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ABSTRACT

Accessory tourmaline in metasediments from the Sinai crystalline basement exhibits textural and
chemical signatures that relate to the evolution of regional metamorphism and deformation during the
Pan-African orogeny and testifies to different P-T path segments. Tourmaline inclusions in various
porphyroblasts were formed during the prograde phase of metamorphism; acicular to prismatic crystals
in the matrix, oriented sub-parallel to, and enveloped by, the main foliation crystallized syntectonically
under prograde and peak metamorphic conditions; tourmaline cross-cutting the main foliation may have
formed just after the peak or during the retrograde phase of metamorphism. Some of the cores in
tourmaline crystals, showing different colours, are interpreted as former detrital grains. The abundance
of tourmaline decreases with increasing peak metamorphic conditions. The tourmaline investigated
belongs to the schorl–dravitess group, generally with XMg of 0.42�0.73 and XCa = Ca/(Ca+Na+K+&)
of 0.02�0.24, typical of tourmalines in metapelites and metapsammites; whereas detrital cores have
been derived from various sources, including former tourmaline-quartz and pre-existing high-
metamorphic rocks. Tourmaline of the Sinai metasediments was formed during metamorphism of the
sedimentary precursors, essentially in a closed system, where clay minerals and organic matter,
together with detrital tourmaline, served as the source of boron. Although a metamorphic facies should
be defined by characteristic mineral assemblages present in metamorphic rocks, tourmaline chemistry is
a good monitor of P-T conditions in the metapelites and semi-metapelites investigated, showing an
increase in XMg with increasing metamorphic grade, where XMg

tur = 0.60 distinguishes between
greenschist and lower-amphibolite facies, while XMg

tur = 0.65 could distinguish lower- from middle- to
upper-amphibolite facies. The results of tourmaline-biotite geothermometry compare well with our
former temperature estimates using conventional geothermometry and phase-diagram modelling.

KEYWORDS: tourmaline, Pan-African, Sinai, metasediments, metamorphic grade, tourmaline-biotite geother-

mometry, boron.

Introduction

TOURMALINE is a common accessory mineral in

igneous and metamorphic rocks. During meta-

morphism, it may occur as a product of boron

metasomatism from external fluids in an open

system, e.g. in contact aureoles (e.g. Dutrow et

al., 1999). However, metamorphic tourmaline is

formed more commonly in a nearly closed

system, either by recrystallization of detrital

tourmaline grains or by prograde reactions,

involving boron adsorbed at the clay fraction of

the pre-existing sediments, or both. Tourmaline in

metamorphic rocks has a wide stability range

from greenschist to amphibolite facies (Henry and
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Guidotti, 1985; Henry and Dutrow, 1996;

Michailidis et al; 1996), but breaks down at

higher temperatures corresponding to the upper

amphibolite and granulite facies (Henry and

Dutrow, 1996; Kawakami, 2001; Kawakami and

Ikeda, 2003). Variability of tourmaline composi-

tion may reflect physical and chemical changes

during crystallization of the host rocks, and thus

has a potential for preserving chemical signatures

through multiple metamorphic (or hydrothermal)

events (Slack and Coad, 1989; Bröcker and Franz,

2000). Therefore, tourmaline can be used to

monitor metamorphic conditions, e.g. by its

increase in XMg = Mg/(Mg+Fetot) with meta-

morphic grade (Henry and Dutrow, 1996;

Colopietro and Friberg, 1987; Henry, 2003).

Distinct optical and compositional zoning in

tourmaline is recorded up to the lower sillimanite

zone, but becomes more and more blurred in

higher-grade rocks due to intensified diffusion

(Henry and Dutrow, 1996; Sperlich et al., 1996).

Furthermore, tourmaline chemistry has been

employed as a petrogenetic provenance indicator

in clastic sedimentary and metasedimentary rocks

(Henry and Guidotti, 1985; Henry and Dutrow,

1992). Tourmaline from metapelites belongs

essentially to the schorl�dravite solid solution,

with smaller amounts of the uvite/feruvite and

foitite/Mg-foitite components (e.g. Henry and

Dutrow, 1996).

In the Egyptian basement, tourmaline of the

schorl–dravite variety was reported from Wadi

Sikait, central Eastern Desert (Hashad, 2001;

Harraz and El-Sharkawy, 2001), where it was

FIG. 1. Sketch map of southern Sinai showing the Precambrian basement exposure and its four metamorphic

complexes.

18

M. M. ABU EL-ENEN AND M. OKRUSCH



formed presumably as a result of metasomatic

exchange of boron-rich magmatic-hydrothermal

fluids with Mg-rich host rocks (Harraz and El-

Sharkawy, 2001). So far, detailed studies

concerned with metamorphic tourmalines in the

Egyptian basement have not been carried out. The

aim of the present study is to characterize

tourmaline in metasediments from different parts

of the crystalline basement in the Sinai Peninsula.

Textural and compositional evidence will be used

to manifest different stages of tourmaline growth

in the course of the tectono-metamorphic evolu-

tion of the hosting metasediments. Metamorphic

temperatures were estimated by the empirically

calibrated tourmaline-biotite geothermometer of

Colopietro and Friberg (1987) and compared with

our previous results from conventional geother-

mobarometry and phase diagram modelling (Abu

El-Enen et al., 2003, 2004).

Geological setting, rock types and mineral
assemblages

The crystalline basement, exposed in the southern

part of the Sinai Peninsula, belongs to the

northernmost region of the Arabian-Nubian

Shield, which represents a juvenile, arc-accreted

terrane, formed in Neoproterozoic times by the

collision of East and West Gondwana and closure

of the Mozambique Ocean (e.g. Shackleton, 1986,

1996; Kröner et al., 1987; Dixon and Golombek,

1988; Rogers et al., 1995; Teklay et al., 1998;

Stern, 1994, 2002). Metamorphic rocks cover

about one-third of the basement exposure. They

comprise strongly deformed and metamorphosed

sediments, arc volcanites and calc-alkaline

granitoids, which underwent a single meta-

morphic event at low-pressure, greenschist to

amphibolite-facies conditions (e.g. Shimron and

Zwart, 1970; Reymer et al., 1984; Abu El-Enen,

1995; Cosca et al., 1999; Abu El-Enen et al.,

2003, 2004; Brooijmans et al., 2003). The

metamorphic rocks were intruded by voluminous

late- to post-orogenic granitoid plutons and

separated into four metamorphic complexes,

namely the Taba complex in the northeast, the

Kid complex in the southeast, the Sa’al-Zaghra

complex in the centre, and the Feiran-Solaf

complex in the west of the exposed basement

(Fig. 1). Tourmaline was investigated in meta-

morphosed pelites, psammopelites and calcpelites

of the Kid, Taba and Feiran-Solaf metamorphic

complexes. The mineral contents of the samples

investigated are listed in Table 1.

The Kid complex consists of a volcano-

sedimentary succession with island-arc geochem-

ical affinity. Metamorphism increases towards the

central and northern parts of the complex

(Shimron, 1980; Navon and Reymer, 1984; Abu

El-Enen et al., 2003; Abu El-Enen and Makroum,

2003; Brooijmans et al., 2003). In the Wadi

Kid�Wadi Umm Zariq area, the western central

part of the Kid complex, the following near-peak

metamorphic assemblage in metapelites of the

Umm Zariq Formation have been recorded: Qtz +

Pl (An20�38) + Ms + Bt + Grt + And O St O Crd O

Sil + Tur + Ilm, which conforms to lower-

amphibolite facies at relatively low pressures, i.e.

540�590ºC, 3�4 kbar (Reymer et al., 1984; Abu

El-Enen et al., 2003).

A larger area, extending from the entrance of

Wadi Madsus in the south to the northernmost

border of the Kid complex is occupied by the

volcano-sedimentary association of the Melhaq

Formation. It consists of metapelites and volcano-

genic metagreywackes, interbedded and interca-

lated with acidic to predominantly basic

metavolcanites. The metamorphic grade of this

association increases northward. In the south, meta-

calcpelites contain the upper-greenschist facies

assemblage Qtz + Ab + Ep + Ms + Chl + Bt + Tur

+ Mag. In the central part, near-peak assemblages

Qtz + Pl (An19�26) + Bt O Ms O Grt O Kfs + Tur +

Mag, testifying to the lower-amphibolite facies,

predominate in pelitic beds and in the matrix

between clasts in the greywacke samples (Shimron,

1984; Furnes et al., 1985; authors’ unpublished

observations). In the extreme northern and north-

eastern parts of the Melhaq Formation, coarse-

grained metapelitic schists display the near-peak

assemblages Qtz-Pl (An28�39) + Bt + Grt O Crd O

Sil (fibrolite) O Ep O Kfs O Ilm O Mag + Tur

conforming to the upper-amphibolite facies with P-

T conditions at 640�700ºC and 4.3�4.6 kbar (Abu

El-Enen and Makroum, 2003; and authors’

unpublished observations).

The Taba complex, in the extreme northeastern

part of the exposed Sinai basement (Fig. 1), is

composed of metapelites, metagabbros-metadior-

ites, orthogneisses and migmatites (Eyal, 1980;

Abu El-Enen, 1995; Abu El-Enen et al., 1999,

2004). In the northern part of the Taba complex,

near-peak mineral assemblages in metapelites are

Qtz-Pl (An22�37) + Bt + Grt O St O pinitized Crd O

And O Sil O Rt O Mag O Ilm O Tur. They were

formed under amphibolite-facies conditions with

peak temperatures at 550�590ºC and pressures of

3�5 kbar (Abu El-Enen et al., 2004).
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The Feiran-Solaf complex is a medium- to

high-grade terrane comprising gneiss, migmatized

gneiss, metapelitic and metapsammitic schist and

calc-silicate rock (El-Gaby and Ahmed 1980; El-

Tokhi, 1990; El-Shafei and Kusky, 2003; Abd El-

Shakour, 2005). At the extreme northwestern part

of the complex, at Gabal Samra (Fig. 1), coarse-

grained schists locally contain mm- to cm-sized

patches of leucosomes, and melanosomes start to

appear. The metamorphic schists contain the near-

peak assemblages Qtz + Pl (An24�28) + Bt + Grt O

Crd O Sil (fibrolite) O Tur + Ilm + Ap, conforming

to the upper-amphibolite facies. Preliminary P-T

estimates using conventional geothermobaro-

metry yielded 600�670ºC and 4.5 kbar. Similar

P-T conditions were obtained in the migmatites

around the Feiran Oasis (Abd El-Shakour, 2005).

Generally, the metamorphic complexes of the

Sinai Peninsula underwent three phases of ductile

deformation D1�D3, successively, coinciding

with the prograde, the peak and the retrograde

P-T segments of one cycle of regional meta-

morphism (Eyal, 1980; Abu El-Enen, 1995; Cosca

et al., 1999; Abu El-Enen et al., 2003, 2004). A

latest, brittle phase of deformation, D4, is related

to large-scale extension and tectonic escape

during the late stage of the Pan-African orogeny

(Abu El-Enen, 1995; Cosca et al., 1999).

Textural characteristics of tourmaline

Tourmaline was investigated and analysed from

four areas in three metamorphic complexes of the

Sinai Peninsula (Fig. 1): (1) metapelites from

Wadi Kid–Wadi Umm Zariq area; and (2) from

the Melhaq volcano-sedimentary association of

the Kid complex; (3) metapelites of the Taba

complex; and (4) metapsammopelites at Gabal

Samra in the Feiran-Solaf complex. Four textural

types of accessory tourmaline can be distin-

guished, three of which are related to specific

stages of the tectono-metamorphic evolution:

(1) Tourmaline-1 forms cores, which occur in

some of the metamorphic tourmaline neoblasts.

They are interpreted as detrital grains, derived

from pre-Pan-African basement complex(es),

which surrounded the former sedimentary basin.

(2) Tourmaline-2 forms inclusions in garnet,

staurolite, cordierite and andalusite porphyro-

blasts. They presumably crystallized before the

metamorphic peak, at the prograde branch of the

P-T path.

(3) Matrix tourmaline-3 is oriented subparallel

to, and enveloped by, the main foliation S2.

Consequently, it was formed pre- and/or syn-D2,

and its growth should have taken place along the

prograde P-T path up to the metamorphic peak.

TABLE 1. Mineral contents in the samples investigated (Mineral abbreviations after Kretz, 1983).

Area —————— Melhaq —————— — W. Kid�W. Umm Zariq — ——— Taba ——— G. Samra

Southern Central Northern

S. no. M28 M34 M38 M43 M46 M47 M50 K6 K9 K14 K22 K25 K35 T2 T3 T10 T12 Z1 Z3

Qtz ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^
Pl * * ^ ^ * * * * * * * * * * * * * ^ ^

Kf – – – – * – + – – – – – – – – – – – –

Bt ^ ^ * * ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

Ms ^ ^ ^ ^ – (+) – ^ ^ ^ ^ ^ ^ (+) – – (+) – –

Grt – – + – – * * * * * * * * * – * * + *

St – – – – – – – – – – – * * ^ ^ ^ – – –

And – – – – – – – * * – * * * + – – – – –

Crd – – – – – – * – * – * + + + – * – + –

Sil – – – – – – – – + – – – – + – – – + –

Ep * * – – * + – – – – – – – – – – – – –

Chl * (+) – + (+) – – – – – + – – (+) (+) (+) () – (+)

Tur (1) (1) + (1) + + + + + + + + + + + + + + +

Ilm – – – – – – – + + + + + + + + + + + +

Rt – – – – – – – – – – – – – + – – – – –

Mag * + * * + + + – – – – – – – – – – – –

Ap – – – – – – – – + – – – – – – – + – +

Zr – – + – + – – – – – – – – – – + – + +

Abbreviations: ^ = >20 vol.%, ^ = 20�10 vol.%, * = 10�1 vol.%, + = <1 vol.% � : not recorded, ( ): retrograde,
(1): tourmaline concentrates in specific laminae.
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(4) Matrix tourmaline-4 has grown post-D2,

because it cross-cuts the S2 foliation. We assume

that it crystallized just after the metamorphic peak

or at the retrograde P-T path.

Although bulk chemical control cannot be ruled

out completely, the abundance of tourmaline

seems to be inversely correlated with increasing

peak metamorphic conditions. Its average content

reaches up to 2 vol.% in the southern and central

part of the Melhaq volcano-sedimentary associa-

tion of upper-greenschist to lower-amphibolite

facies; it decreases to ~0.5 vol.% in the Kid

metapelites of lower-amphibolite facies, and is

typically ~0.1 vol.% in the the Taba metapelites

and Gabal Samra metapsammopelites of middle

to upper-amphibolite facies.

Except for the detrital cores, tourmaline in the

Sinai metasediments conforms to the criteria put

forward for its metamorphic origin (Henry and

Guidotti, 1985; Henry and Dutrow, 1992, 1996;

Sperlich et al., 1996; Michailidis et al., 1996):

(1) there is no evidence of metasomatism in the

investigated rocks, i.e. tourmaline is distributed

randomly over all the outcrop and not concen-

trated along specific shear zones or weakness

planes; (2) most of the tourmaline grains are pale

in colour and exhibit elongate to acicular forms;

(3) tourmaline often displays discontinuous

colour and chemical zonation, as discussed

below; (4) tourmaline overgrows pre-existing

detrital grains; (5) opaque minerals, quartz and

biotite form inclusions in some of the tourmaline

grains; and (6) matrix tourmaline-3 is wrapped by

the main foliation. Tourmaline colours, given in

the following paragraphs, relate to the o direction.

Tourmaline of the Melhaq Formation

The grain size and distribution of tourmaline in the

Melhaq Formation are controlled by the lithology

of the original protolith, by structure and by grade

of metamorphism. Tourmaline does not occur in

the metavolcanics, but is restricted to metapelitic

and mixed metapelitic/metapyroclastic layers. In

the Melhaq Formation, the amount of tourmaline is

generally <2 vol.%. However, it constitutes up to

15 vol.% in some mm-thin laminae (~2.5 mm

thick) rich in biotite and/or epidote, in the southern

and central parts of the formation (Fig. 2a).

Tourmaline-3 is oriented sub-parallel to the main

foliation S2. This indicates that tourmaline has

grown pre- to syn-tectonically with respect to D2.

Tourmaline-3 in the southern Melhaq Formation

forms euhedral to subhedral, slender prismatic

crystals, 0.18�0.45 mm long and 0.06�0.10 mm

thick, which display uniform olive-green colour

and contain opaque inclusions in their cores. There

are even smaller tourmaline needles, just visible

with the highest magnification (6006).

With increasing metamorphic grade towards

the northern part of the Melhaq Formation, matrix

tourmaline becomes more sturdy. Euhedral,

prismatic crystals of tourmaline-4 with well

developed hexagonal cross sections (Fig. 2b),

0.40�0.45 mm long and 0.23�0.37 wide, cut

across the main foliation. They exhibit green and

bluish-green colours with no colour zonation and

contain only a few opaque inclusions. By contrast,

fine to very fine-grained tourmaline-2 is included

in garnet porphyroblasts.

Tourmaline of theWadi Kid-Wadi Umm Zariqmetapelites

Tourmaline from the metapelites at the Wadi Kid–

Wadi Umm Zariq area occurs either as inclusions

or as matrix crystals. Porphyroblasts of garnet

(Fig. 2c), andalusite and cordierite, grown pre- to

syn-D2, contain very fine-grained, long-prismatic

tourmaline-2, together with biotite, chlorite,

muscovite, quartz and ilmenite. Matrix tourma-

line-3 forms pale green, prismatic crystals, which

are mostly elongate (0.12�0.42 mm long,

0.05�0.09 mm wide) and less commonly stout

(e.g. 0.30 mm to 0.18 mm, 0.15 mm to 0.12 mm).

Most grains of matrix tourmaline-3 contain

poikiloblastic cores with inclusions of quartz and

opaque minerals, succeeded by later-grown,

inclusion-free rims (Fig. 2d). Matrix tourmaline-3

is wrapped by the regional foliation S2 indicating

pre- to syn-D2 growth. In some cases, matrix

tourmaline-3 contains sub-rounded cores of

orange-brown (e.g. sample K9) or dark bluish-

green (e.g. Sample K14) tourmaline-1, which are

overgrown by rims of one or two distinct, green

and pale green zones, respectively. This texture has

been ascribed to secondary growth of metamorphic

tourmaline on detrital tourmaline fragments (Zen,

1981). Post-D2 tourmaline-4 crystals, crosscutting

the main S2 foliation, are rarely observed.

Tourmaline of theTaba metapelites

In the Taba metapelites, tourmaline is rare. In pre-

to early-D2 porphyroblasts of staurolite (Fig. 2f)

and pinitized cordierite, tiny (0.1 mm), pale green

tourmaline-2 inclusions occur, together with

muscovite, biotite, chlorite, quartz and ilmenite.

Occasionally, they overgrow pale brownish-green
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FIG. 2. Photomicrographs in plane polarized light showing typical textural occurrences of tourmaline. (a) Tourmaline

within biotite and epidote-rich laminae in a meta-calcpelite of the Melhaq volcano-sedimentary association, showing

their long prismatic habit, opaque inclusions at their cores and inclusion-free rims. Sample M28; field of view = 0.42

mm wide. (b) Euhedral to subhedral tourmaline grains in a high-grade metapelite of the northern Melhaq volcano-

sedimentary association crosscuting the main foliation, thus manifesting growth as a retrograde phase. Sample M50;

field of view = 0.35 mm wide. (c) Prograde tourmaline inclusion in garnet and peak matrix tourmalines in a

metapelite from Wadi Kid�Wadi Umm Zariq. Sample K3; field of view = 0.58 mm wide. (d) Peak tourmaline with a

core containing inclusions of quartz and fine opaque dust in a metapelite from Wadi Kid�Wadi Umm Zariq. Sample

K9; field of view = 0.15 mm wide. (e) Sub-rounded grain of detrital tourmaline surrounded by inner and outer rims,

Sample K9; field of view = 0.13 mm wide. (f) Small, anhedral grain of detrital tourmaline, overgrown by prograde

tourmaline, included in a staurolite poikiloblast in a metapelite from the Taba complex. Sample T3; field of view =

0.30 mm wide.
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cores of detrital tourmaline-1 (Fig. 2f). Matrix

tourmaline-3 forms green, subhedral crystals of

elongate shape (0.10�0.12 mm long, 0.07�0.08

wide), which lack visible colour zoning. They are

oriented parallel to the main foliation (S2).

Tourmaline of the Gabal Samra metapsammopelites

Scarce matrix tourmaline-3 from the metapsam-

mopelites at Gabal Samra forms euhedral,

prismatic crystals (0.84�1.75 mm long,

0.32�0.70 wide) with pyramidal terminations,

which are oriented sub-parallel to the main

foliation. They are pale yellowish-brown to

colourless, lacking colour zonation or cores of

detrital tourmaline-1. Commonly, matrix tourma-

line exhibits poikiloblastic texture with inclusions

of biotite and quartz.

Chemical composition of tourmaline

Analytical techniques
Because of the tiny to fine-grained size and the

scarcity of tourmaline in the Sinai metasediments,

only microprobe analyses were performed in this

study, thus not allowing us to analyse Fe2O3/FeO,

Li2O, B2O3 and H2O. Electron microprobe (EMP)

analyses were carried out on a CAMECA SX 50

instrument with three independent WDS channels

at the Institute of Mineralogy, Würzburg

University, Germany. Analytical conditions were

15 kV accelerating voltage, 15 nA beam current

and 1�2 mm beam diameter. Well characterized

natural oxides, silicates and synthetic mineral

standards supplied by CAMECA were used for

reference, and the data were fully corrected using

the PAP programme of CAMECA. The detection

limits of the individual oxides are ~0.05 to

0.10 wt.%; errors are <1% relative for major

elements, 2% relative for Na2O, and <5% relative

for minor elements.

A total of 244 spot analyses were carried out in

19 samples (some with two thin sections)

representing the tourmaline-bearing metapelitic,

metapsammopelitic, and calc-metapelitic rocks

from the three metamorphic complexes. To obtain

information on compositional zoning, spot

analyses were performed in some of the mineral

grains along traverses, roughly parallel, in a few

cases also perpendicular, to the c axes; otherwise

core-rim analyses were taken.

The structural formulae of tourmaline

XY3Z6T6O18(BO3)3V3W (Hawthorne and Henry,

1999) were calculated by normalizing to 31 (O +

OH + F) and 15 cations in the tetrahedral and

octahedral sites (T+Z+Y). B2O3 contents were

estimated by stoichiometrical iteration, assuming

B = 3 in the structural formula (Henry and

Guidotti 1985; Dutrow et al., 1999). An

admittedly rough estimate of Fe3+ and Fe2+ was

made by charge balance, whereby the negative

charges are calculated by using the empirical

formula OH = 3+(1-F)/2 and O = 31�(F+OH) of

Grice and Ercit (1993). Following the suggestions

of these authors, we filled deficits in the T site

with Ti and, if necessary, with Al[4]. The Z

position contains Al[6], Cr and some Fe3+ up to a

total of six cations, while the Y position is filled

by Mg, Mn, Fe2+ and most of the Fe3+ as well as

some remaining Al[6], Cr and Ti. The possible Li

content can be estimated approximately by

difference, in cases where the sum of the Y

cations is <3 (see below). Selected EMP analyses

of tourmaline are presented in Table 2; calculated

end-members for the textural types of tourmaline

are summarized in Table 3.

Analytical results

In all samples investigated, tourmaline belongs to

the alkali-tourmaline group of Hawthorne and

Henry (1999), as they have 0.50�0.81 Na+K

a.p.f.u., 0.01�0.41 Ca a.p.f.u. and 0.03�0.50 X-

site vacancies & p.f.u. (Fig. 3). The tetrahedral

site contains 0.00�0.21 Al[4], if Ti is placed in the

T position. In general, the Z site is completely

filled by Al (+ Cr) but, in a few cases, some Fe3+

(up to 0.66 a.p.f.u.) was added to attain the ideal

sum of Z = 6. Most of the Y site is occupied by

Fe2+, Fe3+ and Mg with minor Ti, Al, Cr and Mn.

The sum of these Y cations is generally <3.

Assuming that this deficiency is due to the

presence of a small amount of Li, which can be

roughly estimated as Li = 3�S(Ti+Al[6]+Cr+Fe+
Mg+Mn)Y, we arrive at up to 0.24 Li a.p.f.u.

As shown in the Ca/(Ca+Na) and &/(Na+&)

vs. Mg/(Mg+Fe) diagrams (Fig. 4) and the

Al�Al50Fe
tot

50�Al50Mg50 triangle (Fig. 5), the

tourmaline investigated belongs to the schorl–

dravitess group with minor amounts of feruvite/

uvite and foitite/Mg-foitite (cf. Table 3). From the

substitutions known to occur in tourmaline, five

types were established in the tourmaline investi-

g a t ed (Tab l e 2 ) : ( 1 ) YMg >
YFe 2 + ;

(2) Tschermak’s substitution Y(Mg,Fe2+,Mn2+)

+TSi > Y(Al[6],Fe3+,Cr3+)+TAl[4] as indicated by

the deficiency in Si and the fact that Altot is

generally >6 a.p.f.u.; (3) XNa+Y(Al[6],Fe
3+,Cr3+)
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>
XCa+Y(Mg,Fe2+,Mn2+); (4) 2XNa >

XCa+X&;

and (5) XNa+Y(Mg,Fe2+) > X&+Y(Al,Fe3+,Cr).

Most of the tourmaline analyses revealed low

Ca values of 0.02�0.24 a.p.f.u., high Al values of

6.0�6.8 a.p.f.u. and XMg values of 0.42�0.73.

Higher Ca (up to 0.4 a.p.f.u.) and lower Al (down

to 5.7 a.p.f.u.) values are restricted to some

tourmaline coexisting with epidote in schists of

the Melhaq Formation (Fig. 6a,b). Cr2O3, MnO

and K2O are generally at or below the detection

limit; exceptional values are 0.25 wt.% MnO and

0.33 wt.% K2O in tourmaline of samples T2 and

Z1, respectively.

Tourmaline cores in samples K14, K9 and T3,

interpreted as detrital grains, form three distinct

groups. In sample K14, they are richer in Fe than

TABLE 3. End-member composition and XMg range of tourmalines from Sinai metasediments.

Metamorphic area End-member composition XMg

Melhaq

Prograde (dravite32�38 schorl31�37 uvite2�6 feruvite2�6 Mg�foitite10�13 foitite10�13) 0.49�0.53

Peak (dravite25�45 schorl19�42 uvite1�24 feruvite1�17 Mg�foitite2�16 foitite1�18) 0.55�0.64

Retrograde (dravite27�31 schorl32�35 uvite5�8 feruvite9�7 Mg�foitite10�12 foitite11�15) 0.44�0.47

W. Kid–W. Umm Zariq

Detrital-1 (dravite20�23 schorl36�42 uvite10�11 feruvite17�22 Mg�foitite2�5 foitite3�9) 0.33�0.38

Detrital-2 (dravite30�34 schorl18�20 uvite21�24 feruvite12�13 Mg�foitite6�11 foitite4�7) 0.63�0.64

Prograde (dravite24�32 schorl24�33 uvite2�10 feruvite2�10 Mg�foitite14�20 foitite14�20) 0.43�0.58

Peak (dravite26�42 schorl20�40 uvite1�13 feruvite1�10 Mg�foitite9�26 foitite9�23) 0.45�0.61

Taba

Detrital-2 (dravite29�31 schorl21�26 uvite7�11 feruvite5�8 Mg�foitite17�18 foitite13�14) 0.55�0.58

Prograde (dravite21�31 schorl21�26 uvite6�11 feruvite5�9 Mg�foitite15�25 foitite13�23) 0.48�0.60

Peak (dravite33�40 schorl19�27 uvite3�9 feruvite2�5 Mg�foitite18�22 foitite13�16) 0.55�0.66

G. Samra

Peak-retrograde (dravite31�55 schorl16�24 uvite8�15 feruvite4�9 Mg�foitite7�26 foitite3�14) 0.63�0.73

Detrital-1: bluish-green tourmaline, Detrital-2: Orange-brown tourmaline

FIG. 3. Different textural generations of tourmaline from Sinai metasediments plotted in the classification triangle for

the principal groups of tourmaline based on X-site occupancy (Hawthorne and Henry, 1999).
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FIG. 4. Plots of investigated tourmaline in the Ca/(Ca+Na) vs. Mg/(Mg+Fetot) and in the &/(Na+&) vs.

Mg/(Mg+Fetot) diagrams; (a,b) Melhaq tourmaline; (c,d) Wadi Kid�Umm Zariq tourmaline; (e,f) Taba tourmaline;

and (g,h) G. Samra tourmaline. Symbols as in Fig. 3.
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the surrounding tourmaline-3 with XMg values of

0.34�0.38 and have Ca contents of 0.27�0.33

a.p.f.u. (Fig. 6c). In contrast, a detrital tourmaline

core in sample K9 yielded higher XMg values of

0.63�064 than the including tourmaline-3 and has

0.34�0.37 a.p.f.u. Ca (Fig. 6c). On the other

hand, detrital tourmaline of sample T3 yielded an

XMg value of 0.58 similar to that of surrounding

tourmaline-2 (Fig. 6e,f). End-member composi-

tions and XMg values of tourmalines from the

metamorphic areas investigated, and in different

textural positions, are summarized in Table 3.

Chemical zoning

Microprobe analyses across traverses, oriented

roughly parallel to the c axes of some tourmaline

grains, show two different types of element

distribution.

The first type, characterized by a slight

compositional polarity (cf. Sperlich, 1990;

Henry and Dutrow 1992; Sperlich et al., 1996),

was recorded in tourmaline-4 from the northern

part of the Melhaq Formation (sample M46). It

displays a small, continuous increase in Al, and a

FIG. 5. Al-Fetot-Mg ternary diagram (in molecular proportions) for tourmaline from Sinai metasediments: (a) Melhaq

tourmaline; (b) Wadi-Kid�Um Zariq tourmaline; (c) Taba tourmaline; and (d) G. Samra tourmalines. The fields,

defined by Henry and Guidotti (1985), represent the composition of: (1) Li-rich granitoids, pegmatites and aplites;

(2) Li-poor granitoids and their associated pegmatites and aplites; (3) Fe3+-rich quartz-tourmaline rocks

(hydrothermally altered granite); (4) metapelites and metapsammites coexisting with an Al-saturating phase;

(5) metapelites and metapsammites not coexisting with an Al-saturating phase; (6) Fe3+-rich quartz-tourmaline

rocks, calc-silicate rocks, and metapelites; (7) low-Ca meta-ultramafics and Cr-, V-rich metasediments; and

(8) metacarbonates and metapyroxenite. Symbols as in Fig. 3.
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FIG. 6. Ca vs. Mg/(Mg+Fetot) and Altot vs. Mg/(Mg+Fetot) plots for the different tourmaline generations from the

Sinai metasediments. The arrows indicate core ? rim compositions of some tourmaline grains. (a,b) Melhaq

tourmaline; (c,d) Wadi Kid�Umm Zariq tourmaline; (e,f) Taba tourmaline; and (g,h) G. Samra tourmaline. Symbols

as in Fig. 3.
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simultaneous decrease in Ca from the antilogous

pole c(+) to the analogous pole c(�), whereas all

other cations are virtually constant across the

whole crystal (Fig. 7a).

The second type shows discontinuous zoning

profiles often marked by steep concentration

gradients with unsystematic differences in

core�rim compositions (Fig. 7b,c,d). A tourma-

line grain from a metasedimentary schist (sample

K14) of the Wadi Kid�Wadi Umm Zariq area

displays discontinuous optical zoning with an

irregular, dark bluish-green core and a light green

rim, formed during metamorphic growth. The

detrital core is asymmetrically zoned in itself, a

feature presumably inherited from its source-rock

environment. Fe and Ca generally increase,

whereas Al and the X site vacancies, &, decrease

from the analogous c(�) towards the antilogous

c(+) pole (cf. Dietrich, 1985; Sperlich et al.,

1996), with some slight recurrences (Fig. 7b). By

contrast, there are abrupt changes and a nearly

symmetrical element distribution at the border

between the detrital core and the subhedral rim.

Al, Ti, XMg and & increase and Fe and Ca

decrease drastically during the overgrowth stage,

although with more or less distinct reversals

towards the outermost rim (Fig. 7b). The other

cations are virtually constant across the core, and

only minor changes were measured for Si, Mg and

Na in the outer rim. These chemical disconti-

nuities suggest that only minor volume diffusion

took place under the conditions of metamorphism

(Henry and Dutrow, 1992), or may indicate that

tourmaline grew at various stages, probably as a

result of episodic boron availability (Gieré, 2001).

The euhedral tourmaline-3 crystal in the

metapelite sample K9 from the Wadi Kid�Wadi

Umm Zariq area is rather symmetrically zoned. It

contains an irregular, orange-brown core of

detrital origin (Fig. 2e), which is characterized

by high Mg, Ca and Ti, but low Al, Fe and &
contents. Towards the surrounding, greenish

neoblast, Mg, Ca, XMg and Ti decrease abruptly,

while Al, Fe and & increase gradually (Fig. 7c).

Towards the thin, outermost rim, which shows a

yellowish tint, there is a slight increase in the XMg

ratio and the Al/Si ratio gains a maximum.

A tourmaline-3 crystal from the Samra meta-

psammopelites (sample Z3) contains no detrital

core, but exhibits discontinuous chemical zoning

with distinct compositional discontinuities

(Fig. 7d), testifying to three successive growth

stages I, II and III. Compared to the core formed

during stage I, which has no systematic trend for

FIG. 7. Detailed compositional zoning of representative tourmaline crystals from: (a) Melhaq; (b,c) Kid, and

(d) G. Samra metasediments (see text).
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cationic variation; stage II is markedly poorer in

Fe and Ti with nearly symmetrical distributions

and decreasing XMg towards the rims. Ca is

slightly enriched and Ti is depleted, while Mg and

Na increase and Al decreases towards the

antilogous c(+) pole only, indicating a distinct

polarity. Due to its greater growth rate, the outer

zone formed at stage III is restricted to the

antilogous c(+) pole (Fig. 7d) and is characterized

by enrichment of Al, Fe, Ti and & and depletion

of Mg, Na and XMg towards the rim.

Discussion

Tourmaline composition and host lithology
The composition of tourmaline can provide

valuable information about the host lithology

(Henry and Guidotti, 1985; Henry and Dutrow,

1992). Fe-rich tourmaline has long been regarded

as a typical mineral for granitic and pegmatitic

rocks (Selway et al., 1999; Dyar et al., 1999;

Morgan VI and London, 1999; Novák et al., 1999;

Dutrow and Henry, 2000), while Mg-rich varieties

are restricted to tourmalines formed by metaso-

matism or in sulphide deposits (Harraz and El-

Sharkawi, 2001; Yu and Jiang, 2003).

Metamorphic tourmaline has intermediate Mg/Fe

ratios (Henry and Dutrow, 1992; Michailidis et

al., 1996; Sperlich et al., 1996; Pesquera and

Velasco, 1997; Dutrow et al., 1999; Kawakami,

2001; Henry et al., 2002; Kawakami and Ikeda,

2003). Indeed, the XMg values of the tourmaline

crystals investigated fall in a wide range between

0.42 and 0.73 with Ca values of 0.02 to 0.40

a.p.f.u. thus pointing again to a metamorphic

origin. In the Al-Fetot-Mg discrimination diagram

(Fig. 5) of Henry and Guidotti (1985), the

majority of the tourmaline grains analysed plots

in the field of metapelites and metapsammites,

either coexisting with an Al-saturating phase or

not. Part of the Melhaq tourmaline, coexisting

with epidote has high Ca and low Al values

(Fig. 6a,b), typical for meta-calcpelitic host rocks

(Fig. 5).

Dark orange-brown, detrital cores in tourma-

lines in sample K9 and T3, from the Umm Zariq

and Taba metapelites, respectively, also plot in

the fields of metapelitic and metapsammitic

tourmalines (Fig. 5b,c). By contrast, bluish-

green, detrital cores in tourmaline of sample

K14 from the Umm Zariq metapelites form a

distinct group with considerably lower XMg values

(Fig. 4c,d). These grains could be derived from

tourmaline-quartz rocks, formed by deuteric/

hydrothermal alteration of granite, in the source

area of the detritus (Fig. 5b). Our results clearly

indicate that the detrital tourmaline grains,

transported into the sedimentary basin, are

derived from different rock types constituting

the adjacent pre-Pan-African crystalline basement

(cf. Krynine 1946; Henry and Dutrow, 1992).

In order to explore possible chemical relation-

ships between near-peak tourmaline-3 and its host

rock, correlation coefficients were calculated for

some elements and parameters, using the bulk-

rock analyses of Abu El-Enen et al. (2003, 2004,

and unpubl.; see Table 4). Weak positive correla-

tions were obtained for TiO2 (0.47), CaO (0.49)

and XMg (0.64), whereas FeOtot, MgO and Na2O

showed virtually no correlation (0.09 to �0.23).

This result indicates that the bulk rock chemistry

of the individual samples has, at least, a small

influence on the tourmaline composition, whereas

metamorphic P-T conditions should have played a

more important role (see below).

Neocrystallization of tourmaline in meta-

morphic rocks requires a source of boron. This

could be supplied either from outside, i.e. by

metasomatism, or inherited in the sedimentary

precursors itself, i.e. in a closed system. Pelitic

and psammitic sediments usually contain suffi-

cient B to form tourmaline neoblasts during

prograde metamorphism. Clay minerals, espe-

cially illite, and organic matter are extremely

effective B adsorbers and are thus the most

important sources for boron. Moreover, clay

minerals and white mica may contain B in their

tetrahedral sheets (e.g. Moran et al., 1992; Grew,

1996; Henry and Dutrow, 1996, and references

therein). Large amounts of mica in the tourma-

line-bearing metasediments of the Sinai basement

confirm that clay minerals, particularly illite, were

an important constituent in the sedimentary

precursors. Moreover, the occurrence of graphite

in the Wadi Kid metapelites (Abu El-Enen et al.,

2003) indicates the presence of organic matter in

some of the sedimentary protoliths. Prograde

reactions, involving dehydration of illite and

detrital white mica, transition from the 1M to

the 2M polytype of illite, and conversion of

organic matter into graphite can release boron to

form significant amounts of tourmaline, up to

temperatures corresponding to the lower-amphi-

bolite facies (Weaver and Broekstra, 1984; Henry

and Dutrow, 1990, 1996; Sperlich et al., 1996).

Towards higher metamorphic grade, breakdown

of white mica by various dehydration reactions

could also release boron.
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Development of tourmaline during metamorphism

From their textural position, the growth of

tourmaline neoblasts can be inferred to correlate

with specific stages of the P-T path, followed by

the Sinai metasediments during Pan-African

metamorphism. Tourmaline-2 included in

various porphyroblasts, coexisting with quartz,

muscovite, biotite, chlorite and ilmenite, should

have grown on the prograde P-T path segment,

starting at greenschist-facies conditions (Abu El-

Enen et al., 2003, 2004). Crystallization of

tourmaline-3, orientated subparallel to, or

wrapped by, the main schistosity, S2, and grown

in assemblage with garnet, staurolite, cordierite,

andalusite and/or sillimanite has grown pre- to

syn-D2, presumably under gradually increasing

P-T conditions up to the metamorphic peak. These

ranged from upper-greenschist facies in the

southern Melhaq area via lower-amphibolite

facies in the Kid area and pass to the upper-

amphibolite facies in the Gabal Samra area.

Moreover, chemical zonation of tourmaline-3

may reflect increasing P-T conditions from core

to rim. Tourmaline-4 crystals crosscutting the S2
foliation has crystallized post-D2, probably just

after the metamorphic peak or at the retrograde P-

T path segment.

These assumptions, derived from textural

evidence, are confirmed by the chemical composi-

tion of the different tourmaline generations. As

was shown, e.g. by Henry and Dutrow (1996) and

Sperlich et al. (1996), metamorphic tourmaline

does not readily readjust its composition by

volume diffusion, even at relatively high tempera-

tures. Therefore, its chemistry can be used as a

monitor for changing P-T conditions. In fact,

tourmaline from the Sinai metasediments, suppo-

sedly grown at the prograde, peak and retrograde

stage of the metamorphic evolution, respectively,

displays differences in chemical compositions,

especially in XMg. This can be demonstrated by

looking at (1) individual, zoned tourmaline

grains, (2) tourmaline grains of different textural

position and (3) peak tourmaline from different

areas.

(1) In zoned tourmaline of the metapelite

sample K14 from the Wadi Kid-Wadi Umm

Zariq area, the lowest XMg values of 0.33�0.38

are restricted to relict cores of detrital grains

(Fig. 4c,d). The prograde evolution from the

detrital core towards the rim is documented by

an abrupt decrease in Fe at rather constant Mg,

leading to a distinctly higher XMg value of

0.45�0.52, thus supporting its generation on the

prograde P-T path up to near-peak metamorphic

conditions (Fig. 7b). This increase could be

related to the breakdown of chlorite (XMg

0.33�0.39) to form almandine-rich garnet (XMg

TABLE 4. Bulk-rock composition (wt.%) of Sinai metasediments investigated.

Area ————— Melhaq ————— —— W. Kid�W. Umm Zariq —— Taba
Refer. Abu El-Enen (unpublished data) Abu El-Enen et al. (2003) Abu El-Enen

et al. (2004)
M28 M34 M38 M47 M50 K6 K9 K14 K22 K25 K35 T2 T12

SiO2 69.53 73.25 71.87 50.48 50.48 60.22 59.21 56.55 63.52 62.08 63.67 55.77 63.98
TiO2 0.25 0.25 0.47 0.89 0.91 0.96 0.93 0.91 0.93 1.07 0.75 1.09 0.76
Al2O3 14.66 12.58 14.01 17.28 15.85 19.11 21.26 22.22 19.15 22.19 19.89 21.12 15.97
Fe2O3 4.71* 3.34* 5.59* 17.18* 17.96* 1.45 0.96 1.97 0.96 1.55 1.18 3.52 0.91
FeO 5.00 4.68 4.64 4.55 4.09 3.52 5.18 4.55
MnO 0.09 0.08 0.08 0.51 0.44 0.10 0.10 0.18 0.11 0.12 0.06 0.09 0.10
MgO 1.25 1.64 0.58 4.27 4.41 2.42 1.59 1.61 1.66 1.27 1.38 3.20 2.56
CaO 1.90 2.81 0.17 0.74 0.62 1.38 1.48 1.76 1.14 0.96 0.67 1.83 2.31
Na2O 1.51 0.78 0.28 1.66 1.09 2.50 2.47 2.02 1.94 1.25 1.09 2.56 3.72
K2O 4.34 3.62 4.38 5.42 5.05 3.33 4.45 5.08 3.75 3.16 4.88 2.99 2.48
P2O5 0.14 0.03 0.08 0.13 0.12 0.09 0.07 0.04 0.02 0.05 0.04 0.16 0.22
LOI 1.40 1.31 1.99 1.78 2.51 3.13 2.06 2.56 1.82 1.70 2.33 1.78 1.55

Total 99.78 99.69 99.50 100.34 99.89 99.69 99.26 99.54 99.55 99.49 99.46 99.29 99.11
XMg 0.25 0.35 0.10 0.22 0.21 0.28 0.22 0.20 0.23 0.19 0.23 0.28 0.32

*: Total Fe as Fe2O3, XMg: MgO/(MgO+FeOtot)
LOI: loss on ignition
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0.06�0.07) at the transition from the greenschist

to the amphibolite facies.

The detrital core in tourmaline-3 of sample K9

has a distinctly larger XMg value of 0.63 than the

surrounding neoblast, thus indicating derivation

from relatively high-grade metamorphosed sedi-

ments in the source area. Within the neoblast

itself, a small, renewed increase in XMg is

recorded from core (0.50) to rim (0.52) which

may reflect a slight increase in temperature.

Moreover, the strong increase of Al towards the

outermost rim may be explained by breakdown of

white mica at the prograde P-T path.

For a different type of zonation, sample Z3,

which has three successive growth stages (I, II

and III), demonstrates no specific cationic

variation for stage I, and increase in [only

towards the antilogous (+) pole!] XMg and

decrease in Fe from core to rim for stage II,

while the distribution of Mg with its strong

increase towards the antilogous pole + (c) only

indicates a distinct polarity. The thin outer rim

(stage III) at the antilogous pole c(+), is

characterized by a decrease in Mg and XMg, and

an increase in Fe (Fig. 7d). These features are

related to crystallization of stages I and II near the

metamorphic peak, while stage III was crystal-

lized at the retrograde P-T branch. This is

supported by retrograde replacement of garnet

by chlorite and biotite observed in this sample.

(2) The best examples for compositional

differences of tourmalines in different textural

positions are provided by the metasediments of

the Melhaq Formation. Prograde tormaline-2 and

retrograde tourmaline-4 have XMg values of

0.49�0.53 and 0.43�0.47, respectively, whereas

the great majority of near-peak tourmaline has

XMg values of >0.56. Distinct differences between

prograde (XMg 0.53�0.55) and peak tourmaline

(XMg 0.65�0.67) were also recorded in the

metasediments from the Taba metamorphic

complex (Fig. 6e,f). In the Wadi Kid�Wadi

Umm Zariq metapelites, prograde tourmaline�2

has XMg values of 0.42�0.52, whereas near-peak

tourmaline-3 covers a much wider range between

0.44 and 0.61 (Fig. 6c,d), overlapping with that of

tourmaline-2. This may be partly explained by an

influence of the bulk-rock composition. However,

looking at tourmaline grains within the same

samples, the differences become obvious, e.g. in

the samples K35, prograde tourmaline-2 has an

XMg value of 0.49, while near-peak tourmaline-3

has an XMg value of 0.55. For sample K22, the

respective XMg values are 0.53 and 0.59 (Table 2).

We assume that the wide range of XMg values of

near-peak tourmaline-3 reflects the transition

from greenschist- to amphibolite-facies conditions

during their growth (Fig. 6), which took place on

the prograde P-T path and extended up to the

metamorphic peak.

(3) The compositional variability of peak

tourmaline-3 from metasediments in different

metamorphic complexes of the Sinai basement,

or in different areas of the same metamorphic

complex, may partly reflect regional variations in

P-T conditions attained at the culmination of the

Pan-African metamorphic event. For instance, the

highest XMg values of 0.65�0.66 and 0.64�0.73

(Table 2) were recorded for tourmaline-3 from

the metasediments of the Taba and Feiran-Solaf

complexes, respectively, which show peak-meta-

morphic assemblages corresponding to the

middle- and upper-amphibolite facies. Moreover,

the increase in metamorphic grade from the

southern to the northern part of the Melhaq

Formation, already recognized by Shimron (1984)

and Furnes et al. (1985), is matched by an

increase in the XMg values of matrix tourmaline-3,

i.e. XMg varies from 0.50 in the southern to 0.62 in

the northern part of the formation. On the other

hand, matrix tourmaline-3 in metapelites of the

rather small Wadi Kid�Wadi Umm Zariq area

exhibits a relatively wide range of XMg

(0.44�0.61), which points to crystallization of

individual tourmaline grains at P-T conditions

varying along the prograde P-T path up to the

metamorphic peak. Comparing tourmaline from

the Wadi Kid�Wadi Um Zariq and the Gebel

Samra meta-sediments, a slight tendency for

increasing Ca values with metamorphic grade is

observed. On the other hand, the high Ca values in

tourmalines coexisting with epidote from meta-

calcpelites in the northern part of the Melhaq

Formation are obviously controlled by the bulk-

rock composition.

XMg of tourmaline could be used to draw

tentative limits between tourmalines formed

under different metamorphic conditions, possible

exceptions being samples with extremely high or

low XMg values in their bulk-rock composition.

All the prograde tourmalines-2 investigated,

which were formed with mineral assemblages

typical of the greenschist facies have XMg <0.60.

Therefore, this value might be used to designate

the limit between the greenschist and the lower-

amphibolite facies. This is confirmed by XMg

values of 0.50�0.55, which were recorded for

tourmalines of sample M28 from the Melhaq
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Formation, containing a mineral assemblage of

the upper-greenschist facies (Table 1). Moreover,

cores and rims of zoned tourmalines from the

Melhaq and the Wadi Kid�Wadi Umm Zariq

areas show XMg values just below and above the

proposed limit of 0.60, respectively (Fig. 6),

which again relates to their crystallization at the

P-T path segment extending from the prograde

greenschist-facies to lower amphibolite-facies

conditions at the metamorphic peak. Similar low

to moderate XMg values of 0.21�0.42 were

reported for tourmaline from low-grade metasedi-

ments of the Stavelot Massif, Belgium (Van den

Bleeken et al., 2007). The border between the

lower- and middle to upper-amphibolite facies,

respectively, might be tentatively set at XMg &
0.65 (Fig. 6). Similar XMg values of 0.65�0.77

are given by Kawakami (2001) for rim composi-

tions of tourmalines from migmatites formed

under upper amphibolite-facies conditions at the

Ryoke metamorphic belt, Japan. These limits

conform to the results of petrological analyses in

various parts of the Sinai basement (Shimron,

1984; Furnes et al., 1985; Abu El-Enen et al.

2003, 2004, unpubl.).

Application of the tourmaline-biotite geothermometer

Assuming that intercrystalline partitioning of Fe

and Mg between tourmaline and biotite is a

function of temperature, Colopietro and Friberg

(1987) proposed a tourmaline-biotite geotherm-

ometer, which was empirically calibrated by

applying garnet-biotite geothermometry to meta-

pelites of the garnet, biotite and sillimanite zones.

They arrived at the equation: ln KD = �3150/T (K)

+ 4.52, where KD = (Mg/Fe)tur/(Mg/Fe)bt, defining

a positive slope of their regession line in the KD vs.

T diagram. A positive correlation between KD and

T was also recorded by Henry and Dutrow (1994),

at least up to temperatures of 600ºC. However,

using a somewhat different approach, these

authors obtained a shallower slope of the

regression line and showed that, above 600ºC,

KD decreases with temperature. They pointed out

that crystal-chemical complexities of the tourma-

line structure reduce the efficiency of the Mg-Fe

partitioning between tourmaline and biotite as a

useful geothermometer. In the contact aureole of

the Miocene Tinos granite (Cyclades islands,

Greece), part of the tourmaline-biotite tempera-

tures broadly conform to the mineral isograds

mapped, whereas temperatures far too low were

recorded in certain areas (Bröcker and Franz,

2000). These authors explain this fact ‘‘by
retrograde cation exchange in biotite and refrac-

tory behaviour of tourmaline’’ or, alternatively, by
‘‘systematic shortcomings of this method’’.
Despite these reservations, we applied the

tourmaline-biotite geothermometer of Colopietro

and Friberg (1987) to prograde, peak and retro-

grade tourmalines from the metasediment samples

investigated and obtained reasonable results. The

temperatures calculated compare well with those

from our previous estimates (Abu El-Enen et al.,

2003, 2004; Abu El-Enen and Makroum, 2003;

Abu El-Enen, unpubl.), and there is a strong

positive correlation (r = 0.91) with results from

the garnet-biotite geothermometer (in the formu-

lation of Kleemann and Reinhardt, 1994) in the

same sample (Table 5).

In the Melhaq Formation, there is a general

increase in peak tourmaline-biotite temperatures

from ~485ºC in the southern part up to 570ºC in

the central area. For sample M38 from the central

area, nearly identical peak temperatures of 568ºC

and 554ºC were obtained using the tourmaline-

biotite and garnet-biotite geothermometer, respec-

tively. In the northern area, tourmaline-biotite

temperatures for both prograde tourmaline-2

(563ºC) and retrograde tourmaline-4 (507ºC and

551ºC) in sample M47 and M50 are distinctly

lower than the peak garnet-biotite temperature of

645ºC in sample M50, which in turn is distinctly

higher than the peak tourmaline-biotite and

garnet-biotite temperatures in the central Melhaq

area (Table 5).

In the Wadi Kid�Wadi Um Zariq metapelites,

peak temperatures calculated by the tourmaline-

biotite geothermometer are between 556 and

572ºC, conforming well to respective garnet-

biotite temperatures of 565�575ºC, as well as to

garnet-staurolite (Hodges and Spear, 1982) and

garnet-cordierite temperatures (Bhattacharya et

al., 1988) of 580 and 585ºC, respectively, at

pressures of 3�5 kbar. Application of the

internally consistent thermodynamic data set of

Holland and Powell (1998) yielded 591O28ºC and

4.2O0.9 kbar (Abu El-Enen et al., 2003).

Tourmaline-biotite temperatures for prograde

tourmaline-2 of 506�540ºC are consistently

lower than the respective peak temperatures

(Table 5).

In the Taba complex, only one tourmaline-

biotite temperature of 564ºC was obtained for

peak tourmaline, which conforms to garnet-biotite

and garnet-staurolite temperatures of 550�590ºC

and 580ºC, respectively, at pressures of 3�5 kbar;
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a P-T pseudosection led to a similar result (Abu

El-Enen et al., 2004). For prograde tourmaline,

distinctly lower temperatures of 450�462ºC were

calculated by tourmaline-biotite thermometry,

whereas garnet-biotite temperatures related to

the prograde P-T path vary between 480 and

540ºC. Conventional geothermobarometry of

meta-psammopelites from the Feiran-Solaf

complex yielded peak temperatures between 600

and 670ºC and pressures of ~4.5 kbar (Abu El-

Enen, unpubl.) using Kleemann and Reinhardt

(1994) and Hoisch (1990), respectively.

Temperatures of 632ºC for a peak tourmaline-

biotite pair and of 627ºC for a garnet-biotite pair

in the same sample are well within this range,

whereas a prograde tourmaline-biotite pair gave a

distinctly lower 573ºC. These consistent results

seem to indicate that the tourmaline-biotite

thermometer of Colopietro and Friberg (1987) is

a useful approach even at temperatures above

600ºC.

Conclusions

Based on detailed petrographic and microprobe

analyses of tourmaline in metasediments from

different areas in the Pan-African basement of the

Sinai Peninsula, the following conclusions can be

drawn:

(1) Tourmaline from the metasedimentary

rocks of the Sinai exhibit textural and chemical

features that relate to the evolution of regional

metamorphism and deformation of the host rocks.

Prograde inclusions of tourmaline-2 in various

porphyroblasts testify to the prograde P-T path;

tourmaline-3 oriented subparallel to, and wrapped

by, the main foliation, S2, crystallized along the

prograde path up to the metamorphic culmination,

and tourmaline-4 crosscutting the S2 schistosity,

was formed post-peak, on the retrograde P-T path.

Cores in prograde and peak tourmaline neoblasts

are interpreted as detrital grains (tourmaline-1),

testifying to the source area(s) of the sedimentary

precursors.

TABLE 5. Temperature estimates of the investigated samples using tourmaline-biotite geothermometry,
compared with the results from the garnet-biotite geothermometer of Kleemann and Rheinhardt (1994),
given by Abu El-Enen et al. (2003, 2004). Relevant pressures (kbar), for which garnet-biotite temperatures
were calculated, are given in parentheses.

Area Sample no. Tur-Bt geothermometry (ºC) Grt-Bt geothermometry (ºC)
prograde peak retrograde prograde peak

Melhaq
Southern M28 509O21

M34 485O20
Central M38 568O17 554O8 (3.8)

M43 533O11
M46 524O4

Northern M47 551O6
M50 563O12 507O6 645O16 (4.8)

W. Kid–W. Umm Zariq
K6 572O9 560O5 (3.5)
K9 540O1 571O12 565O13 (2.4)
K14 563O7 565 (3.5)
K22 527 570O11 575O5 (4.1)
K25 506O6 571O5 570O6 (4.1)
K35 515O2 556O4 565O12 (4.0)

Taba belt
T2 450O6 515O3(2.7) 568O4 (3.4)
T10 462O12 540O4(3.3) 557O7 (2.9)
T12 564O7 585O7 (4.2)

G. Sammra
Z1 573O14 632O12 627O23 (4.5)
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(2) With increasing P-T conditions at the

metamorphic culmination, near-peak tourma-

lines-3 and -4 increase in size, but decrease in

abundance.

(3) The tourmaline crystals investigated belong

exclusively to the alkaline tourmaline group; they

have schorl�dravite composition with minor

uvite-feruvite and foitite/Mg-foitite components.

(4) In general, the chemical composition is

typical for tourmalines in metapelites and

metapsammites, coexisting or not coexisting

with an Al-saturating phase. Meta-calcpelites

from the Melhaq Formation contain dravites,

which are somewhat richer in Ca and poorer in

Al. Detrital cores in tourmaline neoblasts

(tourmaline-1) have variable composition testi-

fying to different rocks and/or source regions in

the adjacent pre-Pan-African basement. Detrital

cores in sample K14 with distinctly lower XMg

values and relatively poor in Al may have been

derived from Fe3+-rich quartz-tourmaline rocks

(hydrothermally altered granites), while detrital

cores of samples K9 and T3 with moderately to

distinctly higher XMg may have been derived from

pre-existing metapelitic-metapsammitic rocks.

(5) The tourmaline neoblasts surrounding these

cores have grown during prograde metamorphism

under increasing, greenschist to amphibolite-

facies, P-T conditions. This crystallization took

place in a virtually closed system. In addition to

detrital tourmaline grains, boron was provided by

the breakdown of clay minerals and organic

matter, which are effective B adsorbers, and of

white micas, which may have contained B in their

tetrahedral layers.

(6) The chemical compositions of tourmaline,

especially XMg = Mg/(Mg+Fetot) values of the

tourmaline investigated, are a good monitor for P-

T conditions, attained by the host metapelites and

metapsammites. Except for extremely high and

low XMg values of the host rock, the limit between

greenschist and amphibolite facies might be

tentatively set at XMg
tur & 0.60, and between

lower- and upper-amphibolite facies at XMg
tur &

0.65. The empirically calibrated tourmaline-

biotite geothermometer of Colopietro and

Friberg (1987) yielded reasonable results,

conforming well to temperatures obtained by the

garnet-biotite geothermometer of Kleemann and

Reinhardt (1994) and other conventional

geothermometers. In order to obtain reasonable

temperature information by applying the tourma-

line-biotite thermometer, the textural positions of

tourmaline should be defined carefully, to

distinguish between prograde, near-peak and

retrograde generations of tourmaline.
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