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Petrographical and geochemical characteristics of the hornfelses and metaconglomerates of the Janub metamorphic suite have 
been examined to reveal their geothermobarometry and economic potential. The temperature of metamorphism attained by 
hornfelses ranges between 500oC and 545 oC with an average temperature of 522oC, while metaconglomerate may show a 
wider  
press  
lower  
abund
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 range between 300 oC to 600 oC with an average temperature 520 oC. Mineralogy of the metasediments indicates a low
ure type of metamorphism (< 4 Kbar). These conditions correspond to metamorphism equivalent to upper greenschist to
 amphibolite facies. The identified opaque minerals are ilmenite, magnetite and titanomagnetite. Sulphides are less
antand include pyrite, cinnabar, pyrrhotite, sphalerite, galena and chalcopyrite. 
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1. Introduction* 

basement complex of Jordan is 
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The Precambrian 

Shield (ANS). The formation of ANS took place 
ly during the Pan-African Orogeny 900-550Ma; 
er, 1985). This basement consists of igneous, 
entary and metamorphic rocks; and is exclusively of 
roterozoic age 550-800 Ma (e.g., Jarrar et al., 2003). 
 rocks are broadly divided into two broad 
tratigraphic divisions: the Aqaba and Araba 
lexes (McCourt & Ibrahim, 1990). The Janub 
morphic Suite (JMS), which belongs to the Aqaba 
lex, is the theme of this study (Fig. 1).   
e study area is located in the southernmost corner of 
 near the Jordan –Saudi Arabia border. The JMS is 

dered as one of the oldest suites together with Abu 
 metasedimentary suite. McCourt & Ibrahim (1990) 

ibed Janub suite rocks as low grade metamorphic 
, belonging to lower – middle greenschist facies. 
cteristically, these are preserved as roof pendants and 
xenoliths in Abu Jedda monzogranite (Yutum suite). 

 lithologies in this area are metasediments dipping to 
orth with an approximate E-W directed strike. 
neh (1994) divided the metasedimentary rocks in 
rea on the basis of petrographical and geochemical 
ia into three groups:  
ordierite – biotite hornfels   
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3. Petrography 

The first detailed petrographical description of Janub 
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b. Metaconglomerates. 
c. Quartzo – feldspathic metasediments. 

This study aims at rev
terms of pressure, temperature, and the

hemistry of the opaque minerals to evaluate their
onomic potential 

 Analytical Techni

The investigated rocks w

stitute für Geowissenschaften of the Technical 
niversity of Braunschweig, Germany for their major, 
inor, and trace elements. The Mineral separation was 
rried out at the Geology Department, University of 
rdan. 
Mineral analyses have been carried out by the third 

thor on the Cameca SX100 microprobe at the Institute of 
ineralogy, University of Stuttgart, Germany 

morphic suite was carried out by Rabba and Ibrahim 
988) and Hassuneh (1994). In the present study only two
ck types were studied: namely hornfelses and
etaconglomerates. 

 Pelitic Hornfelses 

The investigated hornfelses are composed of biotite and
uartz as major minerals and subordinate cordierite, 
llimanite, K-feldspar, and amphibole. Chlorite occurs as  
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Figure 1.  A. Location map of the principal suites of Aqaba Complex (after Jarrar et al., 2003), B. Location map showing the study area.. 

pseudomorphs after biotite. Accessory minerals are 
opaques and corundum.  

The 
preservation of some original sedimentary textures such as 
quartz g
plane
durin

D
textur

investigated rocks are characterized by 

ranules and pebbles, phenocrysts and bedding 
s. These features imply a lack of intense deformation 
g contact metamorphism (Hyndman, 1985).  
ecussate texture (Fig. 2), Poikiloblastic and sieve 
es (Fig. 3) are the most commonly encountered 
es in hornfelses. 
ost of the cordierite porphyroblasts in thin sections 
hed

textur
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4. Geochemistry 

The chemical composition of the investigated rocks is 
prese

to reveal the petrological 
evol  
re
m
S  
p
p
T
in
d

textures are very common.  The latter is characterized

ral, which together with the numerous inclusions 
ate a rapid growth (Barker, 1990). 
e occurrence of cordierite in Mg – rich rocks (low Fe 
g ratio) of the bulk composition of hornfelses 

ate low pressure and low water content (Yardly, 
). Cordierite may form at low pressure in pelitic rocks 
ding to the following reaction:  
ite + Muscovite  Cordierite + B
(Hyndman, 1985) 

etaconglomerates 

The mineralogy of the m
 of their original mineral content and texture since 

were derived from different sources. The coarse-
ed varieties of these rocks are mainly of quartzo-
athic, granitoidal and arkosic lithologies, with grain 
ranging between 2mm to 10mm. The dominant 
rals in these rocks are quartz, biotite, K-feldspar, 

clase, amphibole, chlorite and opaques. Minor 
rals include: epidote, muscovite, secondary clay 
als, garnet and tourmaline. 

 extinction, mortar textures, fracturing, and elongated 
rains (Fig 5). Furthermore, most of the samples consist of
uartz, K-feldspar, plagioclase, biotite, chlorite
seudomorphs after biotite, amphibole and opaques.
ccording to Hassuneh (1994) this mineral assemblage is 
aracteristic for quartzo-feldspathic rocks. 
In the two metasedimentary lithologies, the opaques

ary in size (0.01 up to 0.25mm), while in the 
etaconglomerates they occur as small grains distributed 
 the whole sample or concentrated in vein-like 
gregates; in hornfelses opaques are less abundant. In 
ost of the samples the opaque granules are associated 
ith mafic minerals. 

nted in Tables (1) and (2).  
Several plots have been used 
ution of the suite and to help make inferences

garding the protolith of the metamorphic rocks. The 
etaconglomerates show a negative relationship between 
iO2 vs. MnO, Fe2O3, TiO2, MgO, Al2O3, and CaO; a
ositive correlation between SiO2 vs. K2O, and a slightly 
ositive correlation between Na2O with SiO2 (Fig 6). 
hese trends reflect the relationships between the elements 
 the source rocks and/or the behaviour of elements 

uring weathering.  
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Figures (2-5): Figure 2.  Decussate texture: prismatic grains of biotite (brown) distributed randomly around quartz grains (white to gray). 
(Mag. 250, XPL), Figure 3. Cordierite porphyroblasts (at the center to the top right) with numerous inclusions of biotite forming sieve 
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of metamorphism and shed light on the origin of the 
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5.1.

are essential minerals in most mafic to 
ultram  
ro
al
in
• oan diopside; and 
• ich augite. Table (2). 

les of the 
meta
X roxenes ranges between (44.9 
–  
be

Feldspars are the most abundant mineral group in the 
Ea

. (Mag. 125, XPL), Figure 4. Granoblastic quartz filling a vein, clots of small crystals of amphiboles can also be seen. Note the
nces in the grain size of quartz. (Mag. 125, XPL) , Figure 5. Relics of large grains of quartz surrounded by small grains of amphibole,
artz, note the fracturing of relic grains. (Mag. 50, XPL). 

e resistant minerals such as quartz are retained as 
work components while the other rock fragments of

5. Mineral Chemistry 

stive composition have gone into the matrix, 
ore most of Fe2O3, MgO and CaO are in the matrix 
i et al., 1988). The negative correlation of these 

s with SiO2 supports this conclusion and reflects a 
se in the unstable component (e.g. rock fragments 
ldspar) with an increase in mineralogical maturity 
t al., 2002). The positive correlation between K2O 
iO2 and scatter between on the Na2O vs. SiO2 
m reflects the abundance of felsic rock fragments in 

etaconglomerates.   
e hornfelses disp

lomerate with the exception of CaO (Fig (7).  
ositive correlation of CaO with SiO2 reflects the 
ence of CaO to reside in the fine-grained matrix 
 sedimentary processing (Naqvi et al. 1988). The 
egative correlation between SiO2 with other major 

nts reflects similarity of the matrix in sedimentary 
such as greywackes. (Naqvi et al., 1988). Saupe and 
 (1987) have used the K/Al vs. Na/Al and (Fe+Mg)/ 
a) vs. K/(Al-Na) to classify clastic sedimentary rocks 
hale, greywacke and arkoses. The hornfelses fall in 
ale field while the most of metaconglomerates fall in 
acke and to a lesser degree in arkoses field (Fig. 8).  

Mineral chemistry is 

lith of the investigated rocks. The chemical data of
e analyzed minerals are presented in Tables 2 to 6.  

 Pyroxenes   
The pyroxenes 

afic igneous rocks and high-grade metamorphic
cks. Pyroxene classification scheme after Morimoto et 
., (1988) has been used to divide the analyzed pyroxenes 
to: 

Ferr
Sub calcic magnesium r
Clinopyroxenes appear only in some samp

conglomerate. 

Mg = Mg/(Mg + ∑ Fe of py
73.7) with average of 63.7; and the (Wo) content ranges
tween 26.7 and 46.9.  

5.2. Feldspars 

rth’s crust and form about 50% by weight of both 
ntinental and oceanic crust. The compositional triangle 

f feldspars has been used to divide the analyzed 
lagioclase into oligoclase and andesine. Plagioclase in 
etamorphic rocks becomes anorthite-rich with increasing  
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Table 1. Major (in wt %) and trace (in ppm) elements concentrations and elements ratios for the metaconglomerate and the hornfelses rocks. 

 
metamorphic grade (Laird and  
(A9) the pl
anort
samp

B
with 
potas
hornf
metac
the ab

5.3. M

major group of phyllosilicates, common in 
igneous,
in the
samp
musc

B
from 
betwe
and B
avera

p potassium
rather th iv vi   
in  
A

2  
fo  
b  
o  
b

tite mainly depends on oxygen 
fuga
b
T
fu

5.

(3
am

 

Sample A1 A5 A7 A8 A9 A10 A11 A12 A13 A14 A20 A22 A24 A30 A31 A38 A40 Z28 Z29 Z30 Z31 Z32 Z33 54x

SiO2 64.2 66.74 72.1464.05 64.2 60.27 71.6265.22 62.5 67.0369.05 56.9 66.4863.8960.2970.6166.52 64.62 58.4258.51 58.5 64.2862.3660.91

Al2 14.5 15.8715.65

Albee, 1981). In sample
agioclase is of labradorite (An= 50%) and 

hite (An=97%) composition. The plagioclase of this 
le is most probably of relict igneous origin. 
arium in orthoclase ranges from zero to 0.81 wt. % 
an average of 0.38 due to substitution of barium for 
sium. The anorthite content of the plagioclase in 
elses ranges from 27 – 32 % and in 
onglomerates from  1 to 34 %, with the exception of 
ove mentioned sample (A9). Table (3)  

ica 

Micas are a 
 metamorphic, and sedimentary rocks. All micas 

 samples with the exception of X51 are biotites. This 
le was taken from a rhyolitic dyke and contains 
ovite, table (4).  
iotite is iron-rich with XMg = (Mg/(Fe+Mg)) ranging 
29 to 48  and averaging 39 for all samples. Ti ranges 
en 0.05 – 5.93 wt. % with an average value of 3.03; 
a ranges between 0 – 0.19 wt. percentage with an 

ge value of 0.08. This indicates that most barium in 

an biotite. Al and probably Al and Ti increase
 biotite with increasing metamorphic grade (Laird and
lbee, 1981).  

The X

the sam les was substituted for  in the feldspar 

Mg of the biotites in sample X54 ranges between 
9an lmd 34, a ost the same as the XMg of the whole rock
r this sample, which implies that biotite is the only Mg-

earing mineral in this sample. On the other hand, the XMg

f the whole rock of A9 = 16.2, while the XMg value of
iotite in A9 equals 48. 

The XFe ratio of bio
city, therefore   at elevated oxygen fugacity (fo2), 

iotite becomes rich in Mg (Wones and Eugster, 1965). 
he elevated iron content of the biotite reflects low oxygen 
gacity during their formation. 

4. Titanite (CaTiSiO5) 

This mineral is composed of (26.7 – 28.2%) CaO, 
5.09 – 38.5%) TiO2 and (30.2 – 31.1%) SiO2 with minor 
ounts of Al, Fe, Mn, and Cr. Table (5) 
 

O3 14.32 15.16 13.4514.8113.26 16.27 14.0715.6815.3314.4314.8418.4613.8914.4515.7513.9416.35 15.2 14.5113.8615.93

Fe2O 35 9 8 3 2.89 3. 1.98 6.06 5.16 7.16 2.68 5.42 5.35 4.97 2.32 5.57 3.59 6.8 7.87 1.34 6.39 6.05 7 6.16 6.6 5.76 6.79 7.

MgO 4 81. 1.4  0.46 1.48 0.97 2.71 0.71 2.43 1.73 1.34 1.04 2.5 2.24 2.61 2.33 0.29 2.63 2.48 2.92 2.62 2.8 2.38 2.88 3.55

MnO 06 80.  0.0  0.08 0.16 0.23 0.15 0.08 0.07 0.06 0.06 0.06 0.09 0.08 0.08 0.21 0.02 0.08 0.11 0.1 0.12 0.09 0.09 0.14 0.17

CaO 58 2 11. 2.9  2.41 4.25 6.54 3.32 2.61 3.96 3.82 3.35 2.98 4.16 2.11 2.22 1.69 0.36 1.61 0.94 1.2  1.4 2.17 1.8 1.08 1.84

TiO2 .55 30 0.4  0.39 0.97 0.45 1.26 0.43 0.61 0.69 0.64 0.4 0.76 0.66 0.97 1.06 0.28 0.79 0.74 0.76 0.79 0.84 0.7 0.83 0.77

Na2O 3.3 11 2. 8 49 73 14 3. 3. 4. 2 134. 62 4.18 1.99 2.78 2. 3. 3. 3. 3.25 4 77 51 07 4.41 2.77 1.99 2.29 2.31 3.43 2.43 2. 2.

K2O 12 58 3. 24 88 32 4. 3. 4. 17 794. 1. 64 2.44 2.67 3.71 3.47 2. 2. 2. 2.58 2.17 09 67 23 5.02 2.63 2.91 2.54 2.58 2.41 2. 2.23 1.

P2O5 17 09 0. 12 14 17 29 0. 0. 0. 160. 0. 11 0.26 0.16 0.29 0.12 0. 0. 0. 0.07 0. 17 22 26 0.03 0.15 0.17 0.17 0.18 0.28 0.52 0.19 0.

Total 6 94 59 23 97. 96. 99.  95. 64 56 7892. 95.  97.2798.6695.63 97.91 98. 99. 96.2297.4496.5794.9197.0798.42 76 31 93 22 89.9388.5393.1494. 94. 94.

Trace ele ents (ppm     m )      

Ba 00 0 314 77  2041 572 1379 1249 1197 826 1004 302 1416 517 1068 818 627 778 453 663 448 532 631 554 631 42

Th   5 6 4 12 5 6 8 12 5 5 5 5 6 6 6 6  11 9 10 5 9 7 9 12 

U 5   2 3 2 4 2 3 2 2 2 4 2 4 2 3 4 2 2 1 2 2 2 2 2 

Nd 37 7    4 3 31 21 30 31 46 35     9 4 50 32 48 4 5 22 28 22 25 25 23 26 31 3 28 27 

Sm 7 0     5 6 5 6 5 6 10    1 10 7 10 9 10 7 7 6 5 5 6 7 9 6 6 

B 65 6   3 8 9 1 37 99 55 1 1  0 4 94 23 103 88 12  33 8  8  7  20 35 19 98 99 116 106 117 10 12 12

Cd 1 1   1 107 2 0    -2 2 0 3 - 1 1 1 2 2 2 2 2 0 0 4 3 2 3 

Cr 21 1   1 9 9 16 71 1   0 41 1 91 10 72 9 7  6  6  04 43 37 14 118 112 39 32 142 12 139 14

Cu 6    8 9 10 2 1 17 29     6 2 10 0 158 2 0 2 3 182 05 5 16 11 32 49 43 8 2 1 31 

Ni 17     7 1 5 0 23 42  0 9 10 36 12 31 12 2  2  2  6 8 24 20 13 37 41 164 169 50 44 50 5

Pb 264 2  0 9 7 3 3 9 1 1 2   1 9 0 2210 336 22  291 18 23 17 186 2 5 1 1 3 92 82 00 283 202 195 151 123 14 15 16 18

Sr 486 5  0 6 9 6 5 5 4 2 1  9 8 466 677 457 603 54  55 48 435 1 2 4 4 2 55 80 99 68 173 165 108 109 373 20 16 20

V 90 174 139 102 148 14249 36 149 50 148 41 111 127 104 28 131 129 78 53 157 145 156 156

Zn 46 41 52 42 16952 42 62 45 98 39 28 32 37 45 27 44 75 175 195 41 64 60 105

Zr 94 174 164 157 248 305 210 189 177 175 226 316 174 255 215 306 115 144 147 195 193 191 172 183
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Table 2: The chemical composition and formulae of pyroxenes. 
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Table 3: The chemical analyses and formulae for the feldspar. The 
formulae were calculated on the bases of 8 oxygen's. 
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mposed of (88.7 – 93.5%) of total iron. 

2 anges from 6.26 to 10.6%) and FeO 
co

5.

 mostly composed of (70.6 – 79.6) 
iron,  
M

5. ibole 

re an important group of minerals in a 
wide
m  
m
im

eake (1997), the amphiboles in the 
samp
ox
h

 
ca
N

u

Sample. No. A91 A92 Hc5 
Sample X54 b A9 X51 HC-M 

Most of opaque re 
Tita

and iron oxides and minor quantities of sulfides 
ally pyrite (Table 5)  

Ilmenite (Fe Ti O3)   

Ilmenite is composed of (35
eO, (1.98 – 12.5) MnO, and minor amounts of Cr. 

ormula can be expressed as (Fe, Mg, Mn) TiO3 with 
d Mg and Mn substitution for iron 

Pyrite (FeS2) 

The iron content of
en 47.15 %– 49.66 % with an average value of 48.25 
 general, pyrite is composed of 46.6 % Fe and 53.4 %  
 minor amounts of Co, Ni. (Klein, 2002).  

 Magnetite 

It is mostly co
Fe O  content r3

ntent ranges from 79.6  to 87.5%. 

5.4. Titanomagnetite 

nomagnetites are
 (7.7 – 20.7) TiO2 and minor amount of (0.72 – 3.47)

nO.  

6. Amph

Amphiboles a
 spectrum of igneous rocks from felsic to mafic end 

embers. Further, they are major constituents in
etamorphic rocks derived from basic igneous rocks and 
pure limestones. 
Depending on L

les with formulas calculated on the basis of 23 of 
ygens include: actinolite, richterite, magnesio-

ornblende, actinolitic hornblende, and subsilicic gedrite. 
Most of the amphiboles in the investigated rocks are

lcic amphiboles; this group is characterized by (Ca + 
a)B ≥ 1.34 and NaB < 0.67 (Table 6) 

Si vs. Mg / (Mg+Fe) diagram after (Leake, 1997) is 
sed to classify the calcic amphibole. This figure shows  

 Wt% Wt% Wt% 

SiO  51.062 45.413 50.927 2

Ti 0.048 0.437 0.187 O2 

Al2O3 1.198 6.798 3.933 

Cr2O3 0.029 0.021 0.017  

FeO 8.706 15.197 10.059 

MnO 1.879 1.512 0.970 

MgO 12.336 12.390 16.563  

CaO 21.719 11.849 12.516 

Na2O 0.163 0.703 0.494 

K2O 0.318 0.318 0.318 

TOTAL 97.458 94.638 95.984 

No Oxygens 6 6 6 

Si 1.974 1.822 1.945 

A 0.026 0.178 0.055 l 

Na2O 8.65 6.20 6.58 0.59 1.56 

SiO2 58.35 58.23 59.48 44.82 65.91 

A 2 27  2   l2O3 4.44 .40 4.73 34.11 18.81 

M 0  gO .00 0.02 0.44 0.37 0.01

K  2O 0.06 0.28 2.85 9.82 14.01

CaO 5.81 9.34 2.62 0.07 0.07 

TiO2 0. 0. 00 06 0.01 0.33 0.00 

FeO 0. 0.27 18 0.53 1.97 0.02 

BaO 0. 0.00 02 0.00 0.00 0.30 

Sum 97. 97.me 60 101.72 23 92.07 100.68 

Na 0. 0   768 .530 0.584 0.057 0.138

Si 2.671 2.569 2.722 2.247 3.000 

Al  1.318 1.425 1.334 2.016 1.009

M 0  g .000 0.001 0.030 0.028 0.001
Al 0.028 0.143 0.122 

K 0  .004 0.016 0.166 0.628 0.814
Fe(iii) 0.034 0.117 0 

Ca  0.285 0.442 0.128 0.004 0.003
Cr 0.001 0.001 0.001 

T 0  i .000 0.002 0.000 0.012 0.000
Ti 0.001 0.013 0.005 

Fe  0.010 0.006 0.020 0.082 0.001
Fe(ii) 0.247 0.0388 0.322 

Ba  0.000 0.000 0.000 0.000 0.005
Mn 0.062 0.051 0.031 

Sum  me 5.056 4.991 4.984 5.074 4.971Mg 0.711 0.741 0.943 
Albite % 7  2.679 53.653 66.466 8.309 14.370Ca 0.899 0.509 0.512 

Orth    oclase % 0.346 1.599 18.936 91.151 84.745Na 0.012 0.055 0.037 

K 0.016 0.016 0.015 Anor 26. 44.thite % 975 715 14.596 0.529 0.335 

TOTAL 4.010 4.034 3.988 Celsian 0.  % 000 0.033 0.002 0.011 HC-M

X Mg 58.6 44.9 62.2 

Wo 45.78 27.36 27.76 

En 36.18 39.82 51.1 

Fs 17.41 29.88 19.16 

Ac 0.62 2.94 1.98 
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Table 4. mical analyses ul
ca  the b 22 ox

than 7.6.  All the analyzed amphiboles contain sufficient 
Al to balance the Si deficiency in the tetrahedral sites. 

The samples have low content of Na and K cations. 
The Na content in most of the samples ranges from 0.019 
to 0.26 and K content ranges from .002 to 0.4. The studied 
samples have high Ca values, which reach 3.57 cation per  
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Al to balance the Si deficiency in the tetrahedral sites. 

The samples have low content of Na and K cations. 
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to 0.26 and K content ranges from .002 to 0.4. The studied 
samples have high Ca values, which reach 3.57 cation per  
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SiO
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The che
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ygen. 

ae 
asis of 

 
that amphiboles are magnesio-hornblende and 

actinolites (Fig. 9). 
The magnesium rich nature of the amphibole is 

reflected by its high Mg number (50% - 80 %). Si content 
ranges from (4.7 – 7.7 cation) but the majority of Si is less 

Figure 6 .Plots of SiO2 vs. major elements for metaconglomerates. 
Note the positive correlation for SiO2-K2O, the scatter betwee

 its high Mg number (50% - 80 %). Si content 
ranges from (4.7 – 7.7 cation) but the majority of Si is less 

Figure 6 .Plots of SiO

2-Na2O and negative correlation for SiO2 and other major 
elements.                         

pp 1 1 X54 4 A9 X54 X51a X51

Figure 7.  Plots of SiO2 vs. major elements for hornfelses. Note 
the positive correlation for     SiO2 vs. K2O, Na2O and CaO and 
the negative correlation for SiO2 and other major elements.   

Figure 7.  Plots of SiO2 vs. major elements for hornfelses. Note 
the positive correlation for     SiO2 vs. K2O, Na2O and CaO and 
the negative correlation for SiO2 and other major elements.   

2 vs. major elements for metaconglomerates. 
Note the positive correlation for SiO2-K2O, the scatter betwee

2-Na2O and negative correlation for SiO2 and other major 
elements.                         

4 A9 a 

 Wt% Wt% Wt% Wt% 

SiO2 36.160 31.740 37.330 46.800 

TiO2 2.490 2.370 2.080 0.050 

Al2O3 17.070 16.190 14.640 35.260 

C  r2O3 0.020 0.100 0.010 0.000 

FeO 21.870 22.350 15.410 1.860 

MnO 0.140 0.150 1.030 0.100 

MgO 10.020 10.740 14.280 0.770 

CaO 0.000 0.050 0.120 0.000 

Na2O 0.240 0.180 0.120 0.520 

K2O 7.930 5.940 8.560 10.570 

BaO 0.110 0.130 0.170 0.060 

TO L TA 96.050 89.940 93.750 95.990 

Si 5.487 5.183 5.681 6.199 

Al  (iv) 2.513 2.817 2.319 1.801 

T 8.000 8.000 8.000 8.000 

Al  (vi) 0.539 0.298 0.307 3.703 

Ti 0.284 0.291 0.238 0.005 

Cr 0.002 0.013 0.001 0.000 

Fe(iii) 0.000 0.000 0.000 0.000 

Fe(ii) 2.775 3.052 1.961 0.206 

Mn 0.018 0.021 0.113 0.011 

Mg 2.267 2.615 3.240 0.152 

M 5.885 6.290 5.860 4.077 

Ca 0.000 0.008 0.020 0.000 

Na * ** 0.071 0.057 0.035 0.134 

K 1.535 1.237 1.662 1.786 

Ba 0.007 0.008 0.010 0.003 

I 1.613 1.310 1.727 1.923 

XMg 31.421 32.457 48.097 29.278 
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Table 5.a 

 
Table 5.b 

Sample H-II H-II H-II Hc, HC, 

Na2O 0.027 0.033 0.033 0.004 0.021 

SiO2 3.566 3.244 3.280 31.129 30.206  

MgO 0.309 0.398 0.320 0.000 0.000 

Al2O 0.017 0.019 0.001 0.935 1.158 3 

K2O 0.000 0.025 0.000 0.000 0.002 

CaO 0.304 0.296 0.196 28.118 26.682 

FeO 75.592 75.232 73.095 1.349 1.888 

TiO2 0.012 0.003 0.088 38.097 35.924 

Cr2O3 0.005 0.019 0.031 0.000 0.000  

MnO 0.000 0.033 0.000 0.150 0.239 

sum 79.832 79.302 77.044 99.782 96.120 

 pyri Pyr py Ti Tte ite rite tanite itanite 

 
Table 5 (a ). The chemical data for titanite, sulphide, and oxides. 

 
 

Sample 54-X 54-X, 54-X b-opaq HC b- b- HC 

Na2O 0.038 0.019 0.000 0.000 0.038 0.008 0.025 0.000 

SiO2 0.017 0.033 0.000 0.026 0.013 0.020 0.024 0.031  

MgO 0.019 0.003 0.003 0. 0. 0. 0.   000 020 000 024 0.001

Al2O3 0.000 0.000 0.000 0. 0. 112 031 0.191 0.282 0.084 

K2O 0.023 0.039 0.000 0. 0.000 020 0.000 0.008 0.013 

CaO 0.030 0.066 0.155 0. 0.064 198 0.079 0.079 0.248 

FeO 46.261 39.112 35.215 91. 79 9  957 .626 2.083 90.894 84.095

TiO2 47.396 51.046 51.218 0. 7.408 702 0.170 0.305 6.157 

Cr2O3 055 0.020 0.028 0. 0. 0. 048 034 0.000 0.043 0.051 

MnO 1.981 7.362 12. 0. 2504 065 .188 0.083 0.065 0.049 

Sum 95.820 97.700 99.123 92. 89. 92. 91.680 870 634 749 90.729 

 Ilmenite Ilmenite Ilm Magnetite Titano ite M  M e Tita etiteenite magnet agnetite agnetit nomagn

,b

Figur
1987
degree in

e 8. Plots of K/Al vs. Na/Al and (Fe+Mg)/(Al/Na) vs. K/(Al-Na) for the investigated rocks after (Saupe and Vegas,
). Note the hornfelses fall in shale field while the most of metaconglomerates fall in greywacke field and to lesser

 arkoses field. The symbols as in (Fig. 6) and (Fig. 7). 
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unit formula. Table (6) shows the chemical formulas of 
selected amphiboles.  

Table 6: The chemical analyses and formulae of amphibole.   

6. Geothermobarometry  

ons that can be used to 
calculate
(El s
apply
(1977
lindsl
sheet

Th their Al and Na 
contents
metam
tempe
low 
amph

Th

Geothermometers are reacti
 or estimate temperature of formation of minerals 

hazly, 2001).  The temperatures of equilibration 
ing the different calibrations (Powell & Powell 
), Spencer & lindsley (1981), and  Andersen & 
ey (1985) ) for some samples using the ILMAT excel 
 by LePage  is given in Table (7). 
e amphibole chemistry, in particular 

, can be used to evaluate the P – T conditions of 
orphism (Laird and Albee, 1981). During low 

rature metamorphism the amphiboles tend to have 
Al content relative to high temperature igneous 
iboles (Leak, 1971).      
e Na in the (B site) and Aliv contents in metamorphic 
iboles tends to increase as the metamorphic grade 
ases (Laird and Albee, 1981). Spear (1980) has used 
exchange equilibria between plagioclase and 
lende (NaSi ↔ CaAl) to estimate the temperature of  

amph
incre
the 
hornb

Figure 9. Mineral chemistry diagram of amphibole for the 
investigated rocks after (Leake, 1971). This figure is used to 
distinguish igneous from metamorphic amphiboles. Note that 
am
sy
re

Figure10. ln (Ca/Na) Amph. – ln (Ca/Na) plag. diagram for 
th  
w  
w  
3

phiboles fall exclusively in the metamorphic field. The 
mbols of samples are ■   represent A13   ▲    represent H II     ◊       
present 6- int. 

 

e investigated rocks after (Spear, 1981). The hornfelses
ere formed at about 5000C while the metaconglomerate
ere formed at temperatures between 4900C to less than
000C. Symbols as in Fig. (9)  represent X54. 

 
amphibole formation during metamorphism. The ln 
(C
d
te

 
5  
o

 
am
am

Sample No. A133 A1310 HC1 HC2 

SiO  48.43 51.32 53.16 53.86 

a/Na) plagioclase vs. ln (Ca B site /Na B site) amphibole  
iagram developed by Spear (1980) is used to estimate the 
mperature of metamorphism. 

The data points plot close to the isotherms 490 ± 20 to
30 ± 20 ºC and 300 ± 20 ºC thus indicating a temperature
f formation between 300 – 500 ºC (Fig 10). 

Figure 12 adopted from Leake (1971) shows that most
phibole samples have relatively low temperature 
phiboles relative to high temperature igneous  

2

TiO  0.83 0.61 0.12 0.12 2

Al2 .16 86 2.2 1.49 O3 6 4.

Cr2O3 04 0 0.01 0. 0. 02 

FeO 15.29 53 8 6.46 13.

MnO 0.43 0.53 1.33 1.15 

MgO 12.56 14.2 14.34 14.52 

CaO 11.98 14 20.6 23.84 12.

Na2O 0.74 46 0.43 0.0. 41 

K2O 0.58 36 0.05 0.0. 05 

TOTAL 97.13 59 100. 101. 97. 26 92 

Si 7.186 435 7.44 7.393 7. 4 

Aliv 0.814 565 0.3 0.241  0. 63 

T site 8 8 7.8 7.607 34 

Alvi 0.263 265 0 0 0.

Cr 0.005 0 0.0 0.002 01 

Fe3+
 0.026 0 0.595 0.741 

Ti 0.093 067 0.0 0.012 0. 13 

Mg 2.778 066 2.9 0.134 3. 93 

Fe2+
 1.871 639 3.42 0 1.

Mn 0.054 065 0.159 0.134 0.

     

Ca 1.904 1.883 3.09 2.971 

Nab 0.006 015 0 0 0.

NaA 0.153 115 0.117 0.109 0.

K 0.11 06 0.0 0.009  0. 6 09 
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e 

e 

Table 7. Geothermometric results obtained by three magnetite – 
ilmenite calibrations. 

equ tion d not excee 0 0C and the ranges 
between 450 to  0C, while ressure doe  exceed 
4 Kbar with the exception of X54.  

(R  
to

7.

inerals)  

Opaques are abundant in the metasediments and the 

 
analy
P  
ch
am
st

host metamorphosed sulfides. These minerals become 
more magnesium with rich proximity to sulfide ore as a 
resul

Figure 11. Al amphibole – Ca plagioclase diagram for th

investigated rocks after (Plyusnina, 1982) is used to estimate th

tempe

metac

to abo

were f

as in F

rature and pressure of the metamorphic rocks. Note that 

onglomerates were formed at temperatures between 4500C 

ut 6100C and pressure less than 4Kbar, while the hornfelses 

ormed at 5000C and pressures of less than 4 Kbar. Symbols 

ig. (9) and Fig. (10) ● represent Hc.          . 

Figure 12. vi 

invest
the am
(9) an

amph
result

Fu
diagr
deter
rocks

 Al – Si variation diagram for amphibole of the 
igated rocks, after (Raase, 1974). Note that the majority of 
phiboles falls below the 5 Kbar curve. Symbols as in Fig. 

d Fig. (10). 

ibole; this means these minerals were formed as a 
 of metamorphic processes.  
rthermore, Ca plagioclase vs. ∑ Al amphibole 

am (Fig 11) after (Plyusnina, 1982) is used to 
mine the temperature and pressure of metamorphic 
. This diagram shows that the temperature of  

 
ilibra oes d 57

 610  the p s not

Amphiboles plot on the Aliv vs. Si variation diagram 
aase, 1974) to the left of the 5- Kbar boundary or close
 it (Fig 12).  

 Discussion and Conclusions  

7.1. Economic Minerals (Sulfide M

intruded igneous dykes.  
X- ray diffraction study has indicated that 12 out of 25

zed samples contain sulfide minerals ( Fig 13). 
yrite, cinnabar, pyrrohtite, sphalerite, galena and
alcopyrite ferromagnesian silicates such as, biotite, 
phibole, cordierite and chlorite in addition to garnet, 

aurolite are common constituents of silicate rocks that  
 
 

t of the effects of metamorphism and the increased
o2 and ƒs2 (Rosenberg, et al. 2000).       

are distinguished as sulfides in the study area. 
owever, the most widespread sulfides

 
ƒ

H  in the analyzed 
samp

w  
be  
an
th
fe
ro
th  
am

i) Th ite and pyroxene in A9 sample equals 
5  
ro
ii  and amphibole of HC sample is 
6  
ro
ii  
th

 
es

 

Sa

Average temp oC 

(1977) 

Average temp 
o

lindsley (1981) 

Average temp oC 

 
(1985) 

les are chalcopyrite and pyrite. 
Rosenberg, et al. (2000) has noticed that the samples 

ith (>1 %) total sulfur shows a marked divergence
tween the iron content of the ferromagnesian mineral
d the whole rock composition. This divergence reflects 
e sequestering of iron into sulfides, so that the 
rromagnesian silicates have low XFe even though the 
cks as a whole may be iron rich. This result agrees with 
e result of the analysis of biotite, pyroxene, and
phibole in the samples (A9, X51, X54, HC).  
For example: 

e XFe of biot

mple 
no. 

after 

Powell & Powell 

C after 

Spencer & 

after 

Andersen & lindsley

b1 560 651 658 

b2 333 468 463 

HII1 370 492 490 

HI 3I2 08 437 428 

HC 510 535 545 

1.9 and 44.6 respectively, while of the XFe of the whole
cks A9 equals to 84.1. 

) XFe of biotite, pyroxene
8.7, 28.2 and 36.2, respectively and XFe of the whole
ck equals 73.38.   

i) X  value of Fe X51 sample equals 73.3 while the XFe of
e whole rock equals 95.1.  

The decrease of XFe the ferromagnesian mineral
pecially of the biotite relative the whole rock results  

of 
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Figure 13.  XRD pattern of  metaconglomerates  sample contain some of sulphide minerals. 

from the increase of ƒO2. The increase of oxygen fugacity 
is elev
state. 

Th
metam
(Hynd
miner

Sa
of 22.
the enric
with 
chemis

La
rocks in
enrich
have l
et al., 

A9, X51 and HC samples have relatively high fluorine 
values of

On
that th

occurrence in the amphibolite facies close to the cont

T
ac
ho
gr
ch
ho
be
gr
ep

Pl
co
ra
la

sa
ex
X

ated; the iron in this mineral is oxidized into ferric with the intruded granite. 

e Fe+3 cannot enter most Fe+2 – Mg silicate of 
orphic rocks such as biotite and cordierite, 
man, 1985), therefore the XFe of ferromagnesian 
als becomes lower than XFe of the whole rocks. 
mple X51 has Fe2O3 (Fe+3) of 38.3 and FeO (Fe+2) 
4. The high value of Fe+3 reflects the high ƒo2 and 

hment with sulfide minerals. This result agrees 
the hand specimen inspection and the mineral 
try. 

rsen et al. (1995) have noticed that the biotite in 
 and immediately adjacent to sulfide ore are 

ed in fluorine; and biotite rich in fluorine tends to 
ow iron content due to Fe – F avoidance (Rosenberg 
2000) 

 0.94, 0.25 and 0.095% respectively.  
 the basis of the above observations, it is suggested 
e opaque minerals in the study area are discouraging 
sider them of economic value. to con

The 
andes
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amph
limit 
oligo
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cordi
of the
Garn
1998
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7.2. Geothermobarometry 

7.2.1. Hornfelses   
plagioclase in the hornfelses has an oligoclase and 
ine composition. It becomes more calcic and changes 
albite in greenschist facies to oligoclase in epidote 
ibolite facies (Barker, 1990). The low temperature 
of amphibolite facies is set by appearance of 

clase (Hyndman, 1985). 
 samples contain sillimanite and do not contain 
erite. Sillimanite in these samples could be the result 
 reaction: 

et    + cordierite    = biotite   + sillimanite (Katz et al. 
).  

ineral content and the temperature and pressure of 
tion of the analyzed samples confirm their 

7.2.2. Metaconglomerate 

he amphiboles in metaconglomerates samples are 
tinolite, actinolitic hornblende and magnesian 
rnblende. Actinolite is a characteristic mineral of the 
eenschist facies (Klein , 2002). Prograde metamorphism
anges amphibole composition from actinolite to 
rnblende (Laird and Albee, 1981). Plagioclase also 
comes more calcic with increasing the metamorphic 
ade and the presence of oligoclase characterizes the 
idote amphibolite facies. (Barker, 1990)  

agioclases in A13 and HC are of andesine 
mposition, and in other samples as indicated by the X
y diffraction results into oligoclase, albite and 
bradorite.  

The different types of plagioclase minerals in the same
mples reflect the different origin of rocks. Diopside also
ists in sample HC and was identified by microscope and
- ray in some other samples. Barker (1990) suggested 
at the coexistence of tremolite and diopside is 
aracteristic of temperatures of the order 500–650 ºC. 
epending on the pressure and temperature of formation, 
xture, mineralogical composition, and chemical data, 
etamorphism belongs to a greenschist to amphibolite 
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