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ABSTRACT

Matthews, A., Reymer, A.P.S., Avigad, D., Cochin, J., Marco, S. 1989. Pressures
and temperatures of Pan-African high-grade metamorphism in the Elat Association,
NE Sinai. Isr. J. Earth Sci. 38:1-17.

Continuous reaction exchange geothermobarometry (Mg/Fe between garnet and
biotite; Ca between garnet and plagioclase) has been applied to pressure and tem-
perature determination in garnet and staurolite-cordierite-Al,SiOg grade pelitic
metamorphic zones of the Campus area of the Precambrian Elat Association.

Electron microprobe analysis of the chemical compositions of rims of coexist-
ing minerals in both zones are well distributed on AFM projections and appear to
demonstrate equilibrium parageneses. Biotites and plagioclases, respectively,
show liutle evidence of chemical zonation with respect to MgFe™ and Ca, which is
consistent with their high modal abundance, whereas gamets in staurolite-
cordierite-Al,SiOs grade assemblages show systematic zoning profiles with MgFe™
and X.Ca decreasing from cores to rims. Translating the various fractionations
into temperatures and pressures gives conditions of 604 + 26°C; 4.60 + 0.80 kbar
for gamet cores and 583 + 25°C; 3.84 + 0.69 kbar for gamnet rims. These are taken
to represent a peak and slightly post-peak segment of the metamorphic P-T path.
Garnet-zone samples give temperatures in the range 580-660°C. These tempera-
tures are anomalously high for typical "gamnet zone" conditions, and possibly rep-
resent thermal effects associated with the intrusion of the adjacent granite (gneiss)
which were not eradicated during subsequent metamorphism and deformation.

Regional heat flow associated with large-scale magmatic activity and direct ad-
vection of heat into rocks through intrusion contributed to the heat sources of
Pan-African metamorphism in Sinai.

INTRODUCTION

The metamorphic—igneous rock complex of the Elat
area, S Israel, is one of several late-Precambrian (Pan-
African) orogenic complexes dispersed within the gra-
nitic igneous basement of the Arabian—Nubian massif
in Sinai (Fig. 1a).

In their present configuration the rocks of the oro-
genic complex in the Elat area are broken up into sev-
eral different blocks which formed as a result of tecton-
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ic displacements associated with the Dead Sea trans-
form. Garfunkel (1980) grouped the rocks into two as-
sociations, the Elat and Roded (Fig. 1b). The present
study focuses on the temperature and pressure condi-
tions in high-grade metamorphic rocks of the Campus
area of the Elat Association (Fig. 1c).

The structural, metamorphic, and igneous evolu-
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tion of the Elat Association has been the subject of a
number of studies including those of Bentor (1961),
Garfunkel (1970, 1980), Page (1972), Shimron (1972),
Eyal (1975), Avigad (1984), Reymer et al. (1984a),
and Avigad and Matthews (1985). The structural and
metamorphic evolution of the probable extension of
the Elat Association to the south in the area between
Wadi Twaiba and Wadi Um Mara has been discussed in
detail by Eyal (1975, 1980). The igneous and meta-
morphic history evidenced in the Campus area (Fig.

1c) is generally considered to have commenced with
the intrusion of micaceous metasediments by basic
gabbroic to dioritic rocks followed by granites. Meta-
morphism and deformation resulted in the formation of
a sequence of medium-to-high-grade metasediments,
amphibolites, and granite gneisses. Cessation or wan-
ing of this phase of deformation and metamorphism
was followed by the intrusion of swarms of dikes of
basic to intermediate composition which, together
with all the older metamorphic rocks, underwent a lat-
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Fig. 1. Geological setting of the Elat metamorphic rocks.

a — Map showing distribution of metamorphic complexes in Sinai (after Shimron, 1972). _

b — Map showing location of the Elat and Roded metamorphic associations in the Elat area (after Garfunkel, 1980).

¢ — Geological map of the Campus area of the Elat Association (modified after Shimron, 1972). Sample location sites
are indicated by numbers. Legend: (1) Elat granite (Eg); (2) Micaceous metasediments: Sb = biotite zone, Sg = garnet
zone; Ss = staurolite-cordierite-Al,SiO; zone; (3) Amphibolites (A); (4) Granite gneiss (Gg); (5) Metamorphosed dikes.
“Gt In” (dotted line) indicates the approximate boundary at which gamet appears in the schists.
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er upper greenschist facies metamorphic overprint and
further deformation. The cycle of metamorphic—
plutonic igneous events was completed by the intru-
sion of the calc-alkaline Elat granite (Fig. 1c). Age re-
lations constrained by Rb-Sr studies (Bielski, 1982;
Halpem, 1980; Halpern and Tristan, 1982) placed dep-
osition of shaly sediment protoliths at 800 1 43 Ma,
the main phase of metamorphism probably at around
650 Ma, and intrusion of the Elat granite at around
600 Ma.

The metasedimentary sequence in the Campus area
varies in grade from pelitic biotite zone through garnet
zone to high-grade staurolite-cordierite-Al,SiOs-bearing
rocks (Fig. 1c) and is of the lower-pressure andalusite-
sillimanite type, a characteristic shared with the other
metamorphic complexes of Sinai, such as the Wadi
Kid complex and Ataqa wedge of SE Sinai (Shimron,
1980, 1987; Reymer, 1983; Reymer et al., 1984b;
Beyth et al., 1987). In such areas the nature of the heat
sources becomes a dominant question: to what extent
do the high-grade, low-pressure, metamorphic condi-
tions represent an ambient regional heat flow in se-
quences of buried sediments and volcanics, or in what
way are local igneous phenomena contributing to the
thermal budget.

The answers to such questions lie in part in the de-
velopment of a detailed knowledge of the pressure and
temperature (P-T) conditions of metamorphism. In
this respect one of the major advances in metamorphic
petrology in recent years has been the development of
self-consistent thermodynamic data sets and accurate
activity models which can be applied to continuous re-
action thermobarometry (e.g., Holland and Powell,
1985; Powell and Holland, 1988). In a preliminary
study of the P-T conditions in the Wadi Kid Com-
plex, Reymer et al. (1984b) used continuous reaction
thermobarometry to determine temperatures and pres-
sures for staurolite-Al,SiOs-bearing rocks and anatectic
K-feldspar-bearing gneisses. We report here the results
of a mineral chemistry and geothermobarometry study
on the staurolite-cordierite-Al,SiOs-bearing rocks in
the SW of the Campus area and on the gamet zone
rocks to the north (Fig. 1c), and we explore the rele-
vance of the results for the interpretation of the ther-
mal evolution of Pan-African metamorphism in Sinai.

GEOLOGICAL SETTING

The Elat Association in the Campus area is composed
of five major rock groups: micaceous metasediments;
amphibolites; granite gneisses; metamorphosed dikes,
and the calc-alkaline Elat granite (Fig. 1c¢). Detailed

mapping and mineralogical studies in the area by
Shimron (1972) resulted in the definition of four zones
in pelitic rocks: biotite, garnet, staurolite-andalusite,
and cordierite. The highest-grade cordierite-bearing
rocks were considered to represent the zenith of a ther-
mal dome with temperatures progressively decreasing
down to the lowest-grade biotite zone assemblages.
Four phases of folding were identified, of which the
first two were primarily associated with the develop-
ment of high-grade mineralogies. The first phase (F1),
with axes trending approximately E-W, leads to the
formation of isoclinal folds and a well-defined regional
schistosity. The second phase (F2) also trends E-W,
and consists of open-to-tight folds with a near-vertical,
non-penetrative cleavage. A particularly well-defined
F2 synform structure relates the granite gneiss and
overlying staurolite-cordierite-Al,SiOs-bearing rocks in
the SW of the Campus area (Garfunkel, 1980). Shim-
ron (1972) considered that the highest grades of meta-
morphism, the intrusion of the granite gneiss and its
foliation development, were broadly coeval, primarily
occurring before, during, and in the immediate after-
math of the F2 folding phase.

Garfunkel (1980) and Avigad (1984) placed the in-
trusion of the mafic dikes after the second-phase fold-
ing of the contact between granite gneiss and the high-
grade schists. Metamorphism in the upper greenschist
facies and the development of schistosity in these
dikes as a result of later deformation phases thus oc-
curred during the cooling and uplifting of the complex.
The imprint of this overprint on the high-grade meta-
morphic assemblages is generally confined to the ret-
rogression of high-grade iron-bearing minerals, such as
cordierite, to chlorite.

The regional cleavage (S1) which occurs in all ma-
jor rock types (apart from the metamorphosed dikes
and the Elat granite), dips to the south outside the F2
synform, with a corresponding alignment of lithologi-
cal boundaries. This, combined with the fact that gran-
ite gneisses enclose staurolite-cordierite-Al,SiOs-zone
rocks in the F2 synform, lead Reymer et al. (1984a)
(summarized in Avigad and Matthews, 1985) to con-
clude that the metamorphic sequence is inverted, with
lower-grade (biotite, garnet zone) rocks apparently be-
ing progressively overlain by sequences of higher-
grade rocks. These features were interpreted as the re-
sult of the development of a large-scale overtumned fold
(Fig. 2).

The granite gneiss always separates garnet-zone
rocks from staurolite-cordierite-Al,SiOs-bearing rocks;
furthermore, whereas the contact between the granite
gneiss and the garnet zone clearly has an intrusive
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Fig. 2. Schematic cross-section of the Campus area of the Elat Association, illustrating the model of structural evolu-
tion suggested by Reymer et al. (1984a). Cross-section corresponds to the lines joining points A' B' C' in Fig. 1c. Dia-

gram modified after Avigad and Matthews (1985).

character, that between the staurolite-cordierite-
Al,SiOs-bearing rocks appears in many places to have
a tectonic character.

The regional scheme suggested by Reymer et al.
(1984a) and Avigad and Matthews (1985) is illustrated
in Fig. 2. It views a buried metamorphic sequence
consisting of pelites/basic rocks/granites (intrusive
into the garnet-zone pelites and basic rocks) being
overturned and inverted during the first folding phase;
any thrusting of staurolite-cordierite-Al,SiO5 grade
rocks on top of the granite gneisses may have been
contemporary with this folding and the sequence in the
SW of the complex was folded into a syncline by the
second phase.

In this study the differentiation of high-grade pelit-
ic rocks into separate staurolite-Al,SiOs and cordierite
zones is not made; instead the rocks are grouped to-
gether in a single zone.

MINERAL ANALYSIS AND PETROGRAPHY

The samples were taken from the biotite zone, from
the garnet zone north of the amphibolite body and near

the southern contact with the granite gneisses, and
from the staurolite-cordierite-Al,SiOs zone overlying
the granite gneisses in the large F2 synform to the
SW of the area. The locations of the analyzed samples,
which were selected on the basis of freshness and ab-
sence of metamorphic retrogradation, are given in Fig.
1c. Mineral assemblages are detailed in Table 1. Elec-
tron microprobe analyses were made on the following
minerals: biotite zone — biotites; garnet zone — gar-
nets + biotites; and staurolite-cordierite-Al,SiOs zone
— gamnets-biotites-plagioclase * staurolite + cordier-
ite. Details of analytical procedures may be found in
Reymer et al. (1984b). Of the minerals analyzed, only
the garnets were found to show any significant zona-
tion, and for these, separate core and rim chemical
analyses were made. All other analyses were on the
rims of minerals. The choice of mineral grains for
analyses was made using the criterion that all grains
show mutual contact relationships in the specimen
area.

Electron microprobe analyses of minerals from the
garnet and biotite zones are presented in Table 2, and
from the staurolite-cordierite-Al,SiOs zone, in Table 3.

Table 1. Mineral assemblages of analyzed samples

Garnet zone Staurolite-cordierite-Al,SiOg zone

Sample # 88 94 272 93 7 70 67 54 5 49 16 30 40
Minerals
Quartz X X X X X X X X X X X X X
P]agioc]ase X X X X . . . . . . . . .
Bio[i[e . . . * . . . . . . . . *
Garne[ . . . . . . . - . . . Y .
Muscovite X X X X X X X
Chlorite X X X X X
Andalusite X X x
Sillimanite X X X X X
Staurolite e ¢ ¢+ X X ¢ X X
Cordierite .

Minerals shown by a dot were analyzed by electron microprobe; those indicated by an
x were present in the assemblages but were not analyzed.



Table 2. Electron microprobe analyses of minerals from the biotite and gamet zones, Campus area, Elat Association

Sample# 83* 84* 278 88 88 94 94 272 272 93 93 93

Wi% Cat Wi% Ca. Wi% Ca. W% Cat Wit% Cat. Wi% Ca. W% Ca. Wi% Cat Wi%e Cat. Wi% Ca. Wi% Cat. W% Cat.
Biotites
Si0, 35.84 2.790 34.64 2.702 34.71 2.691 34.21 2.655 34.01 2.683 39.90 2.649 33.43 2.636 33.43 2.636
ALO; 1595 1.464 17.43 1.603 18.56 1.696 19.15 1.752 19.24 1.790 18.48 1.702 18.05 1.678 18.05 1.678
FeO  19.16 1.247 19.84 1.294 20.45 1.326 20.07 1.303 21.58 1.424 22.44 1.466 23.11 1.524 23.11 1.524
Fe,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 0.00
MgO 10.35 1.201 9.88 1.149 932 1.077 896 1.036 8.48 0.997 8.31 0.968 8.29 0.974 8.29 0.974
MnO 0.00 0.00 0.00 0.00 0.13 0.009 0.23 0.015 0.12 0.008 0.27 0.018 0.19 0.013 0.19 0.013
o, 251 0.147 251 0.147 137 0.080 1.62 0.095 1.01 0.060 1.69 0.099 1.60 0.095 1.60 0.095
Na,O 0.09 0.014 0.09 0.014 0.19 0.029 0.34 0.051 0.16 0.024 0.00 0.00 0.00 0.024 0.00 0.024
Ca0 0.03 0.003 0.05 0.004 0.04 0.003 0.10 1.008 0.14 0.012 0.04 0.003 0.22 0.019 0.22 0.019
K0 9.56 0.949 8.90 0.886 9.79 0.968 9.77 0.967 9.47 0.945 992 0.989 9.53 0.959 9.53 0.959
Totals: 93.49 7.813 93.34 7.799 94.56 7.968 94.45 7.883 94.21 7.879 95.05 7.895 94.58 7.922 94.58 7.922
oy 0.0705 0.0561 0.0470 0.0426 0.0340 0.0354 0.0344 0.0344
g 0.0790 0.0803 0.0878 0.0846 0.0991 0.1233 0.1316 0.1316
Garnets** . . . .

cores nms cores nms cores nms Cores cores nms

Sio, 36.94 3.012 36.57 2.972 36.18 2.961 36.97 3.008 37.27 3.015 37.95 3.052 36.54 2.947 36.54 2.947 36.52 2.926
ALO, 20.58 1.978 20.81 1.994 20.49 1.977 20.61 1.977 20.36 1.941 20.15 1.910 21.19 2.015 21.19 2.015 21.41 2.022
FeO 28.85 1.967 28.44 1.933 31.02 2.123 32.15 2.187 30.58 2.069 30.52 2.053 31.92 2.153 31.92 2.153 30.99 2.077
Fe,0, 000 0.00 1.01 0.062 1.66 0.102 0.13 0.008 0.49 0.030 0.00 0.00 1.50 0.091 150 0.091 2.08 0.125
MgO 231 0.281 2.53 0.306 2.73 0.333 236 0.286 226 0.272 2.26 0.271 239 0.287 239 0.287 2.37 0.283
MnO 9.51 0.657 8.92 0.614 578 0.401 5.54 0.382 793 0.543 8.71 0.593 6.18 0.422 6.18 0.422 6.59 0.447
Ca0 1.18 0.103 1.36 0.118 1.19 0.104 175 0.153 1.50 0.130 1.32 0.114 0.98 0.085 098 0.085 1.39 0.119
Totals: 99.37 7.999 99.64 8.000 99.05 8.000 99.50 8.000 100.00 8.000 100.90 7.993 100.70 8.000 100.70 8.000 101.00 8.000
[/ XYy 0.276994 0.255589 0.329122 0.375868 0.309794 0.307476 0.353828 0.353628 0.312903
a,, 0.000875 0.001124 0.001397 0.000967 0.000790 0.000777 0.000909 0.000909 0.000884
Qg 0.000050 0.000076 0.000053 0.000165 0.000097 0.000066 0.000028 0.000028 0.000077

* Biotite-zone samples.

** Calculations of FeO/Fe,0,; cations and activities were made using the program AX (Holland, personal communication).

Abbreviations in activities: phlog = phlogopite; ann = annite; alm = almandine; py = pyrope; gr = grossular.
Other abbreviations: wi% = wi% of oxide; cat = cations.



Table 3. Electron microprobe analyses of minerals from the staurolite-cordierite-Al,SiO5 zone, Campus area, Elat Association

Sample# 7 7 67 67 70 70 54 54 5 5

Wi% Cat W%  Cat Wi%  Cat Wi% Car Wi% Cat Wi% Cat. Wi% Cat. Wi% Cat Wi% Cat Wi% Cat.
Biotites
Si0, 35.05 2.664 35.29 2.679 35.19 2.647 35.18 2.633 34.26 2.627
ALQO, 20.06 1.797 20.18 1.806 19.90 1.765 21.18 1.869 19.67 1.778
FeO 20.27 1.288 19.81 1.258 21.28 1.339 19.21 1.203 21.66 1.389
Fe,0y 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 934 1.058 9.65 1.092 993 1.113 9.90 1.104 9.01 1.030
MnO 0.13 0.008 0.08 0.005 0.10 0.006 0.12 0.008 0.18 0.012
TIO, 1.41 0.081 132 0.075 1.35 0.078 1.49 0.084 1.68 0.097
Na,0 021 0.031 032 0.047 0.19 0.028 023 0.033 0.25 0.037
Ca0 0.02 0.002 0.04 0.003 0.04 0.003 0.06 0.005 0.01 0.001
K,0 9.16 0.888 825 0.799 8.97 0.861 891 0.851 8.86 0.867
Totals: 95.65 17.817 94.94 7.765 96.95 7.838 96.28 7.790 95.58 7.838
Tiiiog 0.0404 0.0396 0.0447 0.0436 0.0366
ag, 0.0730 0.0606 0.777 0.0563 0.0898
Garnets** . . . . .

cores nms cores nms oores nms cores nms cores nms
Si0, 37.06 3.053 37.11 3.060 36.82 2.979 36.95 2.992 37.51 3.026 37.47 2.997 37.31 3.011 37.44 3.039 37.43 3.000 38.16 3.018
ALO, 19.79 1922 19.79 1924 21.28 2.030 21.14 2.018 20.93 1.991 21.46 2.204 20.89 1.988 20.30 1.942 21.08 1.992 21.42 1.997
FeO 31.31 2157 31.42 2.167 33.95 2.298 34.34 2325 30.89 2.084 3242 2.169 31.86 2.150 32.08 2.178 32.54 2.181 32.53 2.152
Fe,0, 000 0.00 0.00 0.00 0.19 0.011 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.008 0.00 0.00
MgO 275 0.338 2.61 0.321 2.86 0.345 272 0.328 296 0.356 296 0.353 2.82 0.339 270 0.327 2.59 0.309 244 0.288
MnO 541 0.378 5.68 0.397 327 0.224 3.44 0.236 555 0379 4.89 0.331 5.19 0.355 548 0.377 5.90 0.401 636 0.426
CaO 1.55 0.137 124 0.110 130 0.113 1.15 0.100 1.84 0.142 1.37 0.117 1.76 0.152 147 0.128 1.27 0.109 1.21 0.103
Totals: 97.87 7.985 97.85 7.978 99.67 8.000 99.74 7.999 99.48 7.978 100.60 7.991 99.83 7.995 89.47 7.990 100.90 8.000 102.10 7.983
Ay 0.361750 0.373840 0.446493 0.464702 0.341595 0.382756 0.362043 0.372903 0.376262 0.376521
a, 0.001599 0.001358 0.001711 0.001458 0.001974 0.001869 0.001667 0.001437 0.001202 0.000999
agy 0.000131 0.000067 0.000077 0.000053 0.000156 0.000089 0.000183 0.000106 0.000065 0.000055
Plagioclases
Si0, 64.42 2.804 63.41 2,795 60.56 2.694 60.59 2.681 64.46 2.798
ALO, 23.02 1.181 22.98 1.194 24.78 1.299 25.22 1.316 23.45 1.200
Na,0 8.89 0.750 8.19 0.700 7.99 0.689 795 0.682 8.52 0.717
Ca0 518 0.242 5.68 0.268 6.63 0.316 6.75 0.320 524 0.244
K,0 0.09 0.005 0.00 0.00 0.09 0.005 0.08 0.005 0.11 0.006
Totals: 101.60 4.983 100.20 4.958 100.00 5.004 100.60 5.004 101.80 4.964
0.69
Ayl 0.70 0.67 0.62 0.62 0.42
0.40 0.47 0.54 0.55

Qanih



Sample# 49 49 16 16 30 30 40
Wi% Cat. Wi% Cat. Wi% Cat Wi%o Cat. W% Ca..  Wit%h Cai. Wi% Cat Wi% Cat. Wi% Cat. Wi% Cat.
| Staurolites Cordierite
Biotites | 7 67 67
Sio, 35.12 2.654 34.74 2.646 35.62 2.742 35.11 2.680 127.49 4.019 27.17 4.021 47.52 6.868
ALO,  20.95 1.867 20.00 1.796 18.74 1.701 19.70 1.773 1'53.58 9.251 50.69 9.080 31.82 5.416
FeO 18.84 1.191 19.83 1.263 18.92 1.218 19.16 1.224 :13.18 1.613 13.93 1.766 8.69 1.076
Fe,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | 000 0.00 0.00 0.00 0.00 0.00
MgO 9.74 1.097 9.89 1.123 10.05 1.153 0.04 1.142 | 174 0379 175 0.396 8.26 0.890
0.08 0.005 0.14 0.009 0.12 0.008 0.11 0.007 | 021 0.026 0.12 0.016 0.21 0.026
TIO, 1.30 0.074 1.52 0.087 1.30 0.075 1.40 0.080 I 0.66*0.071 0.44*0.049 0.00 0.00
Na,O 0.13 0.019 025 0.037 0.17 0.025 0.12 0.018 : 0.44 0.062
Ca0 0.07 0.006 0.03 0.002 0.20 0.016 0.03 0.002 ] 0.03 0.005
K,0 9.02 0.870 8.70 0.846 8.29 0.814 897 0.873 | 0.00 0.00
Totals: 95.25 7.783 95.10 7.810 93.41 7.752 94.66 7.799 :96.86 15.36 94.10 15.31 96.97 15.23
|
Gyicg 0.0434 0.0459 0.0489 0.0501 |
Ay 0.0555 0.0654 0.0576 0.0617 : Staurolites
* |
Garneis* cores nims cores rims cores rims cores rims : 70 49 40
Sio, 37.05 3.034 37.20 3.020 38.28 3.055 37.82 3.005 37.28 3.001 36.00 2.922 36.97 3.017 36.94 3.008 | 247 4.032 27.18 4.025 27.02 3.981
ALO,  20.01 1.932 20.53 1.965 20.72 1.949 21.70 2.033 20.85 1.979 20.80 1.990 20.11 1.935 20.43 1.961 (52.77 9.120 52.63 9.186 53.54 9.293
FeO 31.39 2.150 3231 2.194 31.73 2.118 31.72 2.108 32.38 2.179 31.13 2.113 31.563 2.152 32.39 2.206 ! 13.60 1.668 13.40 1.659 13.08 1.611
Fe,0, 0.02 0.011 0.00 0.00 0.00 0.00 0.00 0.00 033 0.020 271 0.165 051 0.031 0.39 0.024 : 0.00 0.00 0.00 0.00 0.00 0.00
MgO 3.00 0.366 259 0.357 293 0.348 2.80 0.332 3.06 0.357 2.84 0.344 3.10 0.377 296 0.359 | 235 0.524 195 0.431 1.92 0.421
MnO 5.58 0.387 494 0.340 535 0.362 5.64 0.380 498 0.340 5.28 0.363 5.16 0.357 4.80 0.331 | 018 0.022 0.19 0.024 0.19 0.024
Ca0 149 0.131 141 0.123 1.63 0.139 1.43 0.122 133 0.115 1.18 0.103 1.50 0.131 1.28 0.112 | 0.44*0.048 0.51*0.056 0.39%0.042
Totals: 98.54 8.000 99.34 7.998 100.60 7.971 101.10 7.797 100.20 8.000 99.93 8.000 98.88 8.000 99.19 8.000 :94.10 15.41 95.86 15.38 96.14 15.35
: [
Ay 0.349252 0.379490 0.356443 0.362155 0.369321 0317573 0.344790 0.379067 |
0.001960 0.001855 0.001840 0.001603 0.001992 0.001524 0.002126 0.001842 !
agr 0.000112 0.000096 0.000147 0.000099 0.000079 0.000053 0.000116 0.000072 :
Plagioclases** :
Sio, 60.50 2.685 62.68 2.720 62.02 2.763 61.03 2.684 :
ALO,  24.99 1.307 25.10 1.284 23.01 1.209 25.27 1310 |
Na,0 8.21 0.706 8.37 0.704 8.72 0.753 842 0.718 |
Ca0 6.59 0.313 6.02 0.280 5.89 0.281 6.49 0.306 |
K0 0.08 0.005 0.10 0.006 0.08 0.005 0.07 0.004 :
Totals: 100.40 5.017 102.20 4.993 99.72 5.011 101.30 5.022 :
By 0.63 0.65 0.67 0.64 !
At 0.53 0.48 0.46 0.51 i
|

* Analyses (staurolites only) are for zinc as ZnO. ** Calculations of FeO and Fe,0,, cations, and activities were made using the program AX (Holland, personal communication).
Abbreviations in activities: phlog = phlogopite; ann = annite; alm = almandine; py = pyrope; gr = grossular; anorth = anorthite. Other abbreviations: wi% = wt % of oxide; cat = cations.
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Analyses are reported as oxides (wt%) and cations
(cat). Allocation of Fe3* for garnets is made assuming
8 cations, and for biotites, assuming 7 cations (except
for Na*, K*, and Ca?*).

Since the fractionation of Mg and Fe between gar-
net and biotite governs the thermometric estimates and
Ca partition between gamet and plagioclase governs
the pressure (barometric) estimates, the petrographic
relations among these minerals are of prime impor-
tance. Biotite-plagioclase occurs in all pelitic rock
types, whereas garnet occurs in micaceous varieties of
garnet-zone rocks and in most staurolite-cordierite-
Al,SiOs-zone rocks. Biotite and plagioclase define the
S1 cleavage in all three zones, and consequently their
growth must at least have commenced during the first
folding phase. Shimron (1972) identified a continuous
history of biotite-plagioclase and garnet growth that
commenced with this phase and continued beyond the
second phase. This raises the question of what stage of
the metamorphic history will be represented in the
chemical analyses of these minerals. It is a general as-
sumption in metamorphic petrology that the facies as-
semblages developed in a rock represent maximum en-
tropy conditions, which are usually close to maximum
T conditions attained by that rock. In the absence of
strong evidence for retrogradation or a metamorphic

AFM diagram
Garnet & Biotite
Zones
+ Q
+ Plag.
+ H,0
+ musc.

e garnets

biotites Y} &

Garnet Zone \8

Fig. 3. AFM projection from muscovite showing compositions of biotites

) \Biotite Zone

\
|

\

overprint, it may be presumed that the chemical frac-
tionations among minerals are close to equilibrium at
maximum P-T conditions. The interpretation of the
meaning of the element fractionation relationships,
however, can be derived only from a detailed analysis
of chemical profiles in minerals and their relationship
to the history of metamorphism in the area. Some at-
tempts to constrain the meaning of the P-T data de-
duced in this study will be presented in the ensuing
sections.

Staurolite, cordierite, andalusite, and sillimanite
occur in the highest grades of metamorphism. There is
no evidence for the development of very high grade
cordierite-biotite-K-feldspar parageneses.

RESULTS AND DISCUSSION

Mineral chemistry

The chemical compositions of minerals given in
Tables 2 and 3 are typical of those of pelitic rocks, al-
mandine-rich garnet, Fe-rich staurolite, plagioclase
~Ang,, and biotite with Mg/(Fe+Mg) ~0.4-0.5. The
mineral chemistries of garnets, biotites, staurolites,
and one cordierite are plotted in Figs. 3 and 4 on AFM
projections, together with tie lines joining coexisting

«d gamets from the gamet and biotite zone

samples. Tie lines joining coexisting minerals are shown in the diagram.
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AFM diagram
Staurolite- Cordierite

-AIZSio5 Zone

+ Q

+ Plag.
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and/sill

cordierite

Fig. 4. AFM projection from muscovite showing compositions of biotites, garnets, staurolites, and a cordierite from
the staurolite-cordierite-Al,Si05 zone in the SW of the Campus area. Representative tie lines joining coexisting assem-
blages are shown in the diagram. Whole-rock analyses of staurolite-cordierite-bearing rocks (indicated by an x) are tak-
en from Shimron (1972) after allowance for the Al,O; in plagioclase in addition to that in muscovite. Shaded areas show

biotite compositions from the biotite and garnet zones.

phases. The analyses of the garnet are rim composi-
tions (Tables 2 and 3).

Garnet-biotite pairs from the garnet-zone samples
show a regular distribution of tie lines (Fig. 3) indicat-
ing that exchange chemistry shows no irregularities.
The highest Mg/(Fe+Mg) values are for the garnet-
biotite of sample #88 located just south of the “garnet
In” line. The garnet-zone biotites are noticeably more
Fe-rich than the 2 biotite samples analyzed from the
biotite zone.

Garnet, biotite, staurolite, and cordierite analyses
from the staurolite-cordierite-Al,SiOs-zone samples are
shown in Fig. 4. Again, within the limits of analyti-
cal error, a regular distribution of tie lines is observed,
suggesting that all analyzed parageneses are in equili-
brium. Biotites have Mg/(Mg+Fe) ratios similar to
those of the biotite zone, i.e., are richer in Mg than
the biotites of the garnet zone. Gamnet-rim composi-
tions of samples from the garnet zone and the stauro-
lite-cordierite-Al,SiOs zone are similar (Fig. 4).

Sample #67 is a four-phase staurolite-cordierite-
garnet-biotite assemblage in the AFM diagram. Al-
though, strictly, four-phase equilibrium assemblages

should not exist on an AFM projection, the assem-
blage is commonly observed in medium-to-high-grade
pelitic metamorphic rocks. Bulk-rock chemical analy-
ses of staurolite-cordierite-Al,SiOs grade rocks given
by Shimron (1972) are plotted on the AFM diagram of
Fig. 4. The analyses fall either within the staurolite—
biotite—garnet triangle or near the staurolite-biotite tie
lines. As a whole, the bulk compositional data favor
the formation of staurolite-biotite~garnet parageneses,
with cordierite growth being more sporadic and possi-
bly related to local variations in rock chemistry.

As noted, garnets show significant chemical com-
positional differences between cores and rims. The zo-
nation patterns with respect to MgFe-! and Ca ex-
change are shown in Fig. 5. Staurolite-cordierite-
AlLSiOs-zone samples show consistent relationships
between cores and rims, with cores being characterized
by higher MgFe-! and X. Ca than rims. In the garnet-
zone samples relationships are more varied, although
in each case three out of four samples show lower
MgFe-! and X. Ca in rims.

These near-systematic variations of MgFe-! and
X. Ca are an expression of the buffering of these com-
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Fig. 5. A plot of MgFe™! against X. Ca ( = Ca/(Ca+Mg+Fe+Mn)) in the cores and rims of gamets. Data sources: Tables 2

and 3.

positional variables by reactions such as:

F%Alei:;Olzg‘ + KMg3AlSi30]0(OH)2bi:

almandine phlogopite
1
Mg3A128i30123‘ + KFegAISl3Om(OH)2"‘
pyrope annite
Ca3A128i3O,25‘ + ZMZSIOS + Si02 :
grossular  andalusite/sillimanite
@
3CaAl,Si, 048
anorthite

Since the modal proportions of biotite and plagio-
clase in the pelitic rocks are usually significantly
greater than those of garnet and other phases bearing
Mg, Fe, or Ca, the biotite and plagioclase act as the
compositional buffers for MgFe-! and Ca exchange,
respectively. Consequently, during continuous ex-
change processes, the composition of garnets will
change, but those of biotites and plagioclases will re-
main relatively constant. Mg, Fe, and Ca composi-
tional relationships between chemically homogeneous
biotites and plagioclases and gamet cores and rims can

be considered to express a segment of the continuous
exchange history, i.e., P-T path, of the metamorph-
ism,

The AFM compositions of biotites and garnets
from the Elat Association are compared with those of
the garnet and staurolite-Al,SiO5 (andalusite) zones of
the Wadi Kid complex, SE Sinai, in Fig. 6. The gar-
nets from Wadi Kid grade into more Mg-rich composi-
tions during the transition from gamnet zone into stau-
rolite-Al,SiO5 conditions and similarly the biotites
show evidence of a slight enrichment in Mg. This
would be consistent with the transformation from gar-
net zone to staurolite-bearing assemblages by continu-
ous prograde reactions such as: chlorite + muscovite
= staurolite + biotite + quartz + water, whereby dis-
appearance of chlorite and formation of staurolite with
increase in temperature leads to a progressive enrich-
ment of Mg in the garnet. In contrast, the Elat miner-
als do not show clear evidence of such a transition:
garnet analyses from garnet and staurolite-cordierite-
Al,SiO5 zones overlap in chemical composition and
biotites have distinctly different compositions. Thus,
unlike the Wadi Kid samples, it does not appear possi-
ble to relate the gamnet and staurolite-cordierite-Al,SiOs
zones of the Elat Association by any simple continu-
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e Garnet Zone Wadi Kyd
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F

Fig. 6. Gamet-biotite portion of the AFM triangle showing the compositions of gamets and biotites from the gamnet
and staurolite-Al,SiO; zones of central Wadi Kid, SE Sinai. Data source: Reymer et al. (1984b). Comparative fields for
Elat Association minerals (Figs. 3 and 4) are shown as shaded areas in the diagram.

ous reaction relationship. Either the bulk composi-
tions of the rocks of the two zones are different or a
metamorphic break separates them.

Geothermobarometry

The determination of temperatures is based on the
garnet-biotite MgFe™! exchange reaction (equation 1)
and barometry on the partitioning of Ca between
garnet and plagioclase (equation 2). The geothermobar-
ometric relations are expressed by the standard thermo-
dynamic equation: AH? — TAS® + PAV® + RT InK = 0.

Thermodynamic properties for the garnet-biotite ex-
change reaction are from Ferry and Spear (1978):
AH®= -52.108 kJ; AS® = -19.51 J/K; AV = —0.057 J/
bar. Thermodynamic relations for the garnet—
plagioclase reaction with sillimanite as the Al,SiOs
phase are from the thermodynamic data set of Holland
and Powell(1985) and Powell and Holland (1988): AH®
=20.570 kJ; AS® = 109.8 J/K; AV® = 5.466 J/bar.

“The choice of sillimanite in the pressure calcula-
tions requires some detailed comment. Both andalusite
and sillimanite occur in the staurolite-cordierite-
AL SiOs zone. Andalusite porphyroblasts form as pro-

grade minerals, whereas in the rocks we examined sil-

limanite in its fibrolite form is most frequently ob-
served as apparent overgrowths of biotite. These
observations are consistent with those of Shimron
(1972) who also noted the tendency for sillimanite to

occur as overgrowths with late (retrograde) muscovite.
Textural association of biotite with sillimanite is
commonly observed in high-grade schists of the Dalra-
dian of Scotland (Mason, 1978). Most interpretations
of this texture have favored sillimanite as post-dating
the biotite; Carmichael (1969), however, has proposed
a complex ion-exchange mechanism whereby simulta-
neous sillimanite and biotite growth occur during the
transformation from kyanite to sillimanite-stable con-
ditions.

Thus, it is not clear whether the andalusite-
sillimanite presence in the Elat schists represents a
genuine prograde transformation with sillimanite indi-
cating peak metamorphic conditions, or whether silli-
manite growth occurred late, perhaps as late as the
time of intrusion of the Elat granite (Garfunkel,
1980). Despite these uncertainties the calculations
were made using sillimanite simply because the re-
sults show that peak metamorphic conditions are
largely within the sillimanite field. The calculations
could have been made using andalusite thermodynamic
data, but the results would have been within 0.1 to 0.2

. kbar of those determined using sillimanite data, and

still within the sillimanite field. If it is unequivocally
shown in the future that all sillimanite growth is late
and not associated with peak metamorphic conditions,
then the results presented in this study will clearly im-
ply that andalusite was metastably preserved at the
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highest grades of metamorphism.

Some of the analyzed samples from the stauro-
lite-cordierite-Al,SiO5 zone do not include sillimanite
(Table 1). However, sillimanite and andalusite are
sufficiently ubiquitous phasesin the zone that it is a
reasonable assumption that the activity of Al,SiOs
(aAlzsios) =1. Since Al,SiO5 polymorphs have not
been observed in the gamnet zone, the assumption that
aALSiO; = 1 is not justifiable and no pressure calcula-
tions are made for the samples from this zone.

Equilibrium constants, X, for the exchange reac-
tions are calculated using the following activity mod-
els: biotite — ideal mixing on sites; garnet — regular
solution model of Newton and Haselton (1981); pla-
gioclase — solution model of Newton and Haselton
(1981). The activities were calculated using the pro-
gram AX (Holland, personal communication) and are
given in Tables 2 and 3.

The iterated pressure-temperature calculations us-
ing both garnet core and rim activities are given in
Table 4. In error propagation calculations, individual
temperature determinations are assumed to carry a
maximum error of +50°C and corresponding errors in
single pressures are about +1.1 kbar.

Mean P and T values are given for the staurolite-
cordierite-Al,SiOs-zone samples together with propa-
gated errors.

Pressures and temperatures in the staurolite-cordierite-
Al,SiOs zone. The garnet rim-biotite temperatures
range from 554 to 621°C and average 583 + 25°C
(propagated errors). The distribution of temperatures is
shown in Fig. 7. No obvious spatial trend of tempera-
tures is observed, either from the point of view of
higher temperatures near the contact with the granite
gneiss or, alternatively, towards the center of the unit.

Rim pressures average 3.84 + 0.69 kbar, corre-
sponding to a depth of burial of ~14 km at an assumed
rock density of 2.75. Temperatures and pressures de-
duced from garnet cores are systematically higher than
those from rims, averaging 604 * 26°C and 4.60 +
0.8 kbar. The core-rim fractionations in garnet por-
phyroblasts thus identify a segment of the metamor-
phic history which involves a slight reduction in P-T
conditions.

The P-T conditions deduced for the Elat samples

are plotted in Fig. 8, together with the Al,SiOs dia-

gram and limiting conditions for the breakdown of
muscovite and quartz to K-feldspar + sillimanite. Ar-
rows represent a schematic segment of the P-T path of
the rocks, assuming that kyanite was never present and
that garnet core conditions represent the peak of meta-

_ morphism. The P-T conditions are within the sillima-

nite field for gamet cores and around the andalusite/
sillimanite boundary for garnet rims. Muscovite break-
down conditions were never attained.

It is assumed here (see Fig. 8) that temperatures
and pressures given by garnet cores represent peak
thermal conditions in this zone. Assigning a condition
to the slightly lower temperatures and pressures given
by gamet rims presents a problem. The temperatures
are too high to represent the later upper greenschist fa-
cies overprint. It is possible that they represent a tec-
tonic uplifting of the staurolite-cordierite-Al,SiOs zone
onto the granite gneiss. This would result in a pres-
sure decrease and, since temperature effects of contact
metamorphism are not observed with the granite
gneiss, would have brought the staurolite-cordierite-
AlL,SiOs-zone rocks in contact with granites that had
already undergone cooling from intrusion tempera-
tures. However, it is also possible that the slightly
lower P-T conditions given by the rims simply repre-
sent a stage of cessation of exchange during the cool-
ing and uplift of the complex.

To explore the relevance of the results, it is in-
structive to compare the temperatures and pressures de-
duced for the Elat area with those obtained for the stau-
rolite-Al,Si05 zone of Wadi Kid (Fig. 1). To make a

Table 4. P-T estimates for the Elat metamorphic complex

T°C! P kbar? T°C! P kbar

Sample #  rims# rims&* coress* cores8!
Garnet Zone

88* 586 629

943 673 610
2723 628 630

93? 642 658
Staurolite-cordierite-Al,SiO; zone

7 595 4.70 615 5.84
70 621 4.08 646 5.11
67 554 2.84 575 3.50
54 560 3.1 580 4.60

5 592 4.18 615 4.65
49 586 3.95 604 434
16 585 4.44 604 5.10
30 572 2.98 587 3.63
40 580 3.68 612 4.62
Mean* 583425 3.84+0.69 604+26 4.60+0.80

! Individual T estimates are assumed to carry a maximum
uncertainty of +50°C.

2 Individual P estimates have an uncertainty of *1.1 to
1.2 kbar.

3T calculated for assumed P of 3.8 kbar (rims) and 4.6
kbar (cores).

4 Includes propagated errors.
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Fig. 8. P-T diagram showing mean conditions deduced for staurolite-cordierite-Al,SiO5 zone samples, using garnet core
and garnet rim analyses (Table 4). The A1,SiOs diagram and curve for the reaction of muscovite + quartz — K-feldspar +
sillimanite + water are calculated from the thermodynamic data sets and procedures of Holland and Powell (1985) and

Powell and Holland (1988).

valid comparison it was first necessary to recalculate
the P-T values for Wadi Kid from the original data of
Reymer et al. (1984b), using the more accurate models
for garnet activities of this study and the more well-
constrained thermodynamic data of the Powell and
Holland (1988) data set. The mean conditions deduced
for Wadi Kid are given in Table 5. Rim temperatures
average 580 + 36°C (compared to 563°C deduced by
Reymer et al., 1984b) and are quite similar to those
for the Elat schists. Unlike the Elat schists, however,
no regular pattern of chemical zonation is found in
garnets. Thus, although core analyses give an average
temperature of 568°C, slightly lower than that given
by rims, a priori they do not give any clear indication
of their relevance. The evidence presented earlier of
progressive prograde development of garnet into stau-
rolite-zone conditions in Wadi Kid (Fig. 6) is, howev-

er, consistent with the core analysis giving slightly
lower temperatures than rims.

Pressures deduced from garnet rims from Wadi Kid
staurolite-zone samples average 4.5 * 0.8 kbar. They
are higher than the estimate of 3.2 kbar made by Rey-
mer et al. (1984b) mainly because of different models
of garnet and plagioclase activities used in this calcula-
tion and partly because Reymer et al. (1984b) made no
allocation of Fe?*/Fe3*, assuming all Fe to be dival-
ent. The pressures deduced for Wadi Kid gamet cores
are the same as for garnet rims, and show no evidence
of the retrograde higher-to-lower-pressure transition ev-
ident in Elat samples.

As a whole, conditions deduced for Wadi Kid and
Elat staurolite-bearing samples are almost the same.
Garnet core analyses in the Elat samples point to
slightly higher peak metamorphic temperatures.
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Table 5. Comparative P-T estimates for the garnet and
staurolite-Al,SiO5 zones of central Wadi Kid*

Garnet zone Staurolite-AlSiOs zone
T* (cores) 530 + 52°C 568 £41°C
T* (rims) 533 £ 41°C 580+ 36°C
P* (cores) 4.55 £ 0.9 kbar
P* (rims) 4.52 1 0.8 kbar

* Recalculated from original EPMA data presented in Rey-
mer et al. (1984b), using activity-compositional mod-
els used in present study.

* Calculations made with analyses of gamet rims and
cores, respectively.

An additional comparison that can be made is with
temperatures deduced for high-grade metamorphism in
the Wadi Magrish area, NE Sinai, ~25 km south of
the study area. The Wadi Magrish area includes migma-
tites, gneisses, and schists which form part of a belt of
igneous and metamorphic rocks stretching south from
Elat (Fig. 1a), between Wadi Twaiba and Wadi Um
Mara (Eyal, 1976, 1980). Similarities between lithol-
ogies, structures, and metamorphism in this belt with
those of the Elat Association lead Garfunkel (1970)
and Eyal (1976, 1980) to consider that they represent
the same metamorphic terrain which was disrupted by
Late Cenozoic faulting. The geochemistry and mine-
ralogy of the Wadi Magrish migmatite-gneiss-schist
association was studied by Amit (1975). The pelitic
schists are andalusite-staurolite-gamet-biotite bearing,
i.e., similar in grade to those studied here; the migma-
tites were considered to be the result of metamorphic
differentiation of schists (Amit, 1975). Mg Fe-! frac-
tionations between garnet and biotite (Amit, 1975;
Amit and Eyal, 1976) can be used to calculate temper-
atures (as above) although, unlike the Elat and Wadi
Kid schists, occasional samples give anomalously
high temperatures (e.g., >850°C in migmatites and
gneisses). After selecting out apparently disequilibri-
um results, the following assessments of temperatures
can be made: schists — 580 + 35°C; (Fiord) gneisses
— 670 £ 30°C; migmatites — 760 * 35°C. The tem-
peratures of schist equilibration compare well with
those deduced for similar-grade rocks in Elat and Wadi
Kid. The temperatures deduced for migmatites are
within the range proposed for the onset of dehydration-
melting of biotite schists in andalusite-sillimanite-
series rocks (Thompson, 1982) and, although they are
consistent with the proposal of Amit (1975) that met-
amorphic differentiation played a major role in their
formation, they do not fully rule out the occurrence of
slight degrees of melting.

Garnet zone temperatures. Temperatures given by gar-
net-zone samples (garnet rims) range from 586°C for
the one sample (#88) north of the pelite/amphibolite
contact to 630-670°C for the three other samples lo-
cated near the contact with the granite gneiss (Table 4,
Fig. 6). Garnet core temperatures lack any systematic
relationship to rim temperatures.

Temperatures in the range 630-670°C are not only
higher than found in staurolite-cordierite-Al,SiOs-zone
samples, but are also significantly higher than general-
ly accepted for garnet-zone conditions. At first glance,
therefore, it would appear that temperatures are anomo-
lous, i.e., the MgFe™! fractionations are disequilibri-
um. However, there are a number of arguments which
favor their acceptance. First, the distribution of gar-
net-biotite lines on the AFM diagram is uniform and
consistent with exchange equilibrium. Second, the re-
lationship between gammet-zone rocks and the granite
gneiss is intrusive and the contact is marked in several
places by the appearance of migmatite textures, possi-
bly indicative of high temperatures.

By way of contrast to the Elat area gamet zone
samples, garnet grade samples from the Wadi Kid area
give a mean temperature of 533 +41°C (Table 5). Ad-
ditionally, it was shown that the chemical composi-
tions of the Wadi Kid mineral phases are consistent
with a continuous reaction relationship between gamet
and staurolite-A1,Si05 zones (Fig. 6). In Elat, we do
not observe evidence of such a relationship, neither
from the point of view of chemistry (Fig. 6), nor from
the point of view of field relations, since in the Elat
area the garnet and staurolite-cordierite-Al,SiOs zones
are never found in mutual contact.

The altemnative interpretation of the gamet-zone
temperatures is that they represent the thermal effects
of the intrusion of the granite gneiss. It is notable that
the slightly lower temperature of 580°C is obtained
from the one sample not located in the vicinity of an
exposed contact. Even so, this temperature is some-
what higher than normally observed for garnet-zone
conditions and may reflect some heat input from the
granite. It can be noted that several outcrops of granite
intruded into the amphibolite are exposed (Fig. 1c).

The problem with this interpretation remains the
quartz-plagioclase-biotite-muscovite + garnet mineral-
ogy of the gamet-zone samples. The absence of stauro-
lite does not present a problem since temperatures of
2620°C would normally be above the stability condi-
tions for the mineral. However, both cordierite and sil-
limanite might be anticipated, but in fact, apart from
one fibrolitic sillimanite occurrence reported by Shim-
ron (1972), there is no evidence for their presence. It
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may be that a combination of factors are involved in
inhibition of an obvious high-temperature mineralogy.
The granite gneiss body is restricted in size and its
thermal recrystallization effects on the metasediments
may have been limited to local migmatization. Bulk
chemical compositional variations may have had a
role, although the limited data given by Shimron
(1972) do not show any significant differences between
the compositions of gamet and staurolite schists.

CONCLUSIONS — IMPLICATIONS OF
THE P-T DATA

Conditions of 600 + 25°C — 580°C and 4.6 + 0.7 —

3.8 kbar have been deduced for a segment of the P-T
path of the high-grade staurolite-cordierite-Al,SiOs-
zone assemblages of the Elat complex. No spatial va-
riations in the distributions of temperatures were de-
tected. Gamnet-zone temperature estimates ranged from
584 to 670°C, greater than expected for pelitic gamet-
zone conditions, but possibly consistent with the in-
trusive relation between the rocks of the zone and the
granite gneiss.

Reymer et al. (1984a) and Avigad and Matthews
(1985) considered the thermal evolution of the Cam-
pus area rocks in terms of a simple regional metamor-
phic burial. However, the interpretation of tempera-
tures at the contact between the granite gneiss and
garnet-zone rocks as possibly representing effects of
intrusion also suggests that local heating accompany-
ing igneous intrusion may have had a significant im-
pact on the metamorphic heat configuration. The ques-
tion of the heat budget will be examined from two
aspects: (a) the viability of regional metamorphic heat-
ing producing conditions up to staurolite-cordierite-
sillimanite grade; (b) the potential significance of high
temperatures at the granite gneiss/garnet zone contact
for the thermal evolution of the Elat complex.

An approach to the estimation of regional meta-
morphic conditions can be made by calculating the
heat flow needed to sustain rocks at depth of ~15 km
and temperatures of ~600°C. To this we have adopted
the simple one-dimensional uniform gradient heat flow
model used by Reymer et al. (1984b) to analyze condi-
tions in Wadi Kid. Assuming the pelitic rocks were
covered by cover consisting of a semi-infinite slab of
volcanic rocks of thickness A, the heat flux will be
given by the equation g = k/h (T, — T,), where T, an
T, are metamorphic and surface temperatures, respec-
tively, ¢ the heat flux, and k the heat conductivity. As-
suming T, = 600°C, T, = 25°C, h=15km, and k=

1.5 W m! K-! (Blackwell et al., 1982) gives ¢ = 60
mW m-2, Using a slightly higher value for “mean”
continental crust conductivity of £ =2.25 W m~1 K-!
(England and Thompson, 1984) gives ¢ = 86 mW m2
Both these calculated values are well within the range
of 40 to 100 mW m-2 observed by Blackwell et al.
(1982) for the active Cascades volcanic region of NW
U.S.A. The ¢ value of 86 mW m-2 calculated for a
mean continental crustal £ of 2.25 W m~1K-! is slight-
ly higher than the average continental heat flux of 60
mW m-2 given by Sclater et al. (1980).

The calculations above, though of a very simple
nature, demonstrate that regional heat flow associated
with large-scale magmatic activity is a viable process
for the generation of high-grade metamorphic assem-
blages in the Elat complex. It must be borne in mind
that the Elat and Roded associations are largely com-
posed of syn-metamorphic igneous rocks and the asso-
ciation of high-grade metamorphism with regional ig-
neous heat flow is not spurious. The high temperatures
apparent in the garnet-zone rocks near their contact
with the granite gneiss may further imply that heat
was advected into the Campus group of rocks during
the intrusion of the granite and contributed locally to
the metamorphic heat budget. Similarly, the very high
temperatures of around 760°C deduced for Wadi Mag-
rish migmatites also imply the nearby presence of an
igneous intrusive heat source. Thus, as a whole, the
P-T data suggest that the thermal driving force in the
metamorphism is a combination of enhanced regional
heat flow and heat advected into the complex by igne-
ous intrusion. This conclusion can also be extended to
other metamorphic complexes of Sinai, where syn-
metamorphic igneous intrusion, andalusite/sillimanite-
type metamorphism, and anatectic processes have oc-
curred (e.g., Navon and Reymer, 1984; Reymer,
1985).
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