamorphic conditions, can be defined, based on tex-
tural relationships, mineral chemistry, and phase com-
patibilities. The first paragenesis includes the matrix min-
erals and all those porphyroblasts that are included by
scapolite: Plagioclase, kyanite, talc, biotite, phengite, bar-
roisitic amphibole, garnet, carbonate, and accessory min-
erals (paragonite and quartz might have been present at
this stage, but these minerals could have formed later).
The early formed minerals have been affected by a defor-
mation which produced in some cases a slight foliation in
the rocks, and also extensional veins.

The second paragenesis includes formation of scapo-
lite and chlorite + quartz around the kyanite pseudo-
morphs. Coarse grained biotite and paragonite flakes
(Fig. 4) in the pseudomorphs also formed later, because
both minerals are present in those pscudomorphs where
no kyanite and talc relicts are left.

A third paragenesis, less important for the high grade
evolution and not discussed further, was formed on the



late stage retrograde path during brittle deformation in
extensional veins, and includes albite, quartz, carbonate,
and chlorite.

The metamorphic evolution in the high pressure stage
is discussed in a simplified P-T diagram for metapelites
(Fig. 12). The reaction curves were taken from experi-
mental data by Massonne and Schreyer (1989), Holland
(1979, 1988), Holdaway (1971),Chatterjee (1972). The tri-
angular diagram Al-Mg + Fe-K + Nais chosen to illus-
trate the development of the phases. If a stable sequence
of reactions is considered, phengite + talc were first
formed at pressures above approximately 12 kbar. Chlor-
ite + quartz might have persisted at pressures above
15 kbar, depending on the temperature. The presence of
talc + kyanite and talc + phengite with Si = 3.3 in-
dicates pressures near 18 kbar at temperatures between
approximately 500 and 650°C. The breakdown of
talc + phengite could have been produced by an increase
in temperature or a decrease in pressure, to form bi-
otite + kyanite + quartz + vapour (Massonne and

P kbar
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25}

gioclase
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paragonite
growth

Al

5 | Mg+Fe Na+ K a+ K
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Fig. 12. P-T diagram for the high pressure evolution of the Cobdar
metaevaporites, constructed from experimental data (references are
given in the text). Silicon contents in phengite of 3.3, dashed line, and
the assemblage kyanite + phengite + talc indicate pressures near
to the albite-jadeite-quartz equilibrium. Textural features in the
samples suggest an early growth of plagioclase blasts, followed by
paragonite and by scapolite growth, and by formation of chlor-
ite + quartz in the kyanite pseudomorphs. The triangular diagrams
Al - (Mg + Fe) - (Na + K) illustrate schematically the possible
development of the phases (T¢, talc; Chl, chlorite; Ky, kyanite; Pa,
paragonite; Sc, scapolite; Ph, phengite; Bt, biotite; gz, quartz; v,
vapor). The inferred prograde evolution is hypothetical, and be-
cause of the limited mineralogical composition of the metacvorites,
the peak and the retrograde metamorphic conditions can only be
defined loosely

457

Schreyer 1989). Temperatures must have been above
600°C, but the rocks studied here do not allow the
derivation of a better estimate. Metabasites, studied in
other areas of the Nevado-Filibride complex, indicated
temperatures near 700°C at pressures near 15 (Puga et al.
1989) to 20 kbar (Galindo et al. 1991).

The albite-rich plagioclase porphyroblasts probably
formed in a very early stage of decompression, when the
rocks crossed the albite stability curve (Fig. 12). It is not
clear whether there was another Na-mineral present in
the rock at high pressures, which was subsequently re-
placed by albite. Barroisitic amphibole, which is more
calcic toward the rim , is mostly present in rocks devoid
of plagioclase. Relicts of omphacite were not found. The
formation of paragonite in the pseudomorphs is also as-
cribed to the decompression path. Late stage chlor-
ite + quartz formed when the rocks cooled below ap-
proximately 620 to 640°C at pressures between 6 and
12 kbar. Scapolite formation definitely occurred after the
plagioclase growth, and probably during the onset of late
stage chlorite + quartz formation.

Scapolite reactions

The well studied relationships between scapolite, calcite,
and plagioclase (Evans et al. 1969; Orville 1975; Gold-
smith and Newton 1977; Aitken 1983; Oterdoom and
Wenk 1983) are not applicable to the Cobdar locality,
because the Cobdar scapolites are rich in Na and poor in
CO,-component, and the textures clearly indicate that
plagioclase is not consumed when scapolite is formed.
Instead, biotite as the most important matrix mineral has
almost completely disappeared in the areas of scapolite
blastesis (Figs. 2 and 3). The necessary amounts of Na
and Cl were possibly present in the rock either as solid
NaCl or as a component of the mica. A possible reaction
is a sliding reaction of the type:

2KMg,ALSLO,(OH), + 1.25 CaCO, + 2.75 NaCl
+ 65 Si0, — 1 K Mg, ;ALSi, .0,(OH),
+ 1Cay p5Na, 75A1,8150,4Cly 75(CO3)g 2
+ I1MgCO, + 0.5 MgCl, 4 1KCI -+ 1H,0

This 1s a simplified reaction balanced with average
compositions of scapolite and biotite neglecting the Cl-
content in the original and in the late biotite, which also
varies similarly to Al The variation in AIY! in biotite
(Fig. 11) can be as large as 0.7 in a single sample. The
magnesite, which appears in the schematic reaction, ei-
ther forms dolomite with calcite, or talc or chlorite with
Si0, and Si0,+ AlL,O; respectively, which are readily
available in the rocks. Calcium sulphate may replace Ca-
CO; in the reaction to produce the small amounts of
SO,-scapolite, but probably most of the sulfate had al-
ready been dissolved during diagenesis.

Composition of the fluid phase

The reaction described above implies the presence of a
fluid phase with high concentrations of salt during the
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Fig. 13. Calculated composition of fluids from scapolite composi-
tion, based on experimental data by Ellis (1978)

decompression path of the rocks. The scapolite composi-
tion can be used as a monitor for the composition of
the fluid phase (Ellis 1978), provided that other compo-
nents such as SO, in scapolite, and X(CO,) and X(F) in
the fluid are low. It is based on an exchange equilibrium
NaCl; o, + CaCO; . = CaCO, ,, + NaClpy,y. The
Xwc(Fluid) = NaCl/(NaCl + H,O) was calculated
with the K-formulation given by Ellis (1978, his Fig. 9),
valid for experimental conditions of 750°C/4 kbar, as-
suming ideal mixing in scapolite and in the fluid. Franz
(1982) argued for a pseudoideal’ behavior of NaCl-H,O
(from experimental data at 2 kbar, 590 to 670°C), and
therefore this assumption is not too unrealistic. The
average values for the different samples vary between
Xnacr = 0.3 and 0.5 (Fig. 13). This scatter reflects firstly
the analytical uncertainty of the microprobe analyses.
This is smaller than the observed range and we interpret
the variation in X, as an indication for different con-
centrations of salt in the different rock types. Values in
the order of 0.6 are near the saturation limit for the sys-
tem H,O-NaCl at the conditions of metamorphism. The
X cop In the hydrous fluid is assumed to be low despite
the presence of calcite + quartz. This assumption is
made on the basis of experimental data on the rmmisci-
bility of CO,- and NaCl-rich fluid phases (Yardley and
Bottrell 1988; Johnson 1991). The occurrence of scapo-
lite-free and scapolite-rich layers may therefore reflect the
immiscibility of fluid phases (CO, and H,0-NaCl), which
prevented the original heterogeneous distribution of
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salt from being smoothed out by fluid circulation. The
concentration of CO, in the fluid in the tremo-
lite + calcite + scapolite lithologies may have been
higher because they have a low X, (= 0.3) value calcu-
lated by the Ellis (1978) exchange equilibrium.

Other phases, which might give an indication of the
fluid composition, are apatite and biotite. Both minerals
contain Cl and F (Fig. 14; zoned apatites are not includ-
ed). Biotite is rather variable in composition in both
halogens, compatible with the interpretation that it
changed its composition in a sliding reaction of the type
mentioned above. The lack of any systematic variation
between halogen contents in biotite-apatite pairs (which
seem to be in textural equilibrium) probably indicates
that they were formed with a fluid phase of variable com-
position in respect to F and CL The CI content in apatite
and in biotite depends strongly on the salt concentration
in the coexisting solution (Zhu and Sverjensky 1991).
However, more systematic analyses would be necessary
to quantify the fluid-apatite-biotite relations. The pres-
ence of some Sr, SO,, and possibly CO, in the apatites
will also complicate these relations.

Munoz (1984, 1992) developed a method to derive
fugacity ratios of HF and HCl in a fluid, coexisting with
biotite, based on F-CI-OH exchange equilibria of F-, Cl-,
and OH-biotite endmembers. This method takes into ac-
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equilibrium) apatite and biotite. The lack of a systematic correlation
probably indicates chemical disequilibrium
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count the Mg/(Mg + Fe) ratio and the AIY' content of
biotite and uses the F and Cl contents, measured by elec-
tron microprobe. The values for the biotites from the
Cobdar metaevaporites are shown in Fig. 15, together
with reference lines for constant fugacity ratios in the
fluid at assumed metamorphic temperatures of 500, 550,
and 600°C. The data show that the temperature estimate
for the major equilibration stage of 550 to 600°C (Fig. 12)
is realistic. Secondly, they confirm the dependency of F-
Cl-distribution in biotite on Xy, The variation within a
single sample is probably due to a combined effect of
temperature and pressure variation and differing F- and
Cl-activities.

Conclusions

There is little doubt that the metamorphosed rocks were
originally evaporites, indicating a near continental or
shallow marine environment. It is not compatible with
the hypothesis that the metabasites of the Cobdar area
are part of a dismembered ophiolite complex (cf, Bod-
inier et al. 1987).

It is unlikely that the basic intrusions initiated hy-
drothermal convection cells responsible for scapolitiza-
tion (as described by Vanko and Bishop 1982), because
the bodies are relatively small. Also, the intrusions are
clearly pre-metamorphic, whereas scapolite grew during
the metamorphic decompression. Scapolite was not pro-
duced by metasomatic reactions of a fluid phase, which
might have come from any other (unknown) source. This
is indicated by the irregular distribution of scapolite in
the rocks and the absence of indications for large scale
(> 10 cm) metasomatism, such as monomineralic zones.
Though the metaevaporites show some deformation, this
is mostly restricted to brittle-ductile transitional features
at lithological boundaries. Shear zones, which can act as
metamorphic aquifers (e.g., Selverstone et al. 1991) are
not present. Wherever ductile deformation is observed,
these rocks show essentially the same mineralogical com-
position as the undeformed ones and no relation to the
scapolite formation. The small grain size of the rock
could be taken as an argument to explain the whole se-
quence as an ultramylonite. This is, however, not consis-
tent with the outcrop situation (Fig. 1) and especially not
with the preservation of pseudomorphs.

We argue therefore for a similar origin of scapolite as
proposed by Hietanen (1967) and Mora and Valley
(1989), who suggested that scapolite crystallized during
regional metamorphism in rocks which had originally
contained halite. The exact mechanism of scapolite for-
mation, however, seems to be different, because the reac-
tion includes breakdown of biotite instead of plagioclase,
and the production of H,O. Plagioclase formed earlier in
the rocks than scapolite, possibly by different reactions.
Though the rocks have been metamorphosed at high
pressures, scapolite was formed rather late during uplift.

The stability field of NaCl-rich scapolites is not well
known, because experimental studies are not available.
The marialite NaCl-endmember can be synthesized at
low to high pressures and high temperatures
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(> approximately 700 to 800°C (Eugster and Prostka
1960; Newton and Goldsmith 1975)). Orville (1975) and
Ellis (1978) found that a high activity of NaCl is necessary
to stabilize scapolite over plagioclase + calcite + NaCl
at 4 kbar, 750°C, but the scapolites always contained a
certain amount of X ,,, component. Ellis (1978) used Na-
Cl/(NaCl + H,0) concentrations of up to 0.8. At higher
NaCl concentrations, scapolite can be formed, but the
phase relations become complicated by other phases
(cancrinite, melt: Orville 1975). Vanko and Bishop (1982)
synthesized scapolite with eqAn = 18 mol% at 1.7 to
2.8 kbar and 600 to 750°C. These experimental results are
in general agreement with our conclusion, that high Na-
Cl concentrations favored scapolite formation. Oter-
doom and Wenk (1983) derived an empirical phase dia-
gram. It shows a plagioclase + calcite + NaCl,, phase
field at conditions where the Cébdar scapolites have
formed. We assume that the NaCl concentrations in the
rocks described by Oterdoom and Wenk (1983) were not
high enough for scapolite formation.

The early albite and the late scapolite growth in the
Cébdar metaevaporites is thus explained in the following
way:

At high pressures and temperatures near 18 kbar,
600°C or higher, NaCl must have been present as solid
halite. It is not clear if the rock was dry or fluid poor.
Decreasing pressures produced small amounts of 1,0 by
breakdown of the phengite component of matrix white
mica. The fluid must have been heterogeneous, because
salt was probably heterogencously distributed in the
rock, as was the distribution of the H,O producing phen-
gite. This heterogeneity is reflected by the variable miner-
al composition (Figs. 13-15), though varying P and Talso
have contributed to the variation. The white mica reacted
with the fluid firstly to form plagioclase (essentially al-
bite). A simplified reaction is:

KAIMgSi,0,(OH), + 0.33Si0, + NaCl
= NaAlSi,O, + 0.33Mg,Si,0,,(OH),
+ 0.66 1,0 + KCI .

(Also, breakdown of Na-pyroxene or Na-amphibole
might have produced albite and kyanite reaction to
paragonite in a similar manner.) The biotite-scapolite re-
action took place at significantly lower pressure. Albite
was not consumed during scapolite formation because it
is stable together with scapolite 4+ calcite + halite
(Fig. 9 in Orville 1975). The albite forming reaction first
produced a saturated or nearly saturated brine. As the
scapolite reaction proceeds, the brines become more and
more undersaturated until the reaction finally stopped.
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